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ABSTRACT

This report summarizes an assessment of the risks
from severe accidents in five commercial nuclear
power plants in the United States. These risks are
measured in a number of ways, including: the
estimated frequencies of core damage accidents
from internally initiated accidents and externally
initiated accidents for two of the plants; the
performance of containment structures under
severe accident loadings; the potential magnitude
of radionuclide releases and offsite consequences
of such accidents; and the overall risk (the
product of accident frequencies and conse-
guences). Supporting this summary report are a
large number of reports written under contract to
NRC that provide the detailed discussion of the
methods used and results obtained in these risk
studies.

This report was first published in February 1987
as a draft for public comment. Extensive peer
review and public comment were received. As a
result, both the underlying technical analyses and
the report itself were substantially changed. A

second version of the report was published in June
1989 as a draft for peer review. Two peer reviews
of the second version were performed. One was
sponsored by NRC; its results are published as the
NRC report NUREG-1420. A second was
sponsored by the American Nuclear Society
(ANS); its report has also been completed and is
available from the ANS. The comments by both

" groups were generally positive and recommended

iii

that a final version of the report be published as
soon as practical and without performing any
major reanalysis. With this direction, the NRC
proceeded to generate this final version of the
report.

Volume 1 of this report has three parts. Part I
provides the background and objectives of the as-
sessment and summarizes the methods used to
perform the risk studies. Part II provides a sum-
mary of results obtained for each of the five plants
studied. Part III provides perspectives on the re-
sults and discusses the role of this work in the
larger context of the NRC staff’s work.
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1. INTRODUCTION

1.1 Background

In 1975, the U.S. Nuclear Regulatory Commission
{NRC) completed the first study of the probabili-
ties and consequences of severe reactor accidents
in commercial nuclear power plants—the Reactor
Safety Study (RSS) (Ref. 1.1). This work for the
first time used the techniques of probabilistic risk
analysis (PRA) for the study of core meltdown ac-
cidents in two commercial nuclear power plants.
The RSS indicated that the probabilities of such
accidents were higher than previously believed but
that the offsite consequences were significantly
lower. The product of probability and conse-
quence—a measure of the risk of severe acci-
dents—was estimated to be quite low relative to
other man-made and naturally occurring risks.

Following the completion of these first PRAs, the
NRC initiated research programs to improve the
staff’s ability to assess the risks of severe accidents
in light-water reactors. Development began on ad-
vanced methods for assessing the frequencies of
accidents. Improved means for the collection and
use of plant operational data were put into place,
and advanced methods for assessing the impacts
of human errors and other common-cause failures
were developed. In addition, research was begun
on key severe accident physical processes identi-
fied in the RSS, such as the interactions of molten
core material with concrete.

In parallel, the NRC staff began to gradually intro-
duce the use of PRA in its regulatory process. The
importance to public risk of a spectrum of generic
safety issues facing the staff was investigated and a
list of higher priority issues developed (Ref. 1.2).
Risk studies of other plant designs were begun
(Ref. 1.3). However, such uses.of PRA by the
staff were significantly tempered by the peer re-
view of the RSS, commonly known as the Lewis
Commiitee report (Ref. 1.4), and the subsequent
Commission policy guidance to the staff (Ref.
1.5).

The 1979 accident at Three Mile Island substan-
tially changed the character of NRC’s analysis of
severe accidents and its use. of PRA. Based on the
comments and recommendations of both major
investigations of this accident (the Kemeny and
Rogovin studies (Refs. 1.6 and 1.7)), a substantial
research program on severe accident phenome-
nology was planned and initiated (Refs. 1.8 and
1.9). This program included experimental and
analytical studies of accident physical processes.

Computer models were developed to simulate
these processes. The Kemeny and Rogovin investi-
gations also recommended that PRA be used
more by the staff to complement its traditional,
nonprobabilistic methods of analyzing nuclear
plant safety. In addition, the Rogovin investigation
recommended that NRC policy on severe acci-
dents be reconsidered in two respects: the need
to specifically consider more severe accidents
(e.g., those involving multiple system failures) in
the licensing process, and the need for probabilis-
tic safety goals to help define the level of plant
safety that was “safe enough.”

By the mid-1980’s, the technology for analyzing
the physical processes of severe accidents had
evolved to the point that a new computational
model of severe accident physical processes had
been developed—the Source Term Code Pack-
age—and subjected to peer review (Ref. 1.10).
General procedures for performing PRAs were de-
veloped (Ref. 1.11), and a summary of PRA per-
spectives available at that time was published
(Ref. 1.12). The Commission had developed and .
approved policy puidance on how severe accident
risks were to be assessed by NRC (Ref. 1.13) as
well as safety goals against which these risks could
be measured (Ref. 1.14) and methods by which
potential safety improvements could be evaluated
{Ref. 1.15).

In 1988, the staff requested information on the
assessment of severe accident vulnerabilities by
each licensed nuclear power plant (Ref. 1.16).
This “individual plant examination” could be
done either with PRA or other approved means.
(In response, virtually all licensees indicated that
they intended to perform PRAs in their assess-
ments.) The staff also developed its plans for inte-
grating the reviews of these examinations with
other severe accident-related activities by the staff
and for coming to closure on severe accident is-
sues on the set of operating nuclear power plants
(Ref. 1.17).

One principal supporting element to the staff’s se-
vere accident closure process is the reassessment
of the risks of such accidents, using the technol-
ogy developed through the 1980’s. This reassess-
ment updates the first staff PRA—the Reactor
Safety Study—and provides a “snapshot” (in time)
of estimated plant risks in 1988 for five
commercial nuclear power plants of different de-
sign. For this reassessment, the plants have been
studied by teams of PRA specialists under contract
to NRC (Refs. 1.18 through 1.31). This report,
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1. Introduction

NUREG-1150, summarizes the results of these
studies and provides perspectives on how the re-
sults may be used by the NRC staff in carrying out
its safety and regulatory responsibilities.

NUREG-1150 was first issued in draft form in
February 1987 for public comment. In response,
55 sets of comments were received, totaling ap-
proximately 800 pages. In addition, comments
were received from three organized peer review
committees, two sponsored by NRC (Refs. 1.32
and 1.33) and one by the American Nuclear Soci-
ety (Ref. 1.34). Appendix D provides a summary
of the principal comments (and their authors) on
this first draft of NUREG-1150 and the staff’s re-
sponses. A second draft version of NUREG-1150
was issued in June 1989, taking into account the
comments received and reflecting improvements
in methods identified in the course of performing
the draft risk analyses, in the design and operation
of the studied plants, and in the information base
of severe accident phenomenology.

Because of the significant criticisms of the first
draft of NUREG-1150, and the substantial
changes made in response, the second version of
the report was issued as a draft for peer review. A
review committee was established under the provi-
sions of the Federal Advisory Committee Act
(Ref. 1.35). This committee reviewed the report
for approximately 1 year and published its results
in August 1990 (Ref. 1.36). In parallel, the
American Nuclear Society-sponsored review of
the report continued; its results were published in
June 1990 (Ref. 1.37). Also, the NRC’s Advisory
Committee on Reactor Safeguards (ACRS) re-
viewed the analyses and provided comments (Ref.
1.38). Four sets of public comments were also re-
ceived. While all committees suggested that some
changes be made to the report, the comments re-
ceived were, in general, positive, with all review
committees recommending that the report be pub-
lished in final form as soon as possible and with-
out extensive reanalysis or changes.

This is the final version of NUWREG-1150. In
keeping with the review committees’ recommen-
dations, the staff has made relatively modest
changes to the second draft of the report, with
essentially no additional technical analysis. (Ap-
pendix E provides a summary of the comments
and recommendations made by the review com-
mittees and the staff’s responses. It also includes
the ACRS comments in toto.)

Two other recommendations of the review com-
mittees should also be noted here. First, the ANS

NUREG-1150
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committee indicated that the changes made be-
tween the first and second drafts of NUREG-1150
were so substantial that the former should be con-
sidered, in effect, obsolete. The staff agrees with
this comment and recommends that the analyses
and results contained in the first draft no longer
be used. Second, the ACRS cautioned that the
results should be used only by those who have a
thorough understanding of their limitations. The
staff agrees with this comment as well.

1.2 Objectives

The objectives of this report are:

o To provide a current assessment of the se-
vere accident risks of five nuclear power
plants of different design, which:

- Provides a snapshot of risks reflecting
plant design and operational characteris-
tics, related failure data, and severe ac-
cident phenomenological information
available as of March 1988;

- Updates the estimates of NRC's 1975
risk assessment, the Reactor Safety
Study;

- Includes quantitative estimates of risk
uncertainty in response to a principal
criticism of the Reactor Safety Study;
and

- Identifies plant-specific risk vulner-
abilities for the five studied plants, sup-
porting the development of the NRC's
individual plant examination (IPE)
process;

To summarize the perspectives gained in per-
forming these risk analyses, with respect to:

- Issues significant to severe accident fre-
" quencies, containment performance,
and risks;

- Risk-significant uncertainties that may
merit further research;

- Comparisons with NRC’s safety goals;
and

- The potential benefits of a severe acci-
dent management program in reducing
accident frequencies; and

e To provide a set of PRA models and results
that can support the ongoing prioritization of
potential safety issues and related research.
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In considering these objectives and the risk analy-
ses in this and supporting contractor reports, it is
important to consider both what NUREG-1150 is
and what it is not:

e NUREG-1150 is a snapshot in time of severe
accident risks in rive specific commercial
nuclear power plants. This snapshot is ob-
tained using, in general, PRA techniques and
severe accident phenomenological informa-
tion of the mid-1980’s, but with significant
advances in certain areas. The plant analyses
reflect design and operational information as
of roughly March 1988.

s NUREG-1150 is an important resource
document for the NRC staff, providing quan-
titative and qualitative PRA information on a
set of five commercial nuclear power plants
of different design with respect to important
severe accident sequences, and a means for
investigating where safety improvements
might best be pursued, the cost-effectiveness
of possible plant modifications, the impor-
tance of generic safety issues, and the sensi-
tivity of risks to issues as they arise.

e NUREG-1150 is an estimate of the actual
risks of the five studied plants. It is a set of
modern PRAs, having the limitations of all
such studies. These limitations relate to the
quantitative measurement of certain types of
human actions (errors of commission, heroic
recovery actions); variations in the licensee’s
organizational/management safety commit-
ments; failure rates of equipment, especially
to common-cause effects such as mainte-
nance, environment, design and construction
errors, and aging; sabotage risks; and an in-
complete understanding of the physical pro-
gression and consequences of core damage
accidents.

e  NUREG-1150 is not the sole basis for mak-
ing plant-specific or generic regulatory deci-
sions. Such decisions must be more broadly
based on information on the extant set of
regulatory requirements, reflecting the pres-
ent level of required safety, cost-benefit stud-
ies (in some circumstances), risk analysis re-
sults (from this and other relevant PRAs),
and other technical and legal considerations.

. NUREG-1150 is not an estimate of the risks
of all commercial nuclear power plants in the
United States or abroad. One of the clear
perspectives from this study of severe acci-
dent risks and other such studies is that char-

1. Introduction

acteristics of design and operation specific to
individual plants can have a substantial im-
pact on the estimated risks.

1.3 Scope of Risk Analyses

The five risk analyses discussed in this report in-
clude the analysis of the frequency of severe acci-
dents, the performance of containment and other
mitigative systems and structures in such acci-
dents, and the offsite consequences (health ef-
fects, property damage, etc.) of these accidents.
In assessing accident frequencies, the five risk
analyses consider events initiated while the reactor
is at full-power operation.* For two plants, both
“internal” events (e.g., random failures of plant
equipment, operator errors} and “external”
events (e.g., earthquakes, fires) have been con-
sidered as initiating events. For the remaining
three plants, only internal events have been stud-
ied.

The five commercial nuclear power plants studied
in this report are:

e Unit 1 of the Surry Power Staticn, a
Westinghouse-designed three-loop reactor in
a subatmospheric containment building, lo-
cated near Williamsburg, Virginia (including
the analysis of both internal and external
events);**

e Unit 1 of the Zion Nuclear Plant, a
Westinghouse-designed four-loop reactor in a
large, dry containment building, located near
Chicago, Illinois;

e  Unit 1 of the Sequoyah Nuclear Power Plant,
a Westinghouse-designed four-loop reactor in
an ice condenser containment building, lo-
cated near Chattanooga, Tennessee;

e  Unit 2 of the Peach Bottom Atomic Power
Station, a General Electric-designed BWR-4
reactor in a Mark I containment building,
located near Lancaster, Pennsylvania (in-
cluding the analysis of both internal and ex-
ternal events);** and

e  Unit 1 of the Grand Gulf Nuclear Station, a
General Electric-designed BWR-6 reactor in
a Mark III containment building, located
near Vicksburg, Mississippi.

*Analysis of shutdown and low-power accident risks for
the Surry and Grand Gulf planis was initiated in FY
1989.

**These plants were used as models in the Reactor Safety
Study.
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1. Introduction

The external-event analysis summarized in this
report includes discussion of the core damage
frequency and containment performance from
seismically initiated accidents. The offsite
consequences and risks are not provided. The
reason for this limitation is related to the offsite
effects of a large earthquake.

Two sets of hazard curves are used {and reported
separately) in the seismic analysis. One set was
prepared by Lawrence Livermore National Labo-
ratory (Ref. 1.39) under contract to NRC.
Analysis performed using these hazard curves
{(which have been prepared for the Surry and
Peach Bottom sites and other reactor sites east of
the Rocky Mountains) suggest that relatively rare
but large earthquakes contribute significantly to
the risk from seismic events. A second set of
hazard curves was alsc prepared for sites east of
the Rocky Mountains for the Electric Power Re-
search Institute (Ref. 1.40). Although both pro-
jects made extensive use of expert judgment and
formal methods for obtaining these judgments (as
did many parts of this project, as discussed in
Chapter 2), there were some important differ-
ences in methods. Nonetheless, the NRC believes
that at present both methods are fundamentally
sound. :

A significant portion of the estimated seismic-
induced core damage frequency for the Surry and
Peach Bottom plants arises from large earth-
quakes. Should such a large earthquake occur in
the Eastern United States (e.g., at the Surry or
Peach Bottom site), there would likely be substan-
tial damage to some older residential structures,
commercial structures, and high hazard facilities
such as dams. This could have a major societal
impact over a large region, including property
damage, injuries, and fatalities. The technology
for assessing losses from such earthquakes is a de-
veloping one. There are several studies of this
technology at this time, including work at the
United States Geological Survey. There is no
agreed-upon method for this purpose, although a
recent report of the National Academy of Sci-
ences (Ref. 1.41) suggests some broad guidelines.
The NRC, in its promulgation of safety goals, indi-
cated a preference for quantitative goals in the
form of a ratio or percentage of nuclear risks rela-
tive to non-nuclear risks. For example, the prob-
ability of an early fatality from a nuclear power
plant accident should not exceed 1/1000 of the
“background” accidental death rate. The NRC in-
tends to further investigate the methods for assess-
ing losses from earthquakes in the vicinity of the
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Surry and Peach Bottom sites with a view of com-
paring the ratio of seismically induced reactor ac-
cident losses with the overall losses. There has
been at least one study (Ref. 1.42) that suggests
that the reactor accident contribution to seismic
losses is very small relative to the non-nuclear
losses. However, this study did not explicitly con-
sider the two sites of interest in this report.

In contrast, because they are aimed at experts in
the field of risk analysis, the contractor reports
underlying this report (Refs. 1.20, 1.21, 1.27, and
1.28) present the seismic risk results in the form
of a set of sensitivity analyses. These analyses con-
sider the effects of the alternative sets of earth-
quake frequencies and severities noted above, as
well as alternative assumptions on the perform-
ance of containment structures in large earth-
quakes, and the possible regional effects of earth-
quakes (lack of shelter, difficulty in evacuation
and relocation, nonradiologically induced injuries
and fatalities, etc.) on estimates of plant risk. The
reader is cautioned that the results presented in
the contractor reports should be used only in the
broader context of the overall societal response.

1.4 Structure of NUREG-1150 and
Supporting Documents

This report has three parts:

. Part I discusses the background, objectives,
and methods used in this assessment of se-
vere accident risks;

o  Part II provides summary results and discus-
sion of the individual risk studies of the five
examined plants; and

e  Part III provides:

- Perspectives on the collective results of
these five PRAs, organized by the prin-
cipal subject areas of risk analysis:
accident frequencies; accident progres-
sion, containment loadings, and struc-
tural response; transport of radioactive
material; offsite consequences; and inte-
grated risk (the product of frequencies
and consequences);

- Discussion of how the risk estimates
have changed (and reasons why) for the
two plants studied in both the Reactor
Safety Study and this report (Surry and
Peach Bottom); and
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- Discussion of the role of NUREG-1150
as a resource document in the staff’s as-
sessment of severe accidents.

Three appendices are contained in Volume 2 of
this report. Appendix A discusses in greater detail
the methods used to perform the five risk analy-
ses.* In Appendix B, an example calculation is
provided to describe the flow of data through the
individual elements of the NUREG-1150 risk
analysis process. Appendix C provides supplemen-
tal information on key technical issues in the risk
analyses. Volume 3 contains two additional ap-
pendices. As indicated previously, Appendices D
and E provide summaries of comments received
on the first and second versions of draft
NUREG-1150, respectively, and the associated
responses. '

As noted above, this report provides a summary
of five PRAs performed under contract to NRC.
Volume 1 is written for an intended audience of
people with a general familiarity with nuclear reac-

*The sections of Appendix A are adapted, with editorial
modification, from References 1.18 and 1.25.
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tor safety and probabilistic risk analysis. Appendi-
ces A, B, and C are written for an intended audi-
ence of specialists in reactor safety and risk
analysis.

As shown in Figure 1.1, supporting this report are
a series of contractor reports providing the de-
tailed substance of the five risk studies. These re-
ports are written for specialists in reactor safety
and PRA. The staff’s principal contractors for this
work have been:

e Sandia National Laboratories, Albuquerque,
New Mexico; ‘

Brookhaven National Laboratory,
New York;

Upton,

e Jdaho National Engineering Laboratory,
Idaho Falls, Idaho;

'Y Battelle Memorial Institute, Columbus, Ohio;

and
e los Alamos Scientific Laboratory, Los
Alamos, New Mexico.
NUREG-1150
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NUREG-1160

Summary and Perspectives

Accident Accident
Frequency Progression
. Other
Analysis and Risk Analyses '
NUREG/CR-4550 NUREG/CR-4651 Supporting
Reports
_Vol.1: Methods (1.18) " - Vol.1: Methods (1.25)
| Vol.2: Expert . Vol.2: Expert External Events
Judgments (1.19) Judgments (1.26) — Methods (1.43)
~vol.3: Surry (1.20) -Vol.3: Surry (1.27)
_ Source Term
-
Anslyses (1.44,1.48)
|-vol.4: Peach Bottom (1.21) ~ Vol.4: Peach Bottom {1.28)
Accldent Management
LVol.5: Sequoyah (1.22) b~ Vo 1.5: Sequoyah (1.29) Anajyses (1.48)
F-Vol.8: Grand Gult (1.23) - Vol.8: Grand Gulf (1.30) -~ QA Studies (1.47,1.48)
|_Vo1.7: Zion (1.24) L Voi.7: Zlon (1.31) | Code Descriptions

(1.49-1.87)

*See reference list at end of Chapter 1.

Figure 1.1 Reports supporting NUREG-1150.
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2. SUMMARY OF METHODS

2.1 Introduction

In many respects, the five probabilistic risk analy-
ses (PRAs) performed in support of this report
(Refs. 2.1 through 2.14) have been performed us-
ing PRA methods typical of the mid~1980’s (Refs.
2.15 and 2.16). However, in certain areas, more
advanced techniques have been applied. In par-
ticular, advancements have occurred in the fol-
lowing areas:

s  The estimation of the size of the uncertain-
ties in core damage frequency* and risk due
to incomplete understanding of the systems
responses, severe accident progression, con-
tainment building structural response, and in-

plant radioactive material transport;

The formal elicitation and documentation of
expert judgments;**

The more detailed definition of plant damage
states, improving the efficiency of the inter-
face between the accident frequency and ac-
cident progression analyses;

The types of events and outcomes explicitly
considered in the accident progression and
containment loading analyses;

The analysis of radioactive material releases
and the integration of experimental and cal-
culational results into this analysis;

The use of more efficient methods for esti-
mating the frequency of core damage acci-
dents resulting from external events (e.g.,
earthquakes); and

The application of new computer models in
the analysis and integration of risk informa-
tion.

The assessment of severe accident risks per-
formed for this report can be divided into five
general parts {shown in Fig. 2.1): accident
frequency; accident progression, containment
loading, and structural response; transport of ra-
dioactive material; offsite consequences; and
integrated risk analyses. This last part combines

*Table 2.1 provides definitions of key terms used in this
report.

**Risk analyses and other technical studies routinely make
use of expert judgment. It is the use of formal proce-
dures to obtain and document these judgmenits that is
noteworthy here.

2-1

the information from the first four parts into esti-
mates of risk. These parts are described in Sec-
tions 2.2, 2.3, 2.4, 2.5, and 2.8, respectively. Ad-
ditional discussion of each of these parts is
provided in Appendix A and in substantial detail
in References 2.1 and 2.8.

Because the estimation of uncertainties in core
damage frequency and risk due to uncertainties in
the constituent analyses is important to the overall
objectives of this study, the descriptions of the
constituent analyses will include discussions of un-
certainties. The parts of the accident frequency
analyses, the accident progression analyses, the
containment building structural response analyses,
and the radioactive transport analyses that are
highly uncertain have been identified. In place of
single “best estimates” for parameters represent-
ing these uncertain parts of the analyses, probabil-
ity distributions have been developed. The meth-
ods for obtaining probability distributions for
uncertain parameters (through, for the most part,
the use of expert judgment) and the methods by
which the probability distributions in the constitu-
ent analyses are propagated through the analyses
to yield estimates of the uncertainties in core dam-
age frequency and risk are described in Sections
2.7 and 2.6, respectively. Additional discussion of
these two subjects is provided in Sections 6 and 7
of Appendix A and in detail in References 2.1
and 2.8.

The principal results obtained from the five PRAs
that form the basis of this report are probability
distributions. For simplicity, these distributions
may be described by a number of statistical
characteristics. The characteristics generally used
in this report are the mean, the median, and 5th
percentile and 95th percentile of the distributions.
No one characteristic conveys all the information
necessary to describe the distribution, and any
one can be misleading. In particular, for very
broad distributions (spanning several orders of
magnitude), the mean can be dominated by the
high value part of the distribution. If this is also a
low probability part of the distribution, the
estimate of the mean can exhibit a high degree of
statistical variability. Conclusions based on mean
values of such distributions must be carefully
examined to ensure that dependencies and trends
seen in the mean values apply to entire distribu-
tions. Conclusions stated in this report have not
been based entirely on characteristics of mean
values. In some circumstances, median values or
entire distributions are used. In particular, the

NUREG-1150
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Accident Frequencies

Plant Damage States

v

Accident Progression,
Containment Loadings, and
Structural Response

, Accident Progression Bins

Transport of
Radioactive Material

Source Term Groups

v

Offsite Consequences

‘L Consequence Measures

Risk Integration

Figure 2.1 Elements of risk analysis process.
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2. Summary of Methods

Table 2.1 Definition of some key NUREG-1150 risk analysis terms.

Core Damage Frequency: The frequency of combinations of initiating events, hardware failures, and hu-
man errors leading to core uncovery with reflooding of the core not imminently expected. For the pressur-
ized water reactors (PWRs) discussed in this report, it was assumed that onset of core damage occurs at
uncovery of the top of the active fuel (without imminent recovery). For the boiling water reactors (BWRs)
discussed in this report, it was assumed that onset of core damage would occur when the water level was
less than 2 feet above the bottom of the active fuel (without imminent recovery). (Ref. 2.1 discusses the
reasons for the BWR/PWR differences.)

Internal Initiating Events: Initiating events (e.g.. transient events requiring reactor shutdown, pipe breaks)
occurring during the normal power generation of a nuclear power plant. In keeping with PRA tradition,
loss of offsite power is considered an internal initiating event.

External Initiating Events: Events occurring away from the reactor site that result in initiating events in the
plant. In keeping with PRA tradition, some events occurring within the plant during normal power plant
operation, e.g., fires and floods initiated within the plant, are included in this category.

Plant Damage State: A group of accident sequences that has similar characteristics with respect to acci-
dent progression and containment engineered safety feature operability. *

Accident Progression Bin: A group of postulated accidents that has similar characteristics with respect to
{for this summary report) the timing of containment building failure and other factors that determine the
amount of radioactive material released.* These are analogous to containment failure modes used in
previous PRAs.

Early Containment Failure: Those containment failures occurring before or within a few minutes of reac-
tor vessel breach for PWRs and those failures occurring before or within 2 hours of vessel breach for
BWRs. Containment bypass failures (e.g., interfacing-system loss-of-coolant accidents) are categorized
separately from early failures.

Source Term: The fractions defining the portion of the radionuclide inventory in the reactor at the start of
an accident that is released to the environment. Also included in the source term are the initial elevation,
energy, and timing of the release.

Source Term Group: A group of releases of radioactive material that has similar characteristics with re-
spect to the potential for causing early and latent cancer fatality consequences and warning times.

Offsite Consequences: The effects of a release of radioactive material from the power plant site, measured
(for this summary report) as the number of early fatalities in the area surrounding the site and within 1
mile of the site boundary, latent cancer fatalities in the area surrounding the site and within 10 miles of
the power plant, and population dose in the area surrounding the site and within 50 miles of the power
plant.

Probability Density Function: The derivative of the cumulative distribution function. A function used to
calculate the probability that a random variable (e.g., amount of hydrogen generated in a severe accident)
will fall in a given interval. That probability is proportional to the height of the distribution function in the
given interval.

Cumulative Distribution Function: The cumulative distribution function gives the probability of a parame-
ter being less than or equal to a specified value. The complementary cumulative distribution function gives
the probability of a parameter value being equal to or greater than a specified value.

*Groupings of this sort can be made in a variety of ways; the contractor reports underlying this report provide more detailed
groups (Refs. 2.3 through 2.7 and 2.10 through 2.14).
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reader is cautioned that an estimated mean may
vary by about a factor of two because of sample
variation. This variation can also impact the rela-
tive contribution of factors (e.g., plant damage
states) to the mean (particularly small contribu-
tions).

In many risk analyses, “best estimate” analyses
are performed. For these studies, many input pa-
rameters, even highly uncertain ones, are repre-
sented by single “best” values rather than prob-
ability distributions as done in this study. The
resulting estimate of risk calculated with such best
estimate parameter values is not simply related to
the mean, median, or any other value of the dis-
tributions of risk calculated in this study.

As is implicit in Figure 2.1, the five principal risk
analysis parts have clearly defined interfaces
through which summary information passes to and
from the constituent parts of the analysis and
which provide convenient intermediate results for
examination and review. Such summary informa-
tion will be provided in this report; the form of the
information presented will be described in the fol-
lowing sections.

2.2 Accident Frequency Estimation

The accident frequency estimation methods un-
derlying this report considered accidents initiated
by events occurring during the normal full-power
generation* of a nuclear power plant (“internal
events”) and those initiated by events occurring
away from the plant site (“external events”).
(Historically, accidents initiated by loss of offsite
power have been included in the category of inter-
nal events, while fires and floods within the plant
during normal operation have been included in
the category of external events. This tradition is
continued in this report.) The discussion below
summarizes accident frequency estimation meth-
ods first for internally initiated accidents, followed
by those for externally initiated accidents.

2.2.1 WMethods
2.2.1.1 Internal-Event Methods

The first part of the analysis shown in Figure 2.1
(“Accident Frequencies”) represents the estima-
tion of the frequencies of accident sequences
leading to core damage. In this portion of the
analysis, combinations of potential accident initi-
ating events (e.g., a pipe break in the reactor
coolant system) and system failures that could re-
sult in core damage are defined and frequencies
*Accidents initiated in non-full-power operation are the

subject of ongoing study for the Surry and Grand Gulf
plants.

NUREG-1150

of occurrence calculated. The methods for per-
forming this analysis are discussed in Appendix A
and in considerable detail in Reference 2.1. In
summary, the basic steps in this analysis are:

s Plant Familiarization: In this step, informa-

tion is assembled from plant documentation
using such sources as the Final Safety Analy-
sis Report, piping and instrumentation dia-
grams, technical specifications, operating
procedures, and maintenance records, as
well as a plant site visit to inspect the facility,
gather further data, and clarify information
with plant personnel. Regular contact is
maintained with the plant personnel through-
out the study to ensure that current informa-
tion is used. The analyses discussed in this
report reflect each plant’s status as of ap-
proximately March 1988. This step of the ac-
cident frequency analysis was performed in a
manner typical of recent PRAs (e.g., as de-
scribed in Ref. 2.15).

Accident Sequence Initiating Event Analysis:
Information is assembled on the types of ac-
cident initiating events of potential interest
for the specific plant. The initiating events
identified include those that could result
from support system failures, such as electric
power or cooling water faults. Frequencies
of initiating events are then assessed. In
some cases, the assessed frequencies of cer-
tain events were very low; such events were
not carried forward into the remaining analy-
sis. Then, the safety functions required to
prevent core damage for the individual initi-
ating events are identified, along with specific
plant systems required to perform those
safety functions, the systems’ success criteria
(e.g., how much water flow is required from
a pumping system), and related operating
procedures. The initiating events are then
gtouped based upon the similarity of re-
sponse needed from the various plant sys-
tems. This step of the analysis was performed
in a manner typical of recent PRAs.

Accident Sequence Event Tree Analysis: Us-
ing information from the previous step, sys-
tem event trees that display the combinations
of plant system failures that can result in core
damage are constructed for each initiating
event group. An individual path through such
an event tree (an accident sequence) identi-
fies specific combinations of system successes
and failures leading to (or avoiding) core
damage. As such, the event tree qualitatively
identifies what systems must fail in a plant in
order to cause core damage (the associated
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system failure probabilities are obtained in
following steps). This step of the analysis was
performed in 2 more advanced manner rela-
tive to other recent PRAs. For example, the
analyses supporting this report considered a
significantly greater number of systems in the
event trees, including the potential effects on
core damage processes from failures of con-
tainment functions and systems.

e  Systems Analysis: In order to estimate the
frequencies of accident sequences, the failure
probability of each system must be obtained.
The important contributors to failure of each
system are defined using fault tree analysis
methods. Such methods allow the analyst to
identify the ways in which system failure may
occur, assign failure probabilities to individ-
ual plant components (e.g., pumps or valves)
and human actions related to the system’s
operation, and combine the failure probabili-
ties of individual components into an overall
system failure probability. This step was per-
formed in a manner typical of that of recent
PRAs. The level of detail was determined by
the system’s relative importance to core dam-
age frequency, based on screening assess-
ments and perspectives from other studies
and PRAs.*

e  Dependent and Subtle Failure Analysis: In
addition to the combining of individual com-
ponent failures, plant systems can fail as a
result of the failure of multiple components
due to a common cause. Such “dependent
failures” may be separated into two types.
First, there are direct functional dependen-
cies that can lead to failure of multiple com-
ponents (e.g., lack of electric power from
emergency diesel generators causing failure
of emergency core cooling systems). Such
dependencies are incorporated directly into
the fault or event trees. Second, there are
dependent failures that have been experi-
enced in plant operations due to less direct
causes and often for which no direct causal
relationships have been found. Various
methods exist for incorporating such “miscel-
laneous” failures into the quantification of
system fault trees. For this study, a modified
“beta factor” method was used (Ref. 2.17).
This step of the accident frequency analysis
was performed in greater depth than that of

*The reader is cautioned that the level of analysis detail
and screening assessmenlts used for systems in this study
was based on the designs of each of the plants. Thus, it
should not be inferred that the results of such assess-
ments necessarily apply to other plants.
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typical recent PRAs, in that considerable ef-
fort was devoted to generating beta factors
for multiple failures (i.e., more than two)
using recent advances in common-cause
analytical methods. In addition, a subtle fail-
ure “checklist” was developed and used.
This checklist defined subtle failures found in
previous PRAs.

Human Reliability Analysis: As noted in pre-
vious steps, explicit consideration of human
error was included in the analysis. Errors of
two types were incorporated: pre-accident er-
rors, including, for example, failure to prop-
erly return equipment to service after mainte-
nance; and post-accident initiation errors,
including failure to properly diagnose or re-
spond to and recover from accident condi-
tions. In order to assess failure probabilities
for such events, operating procedures for the
specific plant under study were obtained and
reviewed. In general, the analysis of such er-
rors was made using methods typical of re-
cent PRAs (i.e., modifications of the
“THERP” method (Ref. 2.18)) but at a
somewhat reduced level of effort. An initial
screening analysis was performed to focus the
analysis to the potentially most important op-
erator actions (including recovery actions),
permitting some savings of effort. More de-
tailed analyses were performed for the BWR
anticipated transient without scram (ATWS)
accident sequences (Refs. 2.6 and 2.19).

Data Base Analysis: In general, a common
data base of equipment and human failure
rates and initiating event frequencies was
used in the five plant risk analyses, based on
operating experience in all commercial nu-
clear power plants {Ref. 2.1). In addition,
the operating experience of each plant stud-
ied for this report was examined for relevant
failure data on key systems and equipment.
The “generic” data base (from all plants) was
then replaced with plant-specific data (if
available) for these key components in cases
where the plant-specific data were signifi-
cantly different. The methods used to cbtain
and apply plant-specific data were typical of
those of recent PRAs; however, the level of
effort expended was less than that generally.
performed because of limitations in the origi-
nal analysis scope and, in some cases, be-
cause a plant’s operating life had been too
short to generate an adequate data base.

Accident Sequence Quantification Analysis.
In this step, the information from the
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preceding steps was assembled into an assess-
ment of the frequencies of individual acci-
dent sequences, using the fault trees and
event trees to combine probabilities of indi-
vidual events. This was performed in a man-
ner typical of recent PRAs.

Plant Damage State Analysis: In order to as-
sist the analysis of the physical processes of
core damage accidents (i.e., the subsequent
steps in a risk analysis), it is convenient to
group the various combinations of events
comprising the accident sequences into
“plant damage states.” These states are de-
fined by the operability of plant systems
(e.g., the availability of containment spray
systems) and by certain key physical condi-
tions in an accident (e.g., reactor coolant
system pressure). The definition of the plant
damage states and the associated frequencies
are the principal products provided to the
next step in the risk analysis, i.e., the analysis
of accident progression, containment load-
ings, and structural response. This step was
performed in a manner more advanced than
most recent PRAs because of the complexity
of the interface with the more detailed acci-
dent progression analysis.

Uncertainty Analysis and Expert Judgment:
As noted in Section 2.1, the risk analyses un-
derlying this report include the quantitative
analysis of uncertainties. This analysis was
performed using the Latin hypercube sam-
pling technique (Ref. 2.20), a specialized
modification of Monte Carlo simulation tech-

niques often used in the combination of
uncertainties. The elicitation of expert judg-
ments was necessary to develop the
probability distributions for some individual
parameters in this uncertainty analysis. For
certain key issues in the uncertainty analysis,
panels of experts were convened to discuss
and help develop the needed probability dis-
tributions. The methods used for uncertainty
analysis and expert judgment elicitation are
discussed in Sections 2.6 and 2.7. For the
accident frequency analysis, six issues were
evaluated by two expert panels and probabil-
ity distributions developed; these issues are
shown in Table 2.2. Probability distributions
were developed for many other parameters
as well. Section C. 1 of Appendix C includes
a listing of the set of accident frequency is-
sues assigned distributions for the Surry
plant. Similar lists for the other plants may
be found in References 2.11 through 2.14.

Appendix B provides a detailed example calcula-
tion for a particular accident (a station blackout)
at the Surry plant. Section B.2 of that appendix
describes the analysis of the accident sequence
frequency.

It should be noted that the methods used in the
accident frequency analysis of the Zion plant var-
ied from those described above. A PRA was com-
pleted for this plant by the licensee (Common-
wealth Edison Company) in 1981 (Ref. 2.21).
This PRA was subsequently reviewed by the NRC
staff and its contractors (Ref. 2.22), with the
review completed in 1985. For the Zion accident

Table 2.2 Accident frequency analysis issues evaluated by expert panels.

Accident Frequency Analysis Panel

Failure probabilities for check valves in the quantification of interfacing-system LOCA frequencies

(PWRs)

Physical effects of containment structural or vent failures on core cooling equipment (BWRs)

Innovative recovery actions in long-term accident sequences (PWRs and BWRs)

Pipe rupture frequency in component cooling water system (Zion)

Use of high-pressure service water system as source for drywell sprays (Peach Bottom)

Reactor Coolant Pump Seal Performance Panel

Frequency and size of reactor coolant pump seal failures (PWRs)

NUREG-1150
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frequency analysis summarized in this report, this
previous PRA (as modified by the 1985 staff re-
view) was updated to réflect the plant design and
operational features in place in early 1988. As
such, the Zion accident frequency analysis relied
substantially on the previous PRA, rather than
performing a new study.

The methods used to perform the Zion accident
frequency analysis are discussed in greater detail
in Section A.2.2 of Appendix A and in Reference
2.7.*

2.2.1.2 External-Event Methods

The analysis of accident frequencies for the Surry
and Peach Bottom plants included the considera-
tion of accidents initiated by external events (e.g.,
earthquakes, floods, fires) (Refs. 2.3 and 2.4).
The methods used to perform these analyses are
more efficient versions of previous methods and
are described in Section A.2.3 of Appendix A
and in more detail in Reference 2.23.

1. External-Event Methods: Seismic
Analysis

The seismic analysis methods performed for this
study consisted of seven steps. Briefly, these are:

o Determination of Site Earthquake Hazard:
The seismic analyses in this report made use
of two data sources on the frequency of
earthquakes of various intensities at the spe-
cific plant site (the seismic “hazard curve”
for that site): the “Eastern United States
Seismic Hazard Characterization Program,”
funded by the NRC at Lawrence Livermore
National Laboratory (LLNL) (Ref. 2.24);
and the “Seismic Hazard Methodology for
the Central and Eastern United States Pro-
gram,” sponsored by the Electric Power Re-
search Institute (EPRI) (Ref. 2.25). In both
the LLNL and EPRI programs, seismic
hazard curves were developed for all U.S.
commercial power plant sites east of the
Rocky Mountains using expert panels to in-
terpret available data. The NRC staff pres-
ently considers both program results to be
equally valid (Ref. 2.26). For this reason,
two sets of seismic results are provided in this

*The analysis of accident progression, containment load-
ings, and structural response; radioactive material trans-~
port; offsite consequences; and integrated risk for the
Zion plant did not rely significantly on the previous PRA,
but was essentially identical (in methods used) to the
other four plant studies performed for this report.
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report. Secticn C.11 of Appendix C discusses
the analysis of seismic hazards in more detail.

Identification of Accident Sequences: The
scope of the seismic analysis included loss-of-
coolant accidents (LOCAs) (i.e., pipe rup-
tures of a spectrum of sizes including vessel
rupture) and transient events. Two types of
transient events were considered: those in
which the power conversion system (PCS)
was initially available and those in which the
PCS failed as a direct consequence of the in-
itiating event. The event trees developed in
the internal-event analyses (described above)
were also used to define seismically initiated
accident sequences.

Determination of Failure Modes: The inter-
nal-event fault trees (described above) were
used in the seismic analysis, with some modi-
fication, to specify the failure modes of com-
ponents, combinations of which resulted in
plant system failures.

Determination of Fragilities: Component
seismic fragilities were obtained both from a
generic fragility data base and from plant-
specific fragilities estimated for components
identified during a plant visit.

The generic data base of fragility functions
for seismically induced failures was originally
developed as part of the Seismic Safety Mar-
gins Research Program (SSMRP) (Ref.
2.27). In that program, fragility functions for
the generic categories were developed based
on a combination of experimental data, de-
sign analysis reports, and an extensive survey
of expert judgments, providing probability
distributions of fragilities.

Detailed fragility analyses were performed for
all important structures at the studied plants.
In addition, an analysis of liquefaction for
the underlying soils was performed.

Determination of Seismic Responses: Build-
ing and component seismic peak ground ac-
celeration responses were computed using
dynamic building models and time history
analysis methods. Results from the SSMRP
analysis of the Zion plant (Ref. 2.28) and
methods studies (Ref. 2.23) formed the basis
for assessing uncertainties in responses.

Computation of Core Damage Frequency:
Given the input from the five steps above,
the frequencies of accident sequences, plant
damage states, and core damage were
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calculated in a manner like that described
above for the internal-event accident fre-
quency analysis.

Estimation of Uncertainty: The frequency
distributions of individual parameters-in the
seismic analysis, as developed in the previous
steps, were combined to yield frequency dis-
tributions of accident sequences, plant
damage states, and total core damage. This
process was performed using Monte Carlo
techniques.

2. External-Event Methods: Fire Analysis

There were four principal steps in the fire acci-
dent frequency analysis methods used for this re-
port. Briefly, these are:

Initial Plant Visit: Based on the internal-
event and seismic analyses, the general loca-
tion of cables and components of the princi-
pal plant systems had previously been
developed. A plant visit was then made to
permit the analysis staff to see the physical
arrangements in each of these areas. The
analysis staff had a fire zone checklist to aid
in the screening analysis and in the quantifi-
cation step (described below).

Another purpose of the initial plant visit was
to confirm with plant personnel that the
documentation being used was in fact the
best available information and to obtain an-
swers to questions that might have arisen in a
review of the documentation. As part of this,
a thorough review of firefighting procedures
was conducted.

Screening of Potential Fire Locations: It was
necessary to select fire locations within the
power plant under study that had the greatest
potential for producing accident sequences of
high frequency or risk. The selection of fire
locations was performed using a screening
analysis, which identified potentially impor-
tant fire zones and prioritized these zones
based on the frequencies of fire-induced in-
itiating events in the zone and the probabili-
ties of subsequent failures of important
equipment.

Accideni Sequence Quantification: After the
screening analysis had eliminated all but the
probabilistically significant fire zones, de-
tailed quantification of dominant accident se-
quences was completed as follows:

NUREG-1150

Determination of the temperature re-
sponse in each fire zone;

Computation of component fire fragili-
ties;

Assessment of the probability of barrier
failure for the remaining combinations
of fire zones; and

Performance of operator recovery
analyses (like that described above for
internal-event analyses).

o Uncertainty Analysis: This quantification was
performed using Monte Carlo techniques like
those discussed above for the internal-event
analysis. No expert panels were directly used
to support the development of probability
distributions. Distributions for needed data
were developed by the analysis staff using op-
erating experience and experimental results.

External-Event Methods: Other Initiating
Events

In addition to the seismic and fire external-event
analyses, bounding analyses were performed for
other external events that were judged to poten-
tially contribute to the estimated plant risk. Those
events that were considered included extreme
winds and tornadoes, turbine missiles, internal
and external flooding, and aircraft impacts.

Conservative probabilistic models were initially
used in these bounding analyses. If the mean initi-
ating event frequency resulting from such an
analysis was estimated to be low (e.g., less than
1E-6 per year), the external event was eliminated
from further consideration. Using this logic, the
bounding analyses identified those external events
in need of more study.

2.2.2 Products of Accident Frequency
Analysis

The accident frequency analyses performed in this
study can be displayed in a variety of ways. The
specific products shown in this sumrary report
are:

e  The total core damage frequency from inter-
nal events and, where estimated, for external
events.

For Part II of this report (plant-specific re-
sults), tabular data and a histogram-type plot
are used to represent the distribution of total
core damage frequency. This histogram
displays the fraction of Latin hypercube
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sampling (LHS) observations falling within
each interval.* Figure 2.2 displays an exam-
ple histogram (on the right side of the fig-
ure). Four measures of the probability distri-
bution are identified in Figure 2.2 (and
throughout this report):

— Mean (arithmetic average or expected
value);

~  Median (50th percentile value);
—  5th percentile value; and
—  95th percentile value.

In some circumstances, the calculated prob-
ability distributions extend to very small val-
ues. When this occurs, the staff has chosen
to group together all observations below a
specific value. This grouped set of observa-
tions is displayed apart from (but on the
same figure as) the probability distribution.

A second display of accident frequency re-
sults is used in Part IIT of this report, where
results for all five plants are displayed to-
gether. This rectangular display (shown on
the left side of Fig. 2.2) provides a summary
of these four specific measures in a simple
graphical form.

For those plants in which both internal and
external events have been analyzed (Surry
and Peach Bottom), the core damage fre-
quency results are provided separately for in-
ternal, seismic, and fire accident initiators.

The NRC-sponsored review of the second
draft of this report includes some cautions on
the interpretation of low accident frequencies
(Ref. 2.29). These cautions are noted on ap-
propriate figures throughout the remainder of
this report.

s  The definitions and estimated frequencies of
plant damage states.

The total core damage -frequency estimates
described above are the sum of the frequen-
cies of various types of accidents.. For this

*Care should be taken in using these histograms to esti-
mate probability density functions. These histogram plots
were developed such that the heights of the individual
rectangles were not adjusted so that the rectangular areas
represented probabilities. The shape of a corresponding
density function may be very different from that of the
histogram. The histograms represent the probability dis-
tribution of the logarithm of the core damage frequency.
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summary report, the total core damage
frequency has been divided into the contri-
butions of plant damage states such as:**

- Loss of all ac electric power (station
' blackout);

- Transient events with failure of the reac-
tor protection system (ATWS events);

—  Other transient events;

— LOCAs resulting from reactor coolant
system pipe ruptures, reactor coolant
pump seal failures, and failed relief
valves occurring within the containment
building; and

- LOCAs that bypass the containment
building (steam generator tube ruptures
and interfacing-system LOCAS).

Figure 2.3 is an example display of these results.
In this figure, a pie chart is used to display the
mean value of the total core damage frequency
distribution for each of these plant damage states.

In addition to these quantitative displays, the re-
sults of the accident frequency analyses also can
be discussed with respect to the qualitative per-
spectives obtained. In this summary report, quali-
tative perspectives are provided in two levels:

e  Important Plant Characteristics: The discus-
sion of important plant characteristics focuses
on general system design and operational as-
pects of the plant. Perspectives are thus pro-
vided on, for example, the design and opera-
tion of the emergency diesel generators, or
the capability for the “feed and bleed” mode
of emergency core cooling. These results are
provided in Section 3.2.2 of Chapter 3 and
like numbered sections in Chapters 4 through
7.

. Measures of Importance of Individual
Events: One typical product of a PRA is a set
of “importance measures.” Such measures
are used to assess the relative importance of
individual items (such as the failure rates of

**Plant damage states were defined in these risk analyses
at two levels. “Summary” plant damage states were de~
fined for use in this report and were created by combin-
ing much more detailed damage states that consider
more specific types of failures and convey much more
detailed information to the accident progression analy-
sis. These more detailed plant damage states were used
in the actual risk calculations. An example of the level
of detail may be found in Appendix B; the contractor
reports underlying this report provide and discuss the
complete set of plant damage states for all plants (Refs.
2.3 through 2.7 and 2.10 through 2.14).
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Figure 2.2 Example display of core damage frequency distribution.
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Transients
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Figure 2.3 Example display of mean plant damage state frequencies.

individual plant components or the uncer-
tainties in such failure rates) to the total core
damage frequency. While a variety of meas-
ures exist, two are discussed (qualitatively) in
this summary report. The first measure shows
the effect of significant reductions in the fre-
quencies of individual plant component fail-
ures or plant events (e.g., loss of offsite
power, specific human errors) on the total
core damage frequency. In effect, this meas-
ure shows how to most effectively reduce
core damage frequency by reducing the fre-
quencies of these individual events. The sec-
ond importance measure discussed in this
summary report indicates the relative contri-
bution of key uncertainty distributions to the
uncertainty in total core damage frequency.
In effect, this measure shows how most effec-
tively to reduce the uncertainty in core dam-
age frequency by reductions in the uncer-
tainty in individual events. These results are
provided in Section 3.2.4 of Chapter 3 and
like numbered sections in Chapters 4 through
7.
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2.3 Accident Progression, Containment
Loading, and Structural Response
Analysis

2.3.1 Methods

The second part of the risk analysis process shown
in Figure 2.1 (“Accident Progression, Contain-
ment Loading, and Structural Response”) is the
analysis of the progression of the accident after
the core has begun to degrade. For each general
type of accident, defined by the plant damage
states, the analysis considers the important char-
acteristics of the core melting process, the chal-
Ienges to the containment building, and the re-
sponse of the building to those challenges. Event
trees were used to organize and quantify the large
amounts of information used in this analysis. The
event trees combined information from many
sources, e.g., detailed computer accident simula-
tions and panels of experts providing interpreta-
tions of available data.
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In summary, the principal steps of the accident
progression analysis are:

®  Development of Accident Progression Event
Trees: Accident progression event trees were
used in this study to identify, sequentially or-
der, and probabilistically quantify the impor-
tant events in the progression of a severe
accident. The development of an accident
progression event tree consisted of identifying
potentially important parameters to the acci-
dent progression and associated containment
building structural response, determining
possible values of each parameter (including
dependencies on outcomes of previous pa-
rameters in the event tree), ordering the
events chronologically, and defining the in-
formation needed to determine each parame-
ter. The information base used consisted of
accident and experimental data and calcula-
tional results from accident simulation com-
puter codes, analyses of containment build-
ing structures, etc.* While the event tree
development process used for this study is
conceptually similar to that of other PRAs,
both the complexity of the tree (the number
of parameters and possible outcomes) and
the supporting data base developed were sub-
stantially greater than those of other recent
PRAs, so that more explicit use could be
made of severe accident experimental and
calculational information (additional discus-
sion of the supporting data base is provided
below).

Probabilistic Quantification of Event Trees:
Using the event tree structure and informa-
tion base developed in the previous step,
probability distributions for the most uncer-
tain parameters in the accident progression
event tree were generated in this step. As is
typical of any PRA, this assignment of values
was subjective, based on the interpretation of
the data base by the risk analyst. For in-
stance, the applicable data base is sometimes
conflicting. The choice of which data to em-
phasize and use is a matter of each analyst’s
judgment, based on personal experience and
familiarity. However, for this study, both the
degree to which experts in accident analysis
were used and the degree of documentation
of the rationale for the probability distribu-

*In the accident progression analysis of seismic-initiated
accidents, some additional loads on containment struc-
tures are considered for high-intensity earthquakes (e.g.,
structural loads resulting from motion of piping).
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tions used were significantly greater than in
other recent PRAs (additional discussion of
the supporting data base is provided below).

Grouping of Event Tree Qutcomes: Accident
progression event trees such as those con-
structed for this study produce a large set of
alternative outcomes of a severe accident. As
is typically done in PRAs, these outcomes
were grouped into a smaller set of “accident
progression bins.” For this summary report,
bins were defined principally according to the
timing of containment building failure. This
summary set of accident progression bins is
subdivided into bins of greater detail in the
supporting contractor reports (Refs. 2.10
through 2.14).

As noted above, the accident progression event
trees developed for this study made extensive use
of the available severe accident experimental and
calculational data bases. The analysis staff made
use of calculational results from a number of acci-
dent simulation computer codes, including the
Source Term Code Package (Ref. 2.30), CON-
TAIN (Ref. 2.31), MELCOR (Ref. 2.32), and
MELPROG (Ref. 2.33).

To support the analysis of certain key issues in the
accident progression analysis, expert panels were
convened. Fourteen accident progression, con-
tainment loadings, and structural response issues
were considered by four panels, as shown in Table
2.3. These panels considered a wide range of in-
formation available from experiments and com-
puter calculations. Using expert elicitation meth-
ods summarized in Section 2.7, probability
distributions were developed based on the ex-
perts’ interpretations of these issues. In addition
to this set of key issues, probability distributions
were developed for many other issues. Section
C.1 of Appendix C provides a listing of such is-
sues, using the Surry plant as an example. Similar
listings for the other plants may be found in Refer-
ences 2.11 through 2.14.

Additional discussion of the methods used to de-
velop and quantify the accident progression event
trees may be found in Section A.3 of Appendix
A. Reference 2.8 provides an extensive discussion
of the methods used, suitable for the reader ex-
pert in severe accident and risk analysis.

Section B.3 of Appendix B provides a detailed ex-
ample calculation showing how the accident pro-
gression analysis methods summarized above were
used in the risk analyses supporting this report.
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Table 2.3 Accident progression and containment structural issues evaluated by expert panels.

In-Vessel Accident Progression Panel

Probability of temperature-induced reactor coolant system hot leg failure (PWRs)
Probability of temperature-induced steam generator tube failure (PWRs)

Magnitude of in-vessel hydrogen generation (PWRs and BWRs)

Mode of temperature-induced reactor vessel bottom head failure (PWRs and BWRs)

Containment Loadings Panel

Containment pressure increase at reactor vessel breach (PWRs and BWRs)
Probability and pressure of hydrogen combustion before reactor vessel breach (Sequoyah and

Grand Gulf)

Probability and effects of hydrogen combustion in reactor building (Peach Bottom)

Drywell shell meltthrough (Peach Bottom)

Molten Core-Containment Interactions Panel

Pedestal erosion from core-concrete interaction {Grand Gulf)

Containment Structural Performance Panel

Static containment failure pressure and mode (PWRs and BWRs)
Probability of ice condenser failure due to hydrogen detonation (Sequoyah)

Strength of reactor building (Peach Bottom)

Probability of drywell and containment failure due to hydrogen detonation (Grand Gulf)
Pedestal strength during concrete erosion (Grand Gulf)

2.3.2 Products of Accident Progression,
Containment Loading, and Structural
Response Analysis

The product of the accident progression and con-
tainment loading analysis is a set of accident pro-
gression bins. Each bin consists of a group of pos-
tulated accidents (with associated probabilities for
each plant damage state) that has similar out-
comes with respect to the subsequent portion of
the risk analysis, analysis of radioactive material
transport. As such, the accident progression bins
are analogous to the plant damage states de-
scribed in Section 2.2.1, in that they are defined
based on their impact on the next analysis part.
Quantitatively, the product consists of a matrix of
conditional probabilities (as shown in Fig.2.4*),
with the rows and columns defined by the sets of

*The mean plant damage state frequencies shown in
Figures 2.4 and 2.5 (and like figures in Chapters 3
through 7) may be somewhat different from those
shown in tables such as Table 3.2. The data in the
Iatter tables resulted from uncertainty analyses using a
large number of variables. The frequencies shown in
the figures resulted from the uncertainty analysis of
only the key accident frequency issues included in the
integrated task analysis.

plant damage states and accident progression bins,
respectively. The matrix defines the probabilities
that an accident will have an outcome characteris-
tic of a given accident progression bin if the acci-
dent began as one having the characteristic of a
given plant damage state.

In this summary report, products of the accident
progression analysis are shown in the following
ways:

® The distribution of the probability of early
containment failure** for each plant damage
state.

An example display of early containment
failure probability is provided in Figure 2.5.*
As may be seen, the probability distribution
is represented by a histogram like that dis-
cussed above for core damage frequency.

**In this report, early containment failure includes failures
occurring before or within a few minutes of reactor ves-
sel breach for pressurized water reactors and those fail-
ures occurring before or within 2 hours of vessel breach
for boiling water reactors. Containment bypass failures
are categorized separately from early failures.

NUREG-1150
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2. Summary of Methods

Measures of this distribution provided include:

Mean;

Median;

Sth percentile value; and
95th percentile value.

The mean conditional probability of each ac-
cident progression bin for each plant damage
state.

Figure 2.4 displays example results of the
mean conditional probability of each acci-
dent progression bin for each plant damage
state. Results are provided both in tabular
and graphical (bar chart) forms.

2.4 Analysis of Radioactive Material
Transport

2.4.1 Methods

The radioactive material transport analysis tracks
the transport of the radioactive materials from the
fuel to the reactor coolant system, then to the
containment and other buildings, and finally into
the environment. The fractions of the core inven-
tory released to the atmosphere, and the timing
and other release information needed to calculate
the offsite consequences, together are termed the
“source term.” The removal and retention of ra-
dioactive material by natural processes, such as
deposition on surfaces, and by engineered sys-

tems, such as sprays, are accounted for in each
location.

Briefly, the principal steps in this analysis include:

®  Development of Parametric Models of Mate-

rial Transport: Because of the complexity
and cost of radioactive material transport cal-
culations performed with detailed codes, the
number of accidents that could be investi-
gated with these codes was rather limited.
Further, no one detailed code available for
the analyses contained models of all physical
processes considered important to the risk
analyses. Therefore, source terms for the va-
riety of accidents of interest were calculated
using simplified algorithms. The source terms
were described as the product of release frac-
tions and transmission factors at successive
stages in the accident progression for a vari-
ety of release pathways, a variety of accident
progressions, and nine classes of radio-
nuclides. The release fraction at each stage
of the accident and for each pathway is de-
termined using various information such as
predictions of detailed mechanistic codes,
experimental data, etc. For the more impor-
tant release parameters, listed in Table 2.4,
probability distributions were developed by a
panel of experts. The set of codes (one for
each plant) used to calculate the source
terms is known collectively as the “XSOR”
codes (Ref. 2.34). The XSOR codes are
parametric in nature; that is, they are de-
signed to use the results of more detailed
mechanistic codes or analyses as input.

Table 2.4 Source term issues evaluated by expert panel.

Source Term Expert Panel

In-vessel retention and release of radioactive material (PWRs and BWRs)

Revolatization of radioactive material from the reactor vessel and reactor coolant system (early and

late) (PWRs and BWRs)

Radioactive releases during high-pressure melt ejection/direct containment heating (PWRs and

BWRs)

Radioactive releases during core-concrete interaction (PWRs and BWRs)

Retention and release from containment of core-concrete interaction radioactive releases (PWRs and

BWRs)

Ice condenser decontamination factor (Sequoyah)

Reactor building decontamination factor (Grand Gulf)

Late sources of iodine (Grand Gulf)
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Release terms are divided into two time peri-
ods, an early release and a delayed release.
The timing of release is particularly important
for the prediction of early health effects.

Detailed Analysis of Radioactive Material
Transport for Selected Accident Progression
Bins: Once the basic XSOR algorithm was
defined, it was necessary to insert parameters
analogous to the quantification of the acci-
dent progression event tree in the previous
part of the analysis. Since a quantitative un-
certainty analysis was one of the objectives of
this study, data on the more important pa-
rameters were constructed in the form of
probability distributions. These distributions
were developed based on calculations from
the Source Term Code Package (STCP)
(Ref. 2.30), CONTAIN (Ref. 2.31), MEL-
COR (Ref. 2.32), and other calculational and
experimental data. The source term
parameters determined by an expert panel
are shown in Table 2.4. Distributions for pa-
rameters that were judged of lesser impor-
tance were evaluated by experts drawn from
the analysis staff or from other groups at na-
tional laboratories. (See Section C.1 of Ap-
pendix C for a listing of such parameters for
the Surry plant. Similar listings for the other
plants may be found in Refs. 2.11 through
2.14.) In rare instances, single-valued esti-
mates were used.

Grouping of Radioactive Releases: For these
risk analyses, radioactive releases were
grouped according to their potential to cause
early and latent cancer fatalities and warning
time.* Through this “partitioning” process,
the large number of radioactive releases cal-
culated with the XSOR codes were collected
into a small set of source term groups (30 to
60 in number). This set of groups was then
used in the offsite consequence calculations
discussed below.

Additional discussion of the methods used to per-
form the radioactive material transport analysis
may be found in Section A.4 of Appendix A.
Reference 2.8 provides an extensive discussion of
the methods used that is suitable for the reader
expert in severe accident and risk analysis.

Section B.4 of Appendix B provides a detailed ex-
ample calculation showing how the radioactive

*This grouping of source terms by offsite consequence ef~
fects is analogous to the grouping of accident sequences
into plant damage states by their potential effect on acci-
dent progression.
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material transport analysis methods summarized
above were used in the risk analyses supporting
this report.

2.4.2 Products of Radioactive Material
Transport Analysis

The product of this part of the risk analysis is the
estimate of the radioactive release magnitude,
with associated energy content, time, elevation,
and duration of release, for each of the specified
source term groups developed in the “partition-
ing” process described above.

The radioactive release estimates generated in this
part of the risk analysis can be displayed in a vari-
ety of ways. In this report, radioactive release
magnitudes are shown in the following ways:

e Distribution of release magnitudes for each of
the nine isotopic groups for selected accident
progression bins.

The results of the radioactive material transport
analysis can vary in form depending on the in-
tended use. For purposes of this report, exam-
ple results that display the distribution of
release magnitudes for selected accident pro-
gression bins were obtained. In Part IT of this re-
port, the results for two accident progression
bins are displayed for each plant. For these se-
lected accident progression bins, the distribu-
tion of the radioactive release magnitude (for
each of the nine radionuclide groups) is charac-
terized by the mean, median, 5th percentile, and
95th percentile. An example distribution is dis-
played in Figure 2.6. (Distributions of this type
are constructed with the assumption that all es-
timated source terms are equally likely and thus
do not incorporate the frequencies of the indi-
vidual source terms. Recalculation of these
distributions, including consideration of fre-
quencies, does not significantly change the
results.)

Frequency distribution of radioactive releases
of iodine, cesium, strontium, and lanthanum.

Chapter 10 displays the absolute frequency*
of source term release magnitudes.These re-
sults are presented in the form of comple-
mentary cumulative distribution functions
(CCDFs) of the magnitude of iodine, cesium,
strontium, and lanthanum releases.** This

*That is, the combined frequency of all plant damage
state frequencies and conditional accident progression
bin probabilities.

**These four groups are used to represent the spectrum of
possible chemical groups, i.e., from chemically volatile
to nonvolatile species.
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Figure 2.6 Example display of radioactive release distributions.

display provides information on the frequency
of source term magnitudes exceeding a specific
value for each of the plants. Figure 2.7 displays
an example CCDF for one chemical group.

2.5 Offsite Consequence Analysis

2.5.1 Methods

The severe accident radiocactive releases described
in the preceding section are of concern because of
their potential for impacts on the surrounding
environment and population. The impacts of such
releases to the atmosphere can manifest them-
selves in a variety of early and delayed health ef-
fects, loss of habitability of areas close to the plant
site, and economic losses. The fourth part of the
risk analysis process shown in Figure 2.1 repre-
sents the estimation of these offsite consequences,
given the radioactive releases (source term
groups) generated in the previous analysis part.

NUREG-1150

There are five principal steps in the offsite conse-
quence analysis. Briefly, these are:

o  Assessment of Pre-accident Inventories of
Radioactive Material: An assessment was
made of the pre-accident inventories of each
radioactive species in the reactor fuel, using
information on the thermal power and refuel-
ing cycles for the plants studied. For the
source term and offsite consequence analysis,
the radioactive species were collected into
groups of similar chemical behavior. For
these risk analyses, nine groups were used to
represent 60 radionuclides considered to be
of most importance to offsite consequences:
noble gases, iodine, cesium, tellurium, stron-
tium, ruthenium, cerium, barium, and lan-
thanum.

e  Analysis of Transport and Dispersion of
Radioactive Material: The transport and dis-
persion of radioactive material to offsite
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Figure 2.7 Example display of source term complementary cumulative distribution function.

areas was modeled in two parts: the initial devel-
opment of a plume in the wake of plant build-
ings, using models described in Reference
2.35; and the subsequent downwind trans-
port, which used a straight-line Gaussian
plume model, as described in Reference
2.36. The effect of the initial sensible energy
content of the plume was included in these
models so that under some conditions plume
“liftoff” could occur, elevating the contained
radioactive material into the atmosphere.

The dispersion models used in this report
also explicitly accounted for the variability of
transport and deposition with weather condi-
tions.

Meteorological data for each specific power
plant site were used. For each of a set of ap-
proximately 160 representative weather con-
ditions, a dispersion pattern of the plume was
calculated. Deposition of radioactive material

from the plume onto the ground (or water

bodies) beneath the plume was based on a
set of experimentally derived deposition rates
for dry and wet (rain) conditions.

Analysis of the Radiation Doses: Using the
dispersion and deposition patterns developed
in the previous step and a set of dose conver-
sion factors (which relate a concentration of
a radioactive species to a dose to a given
body organ) (Refs. 2.37, 2.38, and 2.39),
calculations were made of the doses received
by the exposed populations via direct (cloud-
shine, inhalation, groundshine) and indirect
(ingestion, resuspension of radioactive mate-
rial from the ground into the air) pathways.
Site-specific population data were used in
these calculations. The doses were calculated
on a body organ-by-organ basis and com-
bined into health effect estimates in a later
step.
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Analysis of Dose Mitigation by Emergency
Response Actions: Consideration was given to
the mitigating effects of emergency response
actions taken immediately after the accident
and in the longer term. Effects included were
evacuation, sheltering, and relocation of peo-
ple, interdiction of milk and crops, and de-
contamination, temporary interdiction, and/
or condemnation of land and buildings.

The analysis of offsite consequences for this
study included a “base case” and several sets
of alternative emergency response actions.
For the base case, it was assumed that 99.5
percent of the population within the 10-mile
emergency planning zone (EPZ) participated
in an evacuation. This set of people was as-
sumed to move away from the plant site at a
speed estimated from the plant licensee’s
emergency plan, after an initial delay (to
reach the decision to evacuate and permit
communication of the need to evacuate) also
estimated from the licensee’s plan. It was
also assumed that the 0.5 percent of the
population that did not participate in the in-
itial evacuation was relocated within 12 to 24
hours after plume passage, based on the
measured concentrations of radioactive ma-
terial in the surrounding area and the com-
parison of projected doses with proposed En-
vironmental Protection Agency (EPA)
guidelines (Ref. 2.40). Similar relocation as-
sumptions were made for the population out-
side the 10-mile planning zone. Longer-term
countermeasures (e.g., crop or land interdic-
tion) were based on EPA and Food and Drug
Administration guidelines (Ref. 2.41).

Several alternative emergency response as-
sumptions were also analyzed in this study’s
offsite consequence and risk analyses. These
included:

Evacuation of 100 percent of the popu-
lation within the 10-mile emergency
planning zone;

Indoor sheltering of 100 percent of the
population within the EPZ (during
plume passage) followed by rapid subse-
quent relocation after plume passage;

Evacuation of 100 percent of the popu-
lation in the first 5 miles of the planning
zone, and sheltering followed by fast re-
location of the population in the second
5 miles of the EPZ; and

NUREG-1150
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In lieu of evacuation or sheltering, only
relocation from the EPZ within 12 to 24
hours after plume passage, using reloca-
tion criteria described above.

In each of these alternatives, the region out-
side the 10-mile zone was subject to a com-
mon assumption that relocation was per-
formed based on comparisons of projected
doses with EPA guidelines (as discussed
above).

Calculation of Health Effects: The offsite
consequence analysis calculated the following
health effect measures:

The number of early fatalities and early
injuries expected to occur within 1 year
of the accident and the latent cancer fa-
talities expected to occur over the life-
time of the exposed individuals;

The total population dose received by
the people living within specific dis-
tances (e.g., 50 miles) of the plant; and

Other specified measures of offsite
health effect consequences (e.g., the
number of early fatalities in the popula-
tion living within 1 mile of the reactor
site boundary).

The health effects calculated in this analysis
were based on the models of Reference 2.42.
This work in turn used the work of the BEIR
III report (Ref. 2.43) for its models of latent
cancer effects.

The schedule for completing the risk analyses of
this report did not permit the performance of
uncertainty analyses for parameters of the offsite
consequence analysis, although variability due to
annual variations in meteorological conditions is
included. Such an analysis is, however, planned to
be performed.

Section A.5 of Appendix A provides additional
discussion of the methods used for performing the
offsite consequence analysis. The reader seeking
extensive discussion of the methods used is di-
rected to Reference 2.8 and to Reference 2.36,
which discusses the computer code used to per-
form the offsite consequence analysis (i.e., the
MELCOR Accident Consequence Code System
(MACCS), Version 1.5).

2.5.2 Products of Offsite Consequence
Analysis

The product of this part of the risk analysis proc-
ess is a set of offsite consequence measures for
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each source term group. For this report, the spe-
cific consequence measures discussed include
early fatalities, latent cancer fatalities, total popu-
lation dose (within 50 miles and entire site re-
gion), and two measures for comparison with
NRC’s safety goals (average individual early fatal-
ity probability within 1 mile and average individual
latent cancer fatality probability within 10 miles of
the site boundary) (Ref, 2.44).

For display in this report, the results of the offsite
consequence analyses are combined with the fre-
quencies generated in the previous analysis steps
and shown in the form of complementary cumula-
tive distribution functions (CCDFs). This display
shows the frequency of consequences occurring at
a level greater than a specified amount. Figure 2.8
provides a display of such a CCDF. This informa-
tion is also provided in tabular form in Chapter
11,

2.6 Uncertainty Analysis

As stated in the introduction to the chapter, an
important characteristic of the probabilistic risk
analyses conducted in support of this report is that
they have explicitly included an estimation of the
uncertainties in the calculations of core damage
frequency and risk that exist because of incom-
plete understanding of reactor systems and severe
accident phenomena.

There are four steps in the performance of uncer-
tainty analyses. Briefly, these are:

»  Scope of Uncertainty Analyses: Important
sources of uncertainty exist in all four stages
of the risk analysis shown in Figure 2.1. In
this study, the total number of parameters
that could be varied to produce an estimate
of the uncertainty in risk was large, and it
was somewhat limited by the computer ca-
pacity required to execute the uncertainty
analyses. Therefore, only the most important
sources of uncertainty were included. Some
understanding of which uncertainties would
be most important to risk was obtained from
previous PRAs, discussion with phenomeno-
logists, and limited sensitivity analyses. Sub-

jective probability distributions for parame- -

ters for which the uncertainties were
estimated to be large and important to risk
and for which there were no widely accepted
data or analyses were generated by expert pan-
els. Those issues for which expert panels gener-
ated probability distributions are listed in Ta-
Dbles 2.2 through 2.4.
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Definition of Specific Uncertainties: In order
for uncertainties in accident phenomena to
be included in the probabilistic risk analyses
conducted for this study, they had to be ex-
pressed in terms of uncertainties in the pa-
rameters that were used in the study. Each
section of the risk analysis was conducted at
a slightly different level of detail. However,
each analysis part (except for offsite conse-
quence analysis, which was not included in
the uncertainty analysis) did not calculate the
characteristics of the accidents in as much
detail as would a mechanistic and detailed
computer code. Thus, the uncertain input
parameters used in this study are “high level”
or summary parameters. The relationships
between fundamental physical parameters
and the summary parameters of the risk
analysis parts are not always clear; this lack
of understanding leads to what is referred to
in this study as modeling uncertainties. In ad-
dition, the values of some important physical
or chemical parameters are not known and
lead to uncertainties in the summary parame-
ters. These uncertainties were referred to as
data uncertainties. Both types of uncertain-
ties were included in the study, and no con-
sistent effort was made to differentiate be-
tween the effects of the two types of
uncertainties.

Parameters were chosen to be included in the
uncertainty analysis if the associated uncer-
tainties were estimated to be large and impor-
tant to risk.

Development of Probability Distributions:
Probability distributions for input parameters
were developed by a number of methods. As
stated previously, distributions for many key
input parameters were determined by panels
of experts. The experts used a large variety
of techniques to generate probability distribu-
tions, including reliance on detailed code cal-
culations, extrapolation of existing experi-
mental and accident data to postulated
conditions during the accident, and complex
logic networks. Probability distributions were
obtained from the expert panels using for-
malized procedures designed to minimize
bias and maximize accuracy and scrutability
of the experts’ results. These procedures are
described in more detail in Section 2.7.
Probability distributions for some parameters
believed to be of less importance to risk were
generated by analysts on the project staff or
by phenomenologists from several different
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Figure 2.8 Example display of offsite consequences complementary cumulative distribution function.
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national laboratories using techniques like
those employed with the expert panels. (Sec-
tion C.1 of Appendix C provides a listing of
parameters to which probability distributions
were assigned for the Surry plant. Similar
listings for the other plants may be found in
Refs. 2,11 through 2.14.)

Probability distributions for many of the most
important accident sequence frequency vari-
ables were generated using statistical analyses
of plant data or data from other published
sources.

e  Combination of Uncertainties: A specialized
Monte Carlo method, Latin hypercube sam-
pling, was used to sample the probability dis-
tributions defined for the many input pa-
rameters. The sample observations were
propagated through the constituent analyses
to produce probability distributions for core
damage frequency and risk. Monte Carlo
methods produce results that can be analyzed
with a variety of techniques, such as regres-
sion analysis. Such methods easily treat dis-
tributions with wide ranges and can incorpo-
rate correlations between variables. Latin
hypercube sampling (Ref. 2.20) provides for
a more efficient sampling technique than
straightforward Monte Carlo sampling while
retaining the benefits of Monte Carlo tech-
niques. It has been shown to be an effective
technique when compared to other, more
costly, methods (Ref. 2.45). Since many of
the probability distributions used in the risk
analyses are subjective distributions, the
composite probability distributions for core
damage frequency and risk must also be con-
sidered subjective.

Additional discussion of uncertainty analysis

methods is provided in Section A.6 of Appendix

‘A and in detail in Reference 2.8.

2.7 Formal Procedures for Elicitation
of Expert Judgment

The risk analysis of severe reactor accidents in-
herently involves the consideration of parameters
for which little or no experiential data exist. Ex-
pert judgment was needed to supplement and in-
terpret the available data on these issues. The
elicitation of experts on key issues was performed
using a formal set of procedures, discussed in
greater detail in Reference 2.8. The principal
steps of this process are shown in Figure 2.9.
Briefly, these steps are:
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Selection of Issues: As stated in Section 2.6,
the total number of uncertain parameters
that could be included in the core damage
frequency and risk uncertainty analyses was
somewhat limited. The parameters consid-
ered were restricted to those with the largest
uncertainties, expected to be the most impor-
tant to risk, and for which widely accepted
data were not available. In addition, the
number of parameters that could be deter-
mined by expert panels was further restricted
by time and resource limitations. The pa-
rameters that were determined by expert
panels are, in the vernacular of this project,
referred to as “issues.” An initial list of issues
was chosen from the important uncertain pa-
rameters by the plant analyst, based on re-
sults from the first draft NUREG-1150 analy-
ses (Ref. 2.46). The list was further modified
by the expert panels. Tables 2.2 through 2.4
list those issues studied by expert panels.

Selection of Experts: Seven panels of experts
were assembled to consider the principal is-
sues in the accident frequency analyses (two
panels), accident progression and contain-
ment loading analyses (three panels), con-
tainment structural response analyses (one
panel), and source term analyses (one
panel). The experts were selected on the ba-
sis of their recognized expertise in the issue
areas, such as demonstrated by their publica-
tions in refereed journals. Representatives
from the nuclear industry, the NRC and its
contractors, and academia were assigned to
panels to ensure a balance of “perspectives.”
Diversity of perspectives has been viewed by
some (e.g., Refs. 2.47 and 2.48) as allowing
the problem to be considered from more
viewpoints and thus leading to better quality
answers. The size of the panels ranged from
3 to 10 experts. :

Training in Elicitation Methods: Both the ex~
perts and analysis team members received
training from specialists in decision analysis.
The team members were trained in elicitation
methods so that they would be proficient and
consistent in their elicitations. The experts’
training included an introduction to the elici-
tation and analysis - methods, to the psycho-
logical aspects of probability estimation (e.g.,
the tendency to be overly confident in the
estimation of probabilities), and to probabil-
ity estimation. The purpose of this training
was to better enable the experts to transform
their knowledge and judgments into the form
of probability distributions and to avoid

NUREG-1150

OAGI0000611 00052



2. Summary of Methods

Presentation

Selectlon Eliclitation L
—_— of! Technical
of Experts Tralning Evidence

Selection of Preparation Presentation

of lssues of Issues

Experl Preparation Dlacussion Eliclitation
of Anaiysss of Analyses cf Experts

Composition
. Review
Aggregation and ' "
by Experts

NUREG-1150

Documentatlon

Figure 2.9 Principal steps in expert elicitation process.
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particular psychological biases such as over-
confidence. Additionally, the experts were
given practice in assigning probabilities to
sample questions with known answers (alma-
nac questions). Studies such as those dis-
cussed in Reference 2.49 have shown that
feedback on outcomes can reduce some of
the biases affecting judgmental accuracy.

Presentation and Review of Issues: Presenta-
tions were made to each panel on the set of
issues to be considered, the definition of
each issue, and relevant data on each issue.
Other parameters considered by the analysis
staff to be of somewhat lesser importance
were also described to the experts. The pur-
poses of these presentations were to permit
the panel to add or drop issues depending on
their judgments as to their importance; to
provide a specific definition of each issue
chosen and the sets of associated boundary
conditions imposed by other issue definitions;
and to obtain information from additional
data sources known to the experts.

In addition, written descriptions of the issues
were provided to the experts by the analysis
staff. The descriptions provided the same in-
formation as provided in the presentations, in
addition to reference lists of relevant techmi-
cal material, relevant plant data, detailed de-
scriptions of the types of accidents of most
importance, and the context of the issue
within the total analysis. The written descrip-
tions also included suggestions of how the is-
sues could be decomposed into their parts us-
ing logic trees. The issues were to be
decomposed because the decomposition of
problems has been shown to ease the cogni-
tive burden of considering complex problems
and to improve the accuracy of -judgments
(Ref. 2.50).

For the initial meeting, researchers, plant
representatives, and interested parties were
invited to present their perspectives on the
issues to the experts. Frequently, these pres-
entations took several days.

Preparation of Expert Analyses: After the in-
itial meeting at which the issues were pre-
sented, the experts were given time to pre-
pare their analyses of the issues. This time
ranged from 1 to 4 months. The experts were
encouraged to use this time to investigate al-
ternative methods for decomposing the is-
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sues, to search for additional sources of in-
formation on the issues, and to conduct
calculations. During this period, several pan-
els met to exchange information and ideas
concerning the issues. During some of these
meetings, expert panels were briefed by the
project staff on the results from other expert
panels in order to provide the most current
data.

Expert Review and Discussion: After the ex-
pert panels had prepared their analyses, a fi-
nal meeting was held in which each expert
discussed the methods he/she used to analyze
the issue. These discussions frequently led to
modifications of the preliminary judgments of
individual experts. However, the experts’ ac-
tual judgments were not discussed in the
meeting because group dynamics can cause
people to unconsciously alter their judgments
in the desire to conform (Ref. 2.51).

Elicitation of Experts: Following the panel
discussions, each expert’s judgments were
elicited. These elicitations were performed
privately, typically with an individual expert,
an analysis staff member trained in elicitation
techniques, and an analysis staff member fa-
miliar with the technical subject. With few
exceptions, the elicitations were done with
one expert at a time so that they could be
performed in depth and so that an expert’s
judgments would not be adversely influenced
by other experts. Initial documentation of the
expert’s judgments and supporting reasoning
were obtained in these sessions.

Composition and Aggregation of Judgments:
Following the elicitation, the analysis staff
composed probability distributions for each
expert’s judgments. The individual judgments
were then aggregated to provide a single
composite judgment for each issue. Each ex-
pert was weighted equally in the aggregation
because this simple method has been found
in many studies (e.g., Ref. 2.52) to perform
the best.

Review by Experts: Each expert’s probability
distribution and associated documentation
developed by the analysis staff was reviewed
by that expert. This review ensured that po-
tential misunderstandings were identified and
corrected and that the issue documentation
properly reflected the judgments of the ex-
pert.
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2.8 Risk Integration

2.8.1 Methods

The fifth part of the risk analysis process shown in
Figure 2.1 (“Risk Integration”) is the integration
of the other analysis products into the overall esti-
mate of plant risk. Risk for a given consequence
measure is the sum over all postulated accidents
of the product of the frequency and consequence
of the accident. This part of the analysis consisted
of both the combination of the results of the con-
stituent analyses and the subsequent assessment of
the relative contributions of different types of ac-
cidents (as defined by the plant damage states,
accident progression bins, or source term groups)
to the total risk.

Appendix A provides a more detailed description
of the risk integration process. In order to assist
the reader seeking a detailed understanding of this
process, an example calculation is provided in Ap-
pendix B. This example makes use of actual re-
sults for the Surry plant.

2.8.2 Products of Risk Integration

The risk analyses performed in this study can be
displayed in a variety of ways. The specific prod-
ucts shown in this summary report are described
below, with similar products provided for early fa-
tality risk, latent cancer fatality risk, population
dose risk within 50 miles and within the entire
area surrounding the site, and for two measures
related to NRC’s safety goals (Ref. 2.44).

° The total risks from internal and fire events. *

Reflecting the uncertain nature of risk re-
sults, such results can be displayed using a
probability density function. For Part II of
this report (plant-specific results), a histo-
gram is used. This histogram for risk results is
like that shown on the right side of Figure 2.2
for the results of the accident frequency
analysis. In addition, four measures of the

*For reasons described in Chapter 1, seismic risk is not
displayed or discussed in this report.

NUREG-1150
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probability distribution are identified in Fig-
ure 2.2 (and throughout this report):

- Mean;

-  Median;

- 5th percentile value; and
—  95th percentile value.

A second display of risk results is used in
Part III of this report, where results for all
five plants are displayed together. This rec-
tangular display (shown on the left side of
Fig. 2.2) provides a summary of these four
specific measures in a simple graphical form.

Contributions of plant damage states and ac-
cident progression bins to mean risk.

The risk results generated in this report can
be decomposed to determine the fractional
contribution of individual plant damage states
and accident progression bins to the mean
risk. An example display of the fractional
contribution of plant damage states to mean
early and latent cancer fatality risk is pro-
vided in Figure 2.10. The estimated values of
these relative contributions are somewhat
sensitive to the Monte Carlo sampling vari-
ation, particularly those contributions that
are small. References 2.10 through 2.14 dis-
cuss this sensitivity to sampling variation in
more detail. These references also include
discussion of an alternative method for calcu-
lating the relative contributions to mean risk
that provides somewhat different results.

Contributions to risk uncertainty.

Regression analyses were performed to assess
the relative contributions of the uncertainty
in individual parameters (or groups of pa-
rameters) to the uncertainty in risk. Results
of these analyses are discussed in Part IIT of
this report and in more detail in References
2.10 through 2.14.
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Figure 2.10 Example display of relative contributions to mean risk.
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3. SURRY PLANT RESULTS

3.1 Summary Design Information

The Surry Power Station is a two-unit site. Each
unit, designed by the Westinghouse Corporation,
is a three-loop pressurized water reactor (PWR)
rated at 2441 MWt (788 MWe) and is housed in
a subatmospheric containment designed by Stone
and Webster Engineering Corporation. The bal-
ance of plant systems were engineered and built
by Stone and Webster Engineering Corporation.
Located on the James River near Williamsburg,
Virginia, Surry 1 started commercial operation in
1972. Some important system design features of
the Surry plant are described in Table 3.1. A gen-
eral plant schematic is provided in Figure 3.1.

This chapter provides a summary of the results
obtained in the detailed risk analyses underlying
this report (Refs. 3.1 and 3.2). A discussion of
perspectives with respect to these results is pro-
vided in Chapters 8 through 12.

3.2 Core Damage Frequency Estimates

3.2.1 Summary of Core Damage Frequency
Estimates

The core damage frequency and risk analyses per-
formed for this study considered accidents initi-
ated by both internal and external events (Ref.
3.1). The core damage frequency results obtained
from internal events are provided in graphical
form, displayed as a histogram, in Figure 3.2
(Section 2.2.2 discusses histogram development).
The core damage frequency results obtained from
both internal and external events are provided in
tabular form in Table 3.2. ’

The Surry plant was previously analyzed in the
Reactor Safety Study (RSS) (Ref. 3.3). The RSS
calculated a point estimate core damage fre-
quency from internal events of 4.6E-5 per year.
The present study calculated a total median core
damage frequency from internal events of 2.3E-5
per year. For a detailed discussion of, and insights
into, the comparison between this study and the
RSS, see Chapter 8.

3.2,1.1 Internally Initiated Accident
Sequences

A detailed description of accident sequences im-
portant at the Surry plant is provided in Reference
3.1. For this summary report, the accident se-

quences described in that report have been
grouped into five summary plant damage states.
These are:

) Station blackout,

Large and small loss-of-coolant accidents
(LOCAs),

s  Anticipated
(ATWS),

e  All other transients except station blackout
and ATWS, and

e Interfacing-system LOCA and steam genera-
tor tube rupture.

transients  without  scram

The relative contributions of these groups to the
mean internal-event core damage frequency at
Surry are shown in Figure 3.3. From Figure 3.3, it
is seen that station blackout sequences are the
largest contributors to mean core damage fre-
quency. It should be noted that the plant configu-
ration was modeled as of March 1988 and thus
does not reflect implementation of the station
blackout rule.

Within the general class of station blackout acci-
dents, the more probable combinations of failures
leading to core damage are:

s Loss of onsite and offsite a¢c power and fail-
ure of the auxiliary feedwater (AFW) system.
All core heat removal is unavailable after
failure of AFW. Station blackout results in
the unavailability of the high-pressure injec-
tion system, the containment spray system,
and the inside and outside containment spray
recirculation systems. For station blackout at
Unit 1 alone, it was assessed that one high-
pressure injection (HPI) pump at Unit 2
would not be sufficient to provide feed and
bleed cooling through the crossconnect while
at the same time provide charging flow to
Unit 2. Core damage was estimated to begin
in approximately 1 hour if AFW and HPI
flow had not been restored by that time.

Loss of onsite and offsite ac power results in
the unavailability of the high-pressure injec-
tion system, the containment spray system,
the inside and outside containment spray
recirculation systems, and the motor-driven
auxiliary feedwater pumps. While the loss of
all ac power does not affect instrumentation
at the start of the station blackout, a long
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Table 3.1 Summary of design features: Surry Unit 1.

1. Coolant Injection Systems a. High-pressure safety injection and recirculation system with
2 trains and 3 pumps.

b. Low-pressure injection and recirculation system with 2
trains and 2 pumps.

c. Charging system provides normal makeup flow with safety
injection crosstie to Unit 2.

2. Steam Generator Heat Removal a. Power conversion system.

Systems
b. Auxiliary feedwater system (AFWS) with 3 trains and 3
pumps (2 MDPs, 1 TDP)* and crosstie to Unit 2 AFWS.
3. Reactivity Control Systems a. Control rods.
b. Chemical and volume contro!l systems.
4. Key Support Systems a. dc power provided by 2-hour design basis station batteries.

Emergency ac power provided by 1 dedicated and 1 swing
diesel generator (both self-cooled).

c¢. Component cooling water provides cooling to RCP thermal
barriers.

d. Service water is gravity-fed system that provides heat re-
moval from containment following an accident.

5. Containment Structure a. Subatmospheric (10 psia}.
b. 1.8 million cubic feet.
c. 45 psig design pressure.
d. Reinforced concrete.
6. Containment Systems a. Spray injection initiated at 25 psia with 2 trains and

2 pumps.

b. Inside spray recirculation initiated (with 2-minute time de-
lay) at 25 psia with 2 trains and 2 pumps (both pumps
inside containment).

" ¢. Outside spray recirculation initiated (with 5-minute time
delay) at 25 psia with 2 trains and 2 pumps (both pumps
outside containment).

d. Inside and outside spray recirculation systems are the only
sources of containment heat removal after a LOCA.

*MDP — Motor-Driven Pump.
TDP — Turbine-Driven Pump.
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3. Surry Plant Results

Core Damage Frequency {per RY)

1.0E-03 ¢
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1.0E-04 &
- Mean -
R Median
1.0E-05
- 5th —
1.0E-06
Number of LHS samples
Figure 3.2 Internal core damage frequency results at Surry.*
Table 3.2 Summary of core damage frequency results: Surry.*
5% Median Mean 95%
Internal Events 6.8E-6 2.3E-5 4.0E-5 1.3E-4
Station Blackout
Short Term 1.1E-7 1.7E-6 5.4E-6 2.3E-5
Long Term 6.1E-7 8.2E-6 2.2E-5 9.5E~S
ATWS 3.2E~-8 4.2E-7 1.6E-6 5.9E-6
Transient 7.2E-8 6.9E-7 2.0E-6 6.0E-6
LOCA 1.2E-6 3.8E-6 6.0E-6 1.6E-5
Interfacing LOCA 3.8E-11 4.9E-8 1.6E-6 5.3E-6
SGTR 1.2E-7 7.4E-7 1.8E-6 6.0E-6
External Events**
Seismic (LLNL) 3.9E-7 .1.5E-5 1.2E-4 4.4E-4
Seismic (EPRI) 3.0E-7 6.1E-6 2.5E-5 1.0E-4
Fire 5.4E-7 8.3E-6 1.1E-5 3.8E-5
*As discussed in Reference 3.4, core damage frequencies below 1EB-5 per reactor
year should be viewed with caution because of the remaining uncertainties in
PRA (e.g., events not considered).
**See “Externally Initiated Accident Sequences” in Section 3.2.1.2 for discussion.
NUREG-1150 3-4
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LOCA

Transients

TJotal Mean Core Damage Frequency:' 4.0E~-5

Figure 3.3 Contributors to mean core damage frequency from internal events at Surry.

duration station blackout leads to battery de-
pletion and subsequent loss of vital instru-
mentation. Battery depletion was concluded
to occur after approximately 4 hours. The
ability to subsequently provide decay heat re-
moval with the turbine-driven AFW pump is
lost because of the loss of all instrumentation
and control power. Using information from
Reference 3.5, approximately 3 hours be-
‘'yond the time of battery depletion was al-
lowed for restoration of ac power before core
uncovery would occur,

Loss of onsite and offsite ac power, followed
by a reactor coolant pump seal LOCA due to
loss of all seal cooling. Station blackout also
results in the unavailability of the HPI
system, as well as the auxiliary feedwater
motor-driven pumps, the containment spray
system, and the inside and outside spray
recirculation systems. Continued coolant loss
through the failed seals, with unavailability of
the HPI system, leads to core uncovery.

3-5

Within the general class of LOCAs, the more
probable combinations of failures are:

LOCA with an equivalent diameter of greater
than 6 inches in the reactor coolant system
(RCS) piping with failure of the low-pressure
injection or recirculation system. Recovery of
equipment is unlikely for the system failures
assessed to be most likely and, because the
break size is sufficiently large, the time to
core uncovery is approximately 5 to 10 min-
utes, leaving virtually no time for recovery
actions. All containment heat removal sys-
tems are available. The dominant contribu-
tors to failure of the low-pressure recirc-
ulation function are the common-cause
failure of the refueling water storage tank
(RWST) isolation valves to close, common-
cause failure of the pump suction valves to
open, common-cause failure of the discharge
isolation valves to the hot legs to open, or
miscalibration of the RWST level sensors.

Intermediate-size LOCAs with an equivalent
diameter of between 2 and 6 inches in the

NUREG-1150
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3. Surry Plant Results

RCS piping with failure of the low-pressure
injection or recirculation core cooling system.
All containment heat removal systems are
available, but the continued heatup and
boiloff of primary coolant leads to core un-
covery in 20 to 50 minutes. The dominant
contributors to low-pressure injection failure
are common-cause failure of the low-pressure
injection (LPI) pumps to start or plugging of
the normally open LPI injection valves.

Small-size LOCAs with an equivalent diame-
ter of between 1/2 and 2 inches in the RCS
piping with failure of the HPI system. All
containment heat removal systems are avail-
able, but the continued heatup and boiloff of
primary coolant leads to core uncovery in 1
to 8 hours. The dominant contributors to
HPI system failures are hardware failures of
the check valves in the common suction and
discharge line of all three charging pumps or
common-cause failure of the motor-operated
valves in the HPI discharge line.

Within the general class of containment bypass ac-
cidents, the more probable combinations of fail-
ures are:

An interfacing-system LOCA resulting from a
failure of any one of the three pairs of check
valves in series that are used to isolate the
high-pressure RCS from the LPI system. The
failure modes of interest for Event V are rup-
ture of valve internals on both valves or fail-
ure of one valve to close upon repressuriza-
tion (e.g., during a return to power from cold
shutdown) combined with rupture of the
other valve. The resultant flow into the low-
pressure system is assumed to result in failure
(rupture) of the low-pressure piping or com-
ponents outside the containment boundary.
Although core inventory makeup by the high-
pressure systems is initially available, inability
to switch to recirculation would eventually
lead to core damage approximately 1 hour
after the initial failure. Because of the loca-
tion of the postulated system failure (outside
containment), all containment mitigating sys-
tems are bypassed.

A steam generator tube rupture (SGTR) acci-
dent initiated by the double-ended guillotine
rupture of one steam generator (SG) tube.
(Multiple tube ruptures may be possible but
were not considered in this analysis.) If the
operators fail to depressurize the reactor

NUREG-1150
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coolant system in a timely manner (in about
45 minutes), there is a high probability that
water will be forced through the safety relief
valves (SRVs) on the steam line from the af-
fected SG. The probability that the SRVs will
fail to reclose under these conditions is also
estimated to be very high (near 1.0). Failure
to close (gag the SRVs) by a local, manual
action results in a non-isolable path from the
RCS to the environment. After the entire
contents of the refueling water storage tank
are pumped through the broken SG tube, the
core uncovers. The onset of core degradation
is thus not expected until about 10 hours af-
ter the start of the accident.

3.2.1.2 Externally Initiated Accident
Sequences .

A detailed description of accident sequences initi-
ated by external events important at the Surry
plant is provided in Part 3 of Reference 3.1. The
accident sequences described in that reference
have been divided into two main types for this
study. These are:

. Seismic, and

) Fire.

A scoping study has also been performed to assess
the potential effects of other externally initiated
accidents (Ref. 3.1, Part 3). This analysis indi-
cated that the following external-event sources
could be excluded based on the low frequency of
the initiating event:

. Air crashes,

° Hurricanes,

. Tornados,

Internal flooding, and
External flooding.

1. Seismic Accident Frequency Analysis

The relative contribution of classes of seismically
and fire-initiated accidents to the total mean fre-
quency of externally initiated core damage acci-
dents is provided in Figure 3.4. As may be seen,
seismically initiated loss of offsite power plant
transients and transients that (through cooling sys-
tem failures) lead to reactor coolant pump seal
LOCAs are the most likely causes of externally
caused core damage accidents. For these two ac-
cident initiators, the more probable combinations
of system failures are:
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TRANSIENTS LOSP (SEISMIC)

TRANSIENT
IND. RCP 8EAL
LOCA(FIRE)

STUCK OPEN PORVs (FIRE)

Total Mean Core Damage Frequency: 1.3E-4

Figure 3.4 Contributors to mean core damage frequency from external events (LLNL hazard curve)

at Surry.

Transient-initiated accident sequences result-
ing from loss of offsite power in conjunction
with failures of the auxiliary feedwater system
and failure of the feed and bleed mode of
core cooling. These result from either seismi-
cally induced diesel generator failures (caus-
ing station blackout and eventual battery de-
pletion) or from seismically induced failure
of the condensate storage tank in conjunc-
tion with power-operated relief valve (PORV)
failures.

Loss of offsite power (LOSP) due to seismi-
cally induced failure of ceramic insulators in
the switchyard, with simultaneous (seismic)
failure of both high-pressure injection (HPI)
and component cooling water (CCW) sys-
tems (the redundant sources of seal cooling).
Failures of HPI result from seismic failures of
the refueling water storage tank or emer-
gency diesel generator load panels, while
seismic failures of the diesels or the CCW

heat exchanger supports result in loss of the
CCW system.

As discussed in Chapter 2, the seismic analysis in
this report made use of two sets of hazard curves
from Lawrence Livermore National Laboratory
(LLNL) (Ref. 3.6) and the Electric Power Re-
search Institute (EPRI) (Ref. 3.7). The above ac-
cident sequences are dominant for both sets of
hazard curves. In addition, the differences be-
tween the seismic risk estimates shown in Ta-
ble 3.2 for the LLNL and the EPRI cases are due
entirely to the differences between the two sets of
hazard curves. That is, the system models, failure
rates, and success logic were identical for both es-
timates.

The seismic hazard associated with the curves
developed by EPRI was significantly less than that
of the LLNL curves. Differences between these
curves result primarily from differences between
the methodology and assumptions used to de-
velop the hazard curves. In the LLNL program,
considerable emphasis was placed on a wide range

3-7 NUREG-1150
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3. Surry Plant Results

of uncertainty in the ground-motion attenu-
ation models, while a relatively coarse set of seis-
mic tectonic provinces was used in characterizing
each site. By contrast, in the EPRI program
considerable emphasis was placed on a fine zona-
tion for the tectonic provinces, and very little un-
certainty in the ground-motion attenuation was
considered. In any case, it is the difference be-
tween the two sets of hazard curves that causes
the differences between the numeric estimates in
Table 3.2.

2. Fire Accident Frequency Analysis

The fire-initiated accident frequency analyses per-
formed for this report considered the impact of
fires beginning in a variety of separate locations
within the plant. Those locations found to be most
important were:

e  Emergency switchgear room,
e Control room,
e  Auxiliary building, and

® Cable vault and tunnel.

In the emergency switchgear room, a fire is as-
sumed to fail either control or power cables for
both HPI and CCW, leading directly to a reactor
coolant pump seal LOCA. No additional random
failures were required for this sequence to lead to
core damage. (Credit was given for operator re-
covery by crossconnecting the Unit 2 HPI sys-
tem.) The identical scenario arises as the result of
fires postulated in the auxiliary building and the
cable vault and tunnel. Thus, fires in these three
areas both cause the initiating event (a seal
LOCA) and fail the system required to mitigate
the scenario (i.e., HPI).

In the control room, a fire in a bench board was
determined to lead to spurious actuation of a
PORV with smoke-induced abandonment of the
control room. A low probability of successful op-
erator recovery actions from the remote shutdown
panel (RSP) was assessed since the PORV closure
status is not displayed at the RSP. In addition, the
PORV block valve controls in the RSP are not
routed independently of the control room bench
board and thus may not function.

The frequency of fire-initiated accident scenarios
in other locations contributed less than 10 percent
to the total fire-initiated core damage frequency.

NUREG-1150

3.2.2 Important Plant Characteristics (Core
Damage Frequency)

Characteristics of the Surry plaﬁt design and op-
eration that have been found to be important in
the analysis of core damage frequency include:

1. Crossties Between Units

The Surry plant has numerous crossties be-
tween similar systems at Units 1 and 2. Some
of these were installed in order to comply
with requirements of 10 CFR Part 50, Ap-
pendix R (fire protection) (Ref. 3.8) or high-
energy line-break threats, and some were in-
stalled for operational reasons. Crossties exist
for the auxiliary feedwater system, the charg-
ing pump system, the charging pump cooling
system, and the refueling water storage tanks.
These crossties are subject to technical speci-
fications, their potential use is included in the
plant operating procedures, and they are re-
viewed in operator training. The availability
of such crossties was estimated to reduce the
internal-event core damage frequency by ap-
proximately a factor of 3.

2. Diesel Generators

Surry is a two-unit site with three emergency
diesel generators (DGs), one of which is a
swing diesel (which can be aligned to one
unit or the other), while many other PWR
plants have dedicated diesels for each safety-
grade power train (i.e., four DGs for a two-
unit site). Each DG is self-cooled and sup-
plied with a dedicated battery (independent
of the batteries providing power to the vital
dc buses) for starting. The latter two factors
eliminate potential common-cause failure
modes found important at other plants in this
study (e.g., Peach Bottom and Grand Gul{).
The Surry site also has a gas turbine genera-
tor. However, administrative procedures and
design characteristics of support equipment
(e.g., dc batteries and compressed air) pre-
clude its use during a station blackout acci-
dent. '

3. Reactor Coolant Pump Seals

At Surry, there are two diverse and inde-
pendent methods for providing reactor cool-
ant pump seal cooling: the component cool-
ing water system and the charging system
(which has its own dedicated cooling sys-
tem). The only common support systems for
seal cooling are ac and dc power. As such,
reactor coolant pump seal LOCAs have been
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found important only in station blackout se-
quences. This is in contrast to some other
PWR plants that have a dependency between
charging pumps and the component cooling
water system and thus greater potential for
loss of seal cooling. Without cooling, the
seals were expected to degrade or fail. The
probability of seal failure upon loss of seal
cooling was studied in detail by the expert
panel elicitation (Ref. 3.9). Reflecting this,
the Surry analyses have found that station
blackout accident sequences with significant
seal leakage are important contributors to the
total frequency of core damage.

4. Battery Capacity

For the Surry plant, the station Class 1E bat-
tery depletion time following station blackout
has been estimated to be 4 hours (Ref. 3.5).
The inability to ensure availability for longer
times contributes significantly to the fre-
quency of core damage resulting from station
blackout accident sequences. The batteries
are designed and tested for 2 hours. A
4-hour battery depletion time is considered
realistic because of the margin in the design
and possible load shedding.

5. Capability for Feed and Bleed Core
Cooling

In the Surry plant, the high-pressure injec-
tion system and the power-operated relief
valves have the capability to provide feed and
bleed core cooling in the event of loss of the
cooling function of the steam generators.
This capability to provide core cooling
through feed and bleed is estimated to result
in approximately a factor of 1.4 reduction in
core damage frequency. Without the crossties
of auxiliary feedwater to Unit 2, which en-
hances overall reliability of the auxiliary
feedwater system, the benefit of feed and
bleed cooling would be much greater.

3.2.3 Important Operator Actions

The estimation of accident sequence and total
core damage frequencies depends substantially on
the credit given to operating crews in performing
actions before and during an accident. Failure to
perform these actions correctly and reliably will
have a substantial impact on estimated core dam-
age frequency. For the Surry plant, actions found
to be important are discussed below.

3. Surry Plant Results

During loss of offsite power and station blackout,
important actions required to be taken by the op-
erating crew to prevent core damage include:

e  Align alternative source of condensate to
condensate storage tank

The primary source of condensate for the
AFW system is a 100,000-gallon tank. This is
nominally sufficient for the duration of most
station blackout events. But in the event that
a steam generator becomes faulted, the in-
creased AFW flow would require the provi-
sion of additional condensate water. This
would involve manual local actions.

. Isolate condenser water box

Surry has a somewhat unique gravity-fed
service water system that relies on the head
difference between the intake canal and the
discharge canal to provide flow through serv-
ice water heat exchangers. The intake canal
is normally supplied with water by the circu-
lating water pumps. These pumps are not
provided with emergency power and are thus
unavailable after a loss of offsite power. The
condenser at each unit is provided with four
inlet and four outlet isolation valves. These
isolation valves are provided with emergency
power. Each inlet isolation valve is provided
with a hand wheel, located in the turbine
building, in order to allow manual condenser
isolation during station blackout to avoid
draining the canal.

e Cool down and depressurize the RCS

The Emergency Contingency Actions (ECAs)
call for depressurization of the secondary
side of the steam generators during a station
blackout to provide cooldown and depressur-
ization of the reactor coolant system. This
action is done through manual, local valve
lineups.

During steam generator tube rupture, the most im-
portant operator action is to cool down and
depressurize the RCS within approximately 45
minutes after the event in order to prevent lifting
the relief valves on the damaged steam generator.
Other possible recovery actions considered in this
accident sequence include: provision of an alter-
native source of steam generator feed flow in re-
sponse to a loss of feed flow; crossconnect of HPI
from Unit 2 or opening of alternative injection
paths in response to failure of safety injection
flow; and isolation of a damaged, faulted steam
generator.

NUREG-1150
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During small-break and medium-break LOCA ac-
cident sequences, two human actions are princi-
pally important in response to loss of core coolant
injection or recirculation. These are:

¢ Cool down and depressurize the RCS

RCS cooldown and depressurization is the
procedure directed for all small-break
LOCAs. This event is important to reduce
the pressure in the RCS and thus reduce the
leak rate. Successful cooldown and depres-
surization of the RCS will delay the need to
go to recirculation cooling.

Crossconnect high-pressure injection (HPI)

In the event that HPI pumps or water sources
are unavailable at Unit 1, HPI flow can be
provided via a crosstie with the Unit 2 charg-
ing system. This crosstie requires an operator
to locally open and/or close valves in the
charging pump area. It was estimated that the
crossconnect of HPI would require 15 to 20
minutes. This and other timing considera-
tions were such that the HPI crossconnect
was considered viable only for small and very
small LOCAs.

3.2.4 Important Individual Events and
Uncertainties (Core Damage
Frequency)

As discussed in Chapter 2, the process of develop-
ing a probabilistic model of a nuclear power plant
involves the combination of many individual
evenis (initiators, hardware failures, operator er-
rors, etc.) into accident sequences and eventually
into an estimate of ihe total frequency of core
damage. After development, such a model can
also be used to assess the relative importance and
contribution of the individual events. The detailed
studies underlying this report have been analyzed
using several event importance measures. The re-
sults of the analyses using two measures, “risk re-
duction” and “uncertainty” importance, are sum-
marized below.

Risk (core damage frequency) reduction im-
portance measure (internal events)

The risk-reduction importance measure is
used to assess the change in core damage fre-
quency as a result of setting the probability of
an individual event to zero. Using this meas-
ure, the following individua! events were
found to cause the greatest reduction in the
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estimated core damage frequency if their
probabilities were set to zero:

- Loss of offsite power initiating event.
The core damage frequency would be
reduced by approximately 61 percent.

Failure of diesel generator number one
to start. The core damage frequency
would be reduced by approximately 25
percent.

Probability of not recovering ac electric
power between 3 and 7 hours after loss
of offsite power. The core damage fre-
quency would be reduced by approxi-
mately 24 percent.

Failure to recover diesel generators. The
core damage frequency would be
reduced by approximately 18 to 21 per-
cent.

Uncertainty importance measure (internal
events)

A second importance measure used to evalu-
ate the core damage frequency results is the
uncertainty importance measure. For this
measure, the relative contribution of the un-
certainty of groups of component failures and
basic events to the uncertainty in total core
damage frequency is calculated. Using this
measure, the following event groups were
found to be most important:

Probabilities of diesel generators failing
to start when required;

Probabilities of diesel generators failing
to run for 6 hours;

requency of loss of offsite power; and

Frequency of interfacing-system LOCA.

It should be noted that many events each contrib-
ute a small amount to the uncertainty in core
damage frequency; no single event dominates the
uncertainty.

‘ 3.3 Containment Performance Analysis

3.3.1 Results of Containment Performance
Analysis

The Surry containment system uses a sub-
atmospheric concept in which the containment
building housing the reactor vessel, reactor cool-
ant systemn, and secondary system’s steam
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generator is maintained at 10 psia. The contain-
ment building is a reinforced concrete structure
with a volume of 1.8 million cubic feet. Its design
basis pressure is 45 psig, whereas its mean failure
pressure is estimated to be 126 psig. As previously
discussed in Chapter 2, the method used to esti-
mate accident loads and containment structural
response for Surry made extensive use of expert
judgment to interpret and supplement the limited
data available.

The potential for early Surry containment failure
is of major interest in this risk analysis. The prin-
cipal threats identified in the Surry risk analyses
(Ref. 3.2) as potentially leading to early contain-
ment failure are: (1) pressure loads, i.e., hydro-
gen combustion and direct containment heating
due to ejection of molten core material via the
rapid expulsion of hot steam and gases from the
reactor coolant system; and (2) in-vessel steam
explosions leading to vessel failure with the vessel
upper head being ejected and impacting the con-
tainment building dome area (the so-called alpha-
mode failure). Containment bypass (such as fail-
ures of reactor coolant system isolation check
valves in the emergency core cooling system or
steam generator tubes) is another serious threat to
the integrity of the containment system.

The results of the Surry containment analysis are
summarized in Figures 3.5 and 3.6. Figure 3.5
displays information in which the conditional
probabilities of seven containment-related acci-
dent progression bins; e.g., VB, alpha, early CF,
are presented for each of seven plant damage
states; e.g., loss of offsite power. This information
indicates that, on a plant damage state frequency-
weighted average,* the conditional mean prob-
ability from internally initiated accidents of:
(1) early containment failure is about 0.01,
(2) late containment failure (basemat melt-
through or leakage) is about 0.06, (3) direct by-
pass of the containment is about 0.12, and (4) no
containment failure is 0.81. Figure 3.6 further dis-
plays the conditional probability distribution of
early containment failure for each plant damage
state to show the estimated range of uncertainties
in these containment failure predictions. The im-
portant conclusions to be drawn from the infor-
mation in Figures 3.5 and 3.6 are: (1) the mean
conditional probability of early containment fail-
ure from internal events is low; i.e., less than
0.01; (2) the principal containment release

*Each value in the column in Figure 3.5 labeled “All” is
obtained by calculating the products of individual accident
progression bin conditional probabilities for each plant
damage state and the ratio of the frequency of that plant
damage state to the total core damage frequency.
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mechanism is bypass due to interfacing-system
LOCA; and (3) external initiating events such as
fire and earthquakes produce higher early and
late containment failure probabilities.

The accident progression analyses performed for
this report are particularly noteworthy in that, for
core melt accidents at Surry, there is a high prob-
ability that the reactor coolant system (RCS) will
be at relatively low pressures (less than 200 psi) at
the time of molten core penetration of the lower
reactor vessel head, thereby reducing the potential
for direct containment heating (DCH). There are
several reasons for concluding that the RCS will
be at low system pressure such as: stuck-open
PORVs, operator depressurization, failed reactor
coolant pump seals, induced failures of RCS pip~
ing due to high temperatures, and the relative
“mix” of plant damage states (i.e., for the fre-
quency of plant damage states initially at high ver-
sus low RCS pressures). Accordingly, it has been
concluded that the potential for early containment
failure due to the phenomenon of DCH is less in
the risk analyses underlying this report relative to
previous studies (Ref. 3.10) on the basis of a com-
bination of higher probabilities of low RCS pres-
sures (discussed above), lower calculated pres-
sures given direct containment heating, and
greater estimated strength of the Surry contain-
ment building (Ref. 3.2). (See Section C.5 of
Appendix C for additional discussion of DCH and
why its importance is now less.)

Additional discussions on containment perform-
ance (for all studied plants) are-provided in Chap-
ter 9.

3.3.2 Important Plant Characteristics
(Containment Performance)

Characteristics of the Surry plant design and op-
eration that are unique to the containment buiid-
ing during core damage accidents include:

1. Subatmospheric Containment Operation

The Surry containment is maintained at a
subatmospheric pressure (10 psia) during op-
eration with a continual monitoring of the
containment leakage. As a result, the likeli-
hood of pre-existing leaks of significant size is
negligible.

Post-Accident Heat Removal System

The Surry containment does not have fan
cooler units that are qualified for post-acci-
dent heat removal as do some other PWR
plants. Containment (and core) heat removal

NUREG-1150
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Figure 3.5 Conditional probability of accident progression bins at Surry.
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3. Surry Plant Results

following an accident is provided by the con-
tainment spray recirculation system, whereas,
in some PWR plants, post-accident heat re-
moval can also be provided by the residual
heat removal system heat exchangers in the
emergency core cooling system.

3. Reactor Cavity Design

The reactor cavity area is not connected di-
rectly with the containment sump area. Asa
result, if the containment spray systems fail
to operate during an accident, the reactor
cavity will be relatively dry. The amount of
water in the cavity can have a significant in-
fluence on phenomena that can occur after
reactor vessel lower head failure, such as
magnitude of containment pressurization
from direct containment heating and post-
vessel failure steam generation, the formation
of coolable debris beds, and the retention of
radioactive material released during core-
concrete interactions.

4. Containment Building Design

The containment volume and high failure
pressure provide considerable capacity for
accommodation of severe accident pressure
loads.

3.4 Source Term Analysis
3.4.1 Results of Source Term Analysis

In the Surry plant, the absclute frequency of an
early failure of the containment* due to the loads
produced in a severe accident is small. Although
the absolute frequency of containment bypass is
also small, for internal accident initiators it is
greater than the absolute early failure frequency.
Thus, bypass sequences are the more likely means
of obtaining a large release of radioactive mate-
rial. Figure 3.7 illustrates the distribution of
source terms associated with the accident progres-
sion bin representing containment bypass. The
range of release fractions is quite large, primarily
as the result of the range of parameters provided
by the experts. The magnitude of the release for
many of the elemental groups is also large, indica-
tive of a potentially serious accident. Typically,
consequence analysis codes only predict the
occurrence of early fatalities in the surrounding
population when the release fractions of the vola-

*In this section, the absolute frequencies of early contain-
ment failure are discussed (i.e., including the frequencies
of the plant damage states). This is in contrast to the pre-
vious section, which discusses conditional failure prob-
abilities (i.e., given that a plant damage state occurs).

NUREG-1150

tile groups (iodine, cesium, and tellurium) exceed
approximately 10 percent (Ref. 3.11). For the by~
pass accident progression- bin, the median value
for the volatile radionuclides is approximately at
the 10 percent level whereas for the early contain-
ment failure bin not shown, the releases are lower.
The median values are somewhat smaller than 10
percent, but the ranges extend to approximately
30 percent.

In contrast to the large source term for the bypass
bin, Figure 3.8 provides the range of source terms
predicted for an accident progression bin involv-
ing late failure of the containment. The fractional
release of radionuclides for this bin is several or-
ders of magnitude smaller than for the bypass bin,
except for iodine, which can be reevolved late in
the accident. It should be noted that, for many of
the elemental groups, the mean of the distribution
falls above the 95th percentile value. For distribu-
tions that occur over a range of many orders of
magnitude, sampling from the extreme tail of the
distribution (at the high end) can dominate and
cause this result.

Additional discussion on source term perspectives
is provided in Chapter 10.

3.4.2 Important Plant Characteristics
(Source Term)

Plant design features that affect the mode and
likelihood of containment failure also influence
the magnitude of the source term. These features
were described in the previous section. Plant fea-
tures that have a more direct influence on the
source term are described in the following para-
graphs.

1. Containment Spray System

The Surry plant has an injection spray system
that uses the refueling water storage tank as a
water source and a recirculation spray system
that recirculates water from the containment
sump. Sprays are an-effective means for re-
moving airborne radioactive aerosols. For se-
quences in which sprays operate throughout
the accident, it is most likely that the con-
tainment will not fail and the leakage to the
environment will be minor. If the contain-
ment does fail late in the accident following
extended spray operation, analyses indicate
that the release of aerosols will be extremely
small. Even in a station blackout case with
delayed recovery of sprays, condensation of
steam from the air, and a subsequent hydro-
gen explosion that fails containment, Source
Term Code Package (STCP) analyses indi-
cate that spray operation results in substan-
tially reduced source terms (Ref. 3.12).
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Sprays are not always effective in reducing
the source term, however. The risk-dominant
containment bypass sequences are largely un-
affected by operation of the spray systems.
Early containment failure scenarios involving
high-pressure melt ejection have a compo-
nent of the release that occurs almost simul~
taneously with containment failure, for which
the sprays would not be effective.

In addition to removing aerosols from the at-
mosphere, containment sprays are an impor-
tant source of water to the reactor cavity at
Surry, which is otherwise dry. A coolable de-
bris bed can be established in the cavity, pre-
venting interactions between the hot core and
concrete. If a coolable debris bed is not
formed, a pool of water overlaying the hot
core as it attacks concrete can effectively
mitigate the release of radioactive material to
the containment from this interaction.

Cavity Configuration

Water collecting on the floor of the Surry
containment cannot flow into the reactor
cavity. As a result, the cavity will be dry at
the time of vessel meltthrough unless the
containment spray system has operated. As
discussed earlier, water in the cavity can have
a substantial effect on mitigating or eliminat-
ing the release of radioactive material from
the molten core-concrete interaction.

3.5 Offsite Consequence Results

Figures 3.9 and 3.10 display the frequency distri-
butions in the form of graphical plots of comple-
mentary  cumulative  distribution  functions
(CCDFs) of four offsite consequence measures—
early fatalities, latent cancer fatalities, and the
50-mile and entire site region population expo-
sures (in person-rems). The CCDFs in Figures 3.9
and 3.10 include contributions from all source
terms associated with reactor accidents caused by
the internal initiating events and fire, respectively.
Four CCDFs, namely, the Sth percentile, 50th
percentile (median), 95th percentile, and the
mean CCDFs, are shown for each consequence
measure.

Surry plant-specific and site-specific parameters
were used in the consequence analysis for these
CCDFs. The plant-specific parameters included
source terms and their frequencies, the licensed
thermal power (2441 MW1) of the reactor, and
the approximate physical dimensions of the power
plant building complex. The site-specific parame-
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ters included exclusion area radius (520 meters),
meteorological data for 1 full year collected at the
site meteorological tower, the site region popula-
tion distribution based on the 1980 census data,
topography (fraction of the area that is lJand—the
remaining fraction is assumed to be water), land
use, agricultural practice and productivity, and
other economic data for up to 1,000 riles from
the Surry plant.

The consequence estimates displayed in these fig-
ures have incorporated the benefits of the follow-
ing protective measures: (1) evacuation of 99.5
percent of the population within the 10-mile
plume exposure pathway emergency planning
zone (EPZ), (2) early relocation of the remaining
population only from the heavily contaminated ar-
eas both within and outside the 10-mile EPZ, and
(3) decontamination, temporary interdiction, or
condemnation of land, property, and foods con-
taminated above acceptable levels.

The population density within the Surry 10-mile
EPZ is about 230 persons per square mile. The
average delay time before evacuation (after a
warning prior to radionuclide release) from the
10-mile EPZ and average effective evacuation
speed used in the analyses were derived from in-
formation contained in a utility-sponsored Surry
evacuation time estimate study (Ref. 3.13) and
the NRC requirements for emergency planning,.

The results displayed in Figures 3.9 and 3.10 are
discussed in Chapter 11.

3.6 Public Risk Estimates

3.6.1 Results of Public Risk Estimates

A detailed description of the results of the Surry
risk analysis is provided in Reference 3.2. For this
summary report, results are provided for the fol-
lowing measures of public risk:

e  Early fatality risk,

Latent cancer fatality risk,

Population dose within 50 miles of the site,
Population dose within the entire site region,
Individual early fatality risk in the population
within 1 mile of the Surry exclusion area
boundary, and

Individual latent cancer fatality risk in the
population within 10 miles of the Surry site.

NUREG-1150
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Figure 3.10 Frequency distributions of offsite consequence measures at Surry (fire initiators).
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3. Surry Plant Results

The first four of the above measures are com-
monly used measures in nuclear power plant risk
studies. The last two are those used to compare
with the NRC safety goals (Ref. 3.14).

3.6.1.1 Internally Initiated Accident
Sequences

The results of the risk studies using the above
measures are provided in Figures 3.11 through
3.13 for internally initiated accidents. The figures
display the variabilities in mean risks estimated
from the metegrology-averaged conditional mean
values of the consequence measures. For the first
two measures, the results of the first risk study of
Surry, the Reactor Safety Study (Ref. 3.3), are
also provided. As may be seen, both the early fa-
tality risks and latent cancer fatality risks are
lower than those of the Reactor Safety Study.
The early fatality risk distribution, however, has a
longer tail at the low end indicating a belief by the
experts that there is a finite probability that risks
may be orders of magnitude lower than those of
the Reactor Safety.Study. The risks of population
dose within 50 miles of the plant site as well as
within the entire site region are very low. Individ-
ual early fatality and latent cancer fatality risks are
well below the NRC safety goals.

For the early and latent cancer fatality risk meas-
ures, the Reactor Safety Study values lie in the
upper portions of the present risk range. This is
because of the current estimates of better contain-
ment performance and source terms. The esti-
mated probability of early containment failure in
this study is significantly lower than the Reactor
Safety Study values. The source term ranges of
the Reactor Safety Study are comparable with the
upper portions of the present study. The median
core damage frequencies of the two studies, how-
ever, are about the same (2.3E~5 per reactor year
for this study compared to 4.6E-5 per reactor
year for the Reactor Safety Study). A more de-
tailed comparison between results is provided in
Chapters 12.

The risk results shown in Figure 3.11 have been
analyzed to determine the relative contributions of
plant damage states and containment-related acci-
dent progression bins to mean risk. The results of
this analysis are provided in Figures 3.14 and
3.15. As may be seen, the mean early and latent
cancer fatality risks of the Surry plant are princi-
pally due to accidents that bypass the containment
building (interfacing-system LOCA (Event V) and
steam generator tube ruptures).

NUREG-1150

Details of these accident sequences are provided
in Section 3.2.1.1. It should be noted from these
discussions that for the steam generator tube rup-
ture accident, if corrective or protective actions
are taken (e.g., alternative sources of water are
made available, emergency response is initiated*)
before the refueling water storage tank water is
totally depleted, i.e., within about a 10-hour pe-
riod after start of the accident, risks from this ac-
cident may be substantially reduced.

3.6.1.2 Externally Initiated Accident
Sequences

The Surry plant has been analyzed for two exter-
nally initiated accidents: earthquakes and fire (see
Section 3.2.1.2). The fire risk analysis has been
performed, including estimates of consequences
and risk, while the seismic analysis has been con-
ducted up to the containment performance (as
discussed in Chapter 2). Sensitivity analyses of
seismic risk at Surry are provided in Reference
3.2.

Results of fire risk analysis (variabilities in mean
risks estimated from meteorology-averaged condi-~
tional mean values of the consequence measures)
of Surry are shown in Figures 3.16 through 3.18
for the early fatality, latent cancer fatality, popula-
tion dose (within 50 miles of the site and within
the entire site region), and individual early and
latent cancer fatality risks. As can be seen, the
risks from fire are substantially lower than those
from internally initiated events.

Major contributors to early and latent cancer fa-
tality risks are shown in Figure 3.19. (Note that
there are no bypass initiating events in the fire
plant damage state.) The most risk-important se-
quence is a fire in the emergency switchgear room
that leads to loss of ac power throughout the sta-
tion. The principal risk-important accident pro-
gression bin is early containment failure with the
reactor coolant system at high pressure (>200
psia) at vessel breach leading to direct contain-
ment heating.

Additional discussion of risk perspectives (for all
five plants studied) is provided in Chapter 12.

3.6.2 Important Plant Characteristics (Risk)

The plant characteristics discussed in Section
3.2.2 that were important in the analysis of core
damage frequency were primarily related to the
station blackout accident sequences and have not
been found to be important in the risk analysis.

*See Chapter 11 for sensitivity of offsile consequences to
alternative modes of emergency response.
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Figure 3.11 Early and latent cancer fatality risks at Surry (internal initiators).

3-21 NUREG-1150

OAGI0000611 00081



3. Surry Plant Results

-

10'3

‘Ig o

p 10

& 95th_.
=

g

210'5

B M
| e m_.
g -4

21

=

o 5th .
4

am“

&

Number of LHS Observations
Key: M = mean '

= m = median
Q th = percentile
§ 10
Q e
Q': k
g ]
&a ¢ 93h.
g1
g1 £
g ] M,
.& -l |
m_,

tg 10 E ‘
£
2 ]
m -
§ 3¢ o Sth__,
a 3
g :
o
3 -

107

Number of LHS Obteervations,

Note: As discussed in Reference 3.4, estimated risks at or below 1E-7 per reactor year should be viewed
with caution because of the potential impact of events not studied in the risk analyses.

Figure 3.12 Population dose risks at Surry (internal initiators).
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Figure 3.13 Individual early and latent cancer fatality risks at Surry (internal initiators).
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Figure 3.14 Major contributors (plant damage states) to mean early and latent
cancer fatality risks at Surry (internal initiators).
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Figure 3.15 Major contributors (accident progression bins) to mean early and latent
cancer fatality risks at Surry (internal initiators).
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Figure 3.16 Early and latent cancer fatality risks at Surry (fire initiators).
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Figure 3.17 Population dose risks at Surry (fire initiators}.
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Figure 3.18 Individual early and latent cancer fatality risks at Surry (fire initiators).
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Figure 3.19 Major contributors {accident progression bins) to mean early and latent
cancer fatality risks at Surry (fire initiators}.

That is, because of the high consequences of the
containment bypass sequences and low frequency
of early containment failures, Event V and SGTR
were more important risk contributors in the Surry
analysis. The following genera! observations can
be made from the risk results:

The Surry containment appears robust, with
a low conditional probability of failure (early
or late). This is responsible, to a large extent,
for the low risk estimates for the Surry plant.
(In comparison with other plants studied in
this report, risks for Surry are relatively high;
but, in the absclute sense, these risks are
very low and are well below NRC safety
goals, as can be seen in Chapter 12.)

Early fatality risk is dominated by bypass ac-
cidents, primarily from an interfacing-system
LOCA. This accident leads to rapid core
damage; the radioactive release is assessed to
take place before evacuation is complete.
Steam generator tube rupture accident se-
quences with stuck-open SRVs result in very

NUREG-1150
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late core melt; evacuation is assessed to be
complete before the release is estimated to
occur.

The configuration of low-pressure piping out-
side the containment leads to a high prob-
ability that the release from an interfacing-
system LOCA would be partially scrubbed by
overlaying water. If the release were to take
place without such scrubbing, the contribu-
tion to early fatality risk would be higher.

Depressurization- of the reactor coolant
system by deliberate or inadvertent means
plays an important role in the progression of
severe accidents at Surry in that it decreases
the probability of containment failure by
high-pressure melt ejection and direct con-
tainment heating.

Risks from accidents initiated by fires are
dominated by early containment failures and
are estimated to be much lower than those
from internally initiated accidents.
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4. PEACH BOTTOM PLANT RESULTS

4.1 Summary Design Information

The Peach Bottom Atomic Power Station is a
General Electric boiling water reactor (BWR-4)
unit of 1065 MWe capacity housed in a Mark I
containment constructed by Bechtetl Corporation.
Peach Bottom Unit 2, analyzed in this study, be-
gan commercial operation in July 1974 under the
operation of Philadelphia Electric Company
(PECo). Some important system design features
of the Peach Bottom plant are described in Table
4.1. A general plant schematic is provided in Fig-
ure 4.1.

This chapter provides a summary of the results
obtained in the detailed risk analyses underlying
this report (Refs. 4.1 and 4.2). A discussion of
perspectives with respect to these results is pro-
vided in Chapters 8 through 12.

4.2 Core Damage Frequency Estimates
4,2.1

Summary of Core Damage Frequency
Estimates

The core damage frequency and risk analyses per-
formed for this study considered accidents initi-
ated by both internal and external events (Refs.
4.1 and 4.2). The core damage frequency results
obtained from internal events are displayed in
graphical form as a histogram in Figure 4.2 (Sec-
tion 2.2.2 discusses histogram development). The
core damage frequency results obtained from in-
ternal and external events are provided in tabular
form in Table 4.2.

The Peach Bottom plant was previously analyzed
in the Reactor Safety Study (RSS) (Ref. 4.3). The
RSS calculated a total point estimate core damage
frequency from internal events of 2.6E-5 per
year. This study calculated a total median core
damage frequency from internal events of 1.9E-6
per year with a corresponding mean value of
4.5E~6. For a detailed discussion of, and insights
into, the comparison between this study and the
RSS, see Chapter 8. :

4.2.1.1 Internally Initiated Accident
Sequences

A detailed description of accident sequences im-
portant at the Peach Bottom plant is provided in
Reference 4.1. For this summary report, the acci-
dent sequences described in that report have been
grouped into four summary plant damage states.
These are:

4-1

e  Station blackout,

L] Anticipated transient  without  scram
(ATWS),

®  Loss-of-coolant accidents (LOCASs), and

®  Transients other than station blackout and

ATWS,

The relative contributions of these groups to mean
internal-event core damage frequency at Peach
Bottom are shown in Figure 4.3. From Figure 4.3,
it may be seen that station blackout sequences as
a class are the largest contributor to mean core
damage frequency. It should be noted that the
plant configuration (as analyzed for this study)
does not reflect modifications that may be re-
quired in response to the staticn blackout rule.

Within the general class of station blackout acci-
dents, the more probable combinations of failures
leading to core damage are:

® Loss of onsite and offsite ac power results in
the loss of all core cooling systems (except
high-pressure coolant injection (HPCI) and
reactor core isolation cooling (RCIC), both
of which are ac independent in the short
term) and all containment heat removal sys-
tems. HPCI or RCIC (or both) systems func-
tion but ultimately fail at approximately 10
hours because of battery depletion or other
late failure modes (e.g., loss of room cooling
effects). Core damage results in approxi-
mately 13 hours as a result of coolant boiloff.

Loss of offsite power occurs followed by a
subsequent failure of all onsite ac power. The
diesel generators fail to start because of fail-
ure of all the vital batteries. Without ac and
dc power, all core cooling systems (including
HPCI and RCIC) and all containment heat
removal systems fail. Core damage begins in
approximately 1 hour as a result of coolant
boiloff.

Loss of offsite power occurs followed by a
subsequent failure of a safety relief valve to
reclose. All onsite ac power fails because the
diesel generators fail to start and run from a
variety of faults. The loss of all ac power fails
most of the core cooling systems and all the
containment heat removal systems. HPCI
and RCIC (which are ac independent) are
available and either or both initially function

NUREG-1150
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4. Peach Bottom Plant Results

Table 4.1 Summary of design features: Peach Bettom Unit 2.

1. Coolant Injection Systems a. High-pressure coolant injection system provides coolant to
the reactor vessel during accidents in which system pressure
remains high, with 1 train and 1 turbine-driven pump.

b. Reactor core isolation cooling system provides coolant to
the reactor vessel during accidents in which system pres-
sure remains high, with 1 train and 1 turbine-driven pump.

c. Low-pressure core spray system provides coolant to the
reactor vessel during accidents in which vessel pressure is
low, with 2 trains and 4 motor-driven pumps.

d. Low-pressure coolant injection system provides coolant to
the reactor vessel during accidents in which vessel pressure
is low, with 2 trains and 4 pumps.

e. High-pressure service water crosstie system provides cool-
ant makeup source to the reactor vessel during accidents in
which normal sources of emergency injection have failed
(low RPV pressure), with 1 train and 4 pumps for crosstie.

f.  Control rod drive system provides backup source of high-
pressure injection, with 2 pumps/210 gpm (total)/1,100
psia.

g. Automatic depressurization system for depressurizing the
reactor vessel to a pressure at which the low-pressure in-
jection systems can inject coolant to the reactor vessel: 5
ADS relief valves/capacity 820,000 Ib/hr. In addition, there
are 6 non-ADS relief valves.

2. Key Support Systems a. dc power with up to approximately 10-12-hour station
batteries.

b. Emergency ac power from 4 diesel generators shared be-
tween 2 units.

c¢. Emergency service water provides cooling water to safety
systems and components shared by 2 units.

3. Heat Removal Systems a. Residual heat removal/suppression pool cooling system to
remove heat from the suppression pool during accidents,
with 2 trains and 4 pumps.

b. Residual heat removal/shutdown cooling system to remove
decay heat during accidents in which reactor vessel integ-
rity is maintained and reactor at low pressure, with 2 trains
and 4 pumps.

¢. Residual heat removal/containment spray system to sup-
press pressure and remove decay heat in the containment
during accidents, with 2 trains and 4 pumps.

4. Reactivity Control Systems a. Control rods.

b. Standby liquid control system, with 2 parallel positive dis-~
placement pumps rated at 43 gpm per pump, but each with
86 gpm equivalent because of the use of enriched boron.

5. Containment Structure a. BWR Mark 1.
0.32 million cubic feet.
¢c. 56 psig design pressure.

6. Containment Systems a. Containment venting—drywell and wetwell vents used when
suppression pool cooling and containment sprays have
failed to reduce primary containment pressure.

NUREG-1150 4-2
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4. Peach Bottom Plant Results

Core Damage Frequency {per RY)
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Note: As discussed in Reference 4.4, core damage frequencies below 1E-5 per reactor year should be
viewed with caution because of the remaining uncertainties in PRA (e.g., events not considered).

Figure 4.2 Internal core damage frequency results at Peach Bottom.

Table 4.2 Summary of core damage frequency results: Peach Bottom.*

5% Median Mean 95%
Internal Events 3.5E-7 1.9E~6 4.5E-6 1.3E-5
Station Blackout 8.3E-8 6.2E~-7 2.2E-6 6.0E-6
ATWS 3.1E-8 4.4E-7 1.9E-6 6.6E-6
LOCA 2.5E-9 4.4E-8 2.6E-7 7.8E-7
Transient 6.1E-10 1.9E-8 1.4E-7 4.76-7
External Events** ,
Seismic (LLNL) 5.3E-8 4.4E~-6 7.7E-5 2.7E-4
Seismic (EPRI) 2.3E-8 7.1E~-7 3.1E-6 1.3E-5
Fire 1.1E-6  1.2E-S 2.0E-5 6.4B-5

*Note: As discussed in Reference 4.4, core damage frequencies below 1E-5 per reactor
year should be viewed with caution because of the remaining uncertainties in PRA
(e.g., events not considered).

**See “Externally Initiated Accident Sequences” in Section 4.2.1.2 for discussion.

NUREG-1150 4-4

OAGI0000611 00093



Station Blackout

ATWS

4. Peach Bottom Plant Results

Total] Mean Core Damage Frequency: 4.5E-6

Figure 4.3 Contributors to mean core damage frequency from internal events at Peach Bottom.

but ultimately fail at approximately 10 hours
because of battery depletion or other late
failure modes (e.g., loss of room cooling ef-
fects). Core damage results in 10 to 13 hours
as a result of coolant boiloff.

Within the general class of anticipated transient
without scram accidents, the more probable com-
binations of failures leading to core damage are:

® Transient (e.g., loss of feedwater) occurs fol-
lowed by a failure to trip the reactor because
of mechanical faults in the reactor protection
system (RPS) and closure of the main steam
isolation valves (MSIVs). The standby liquid
control system (SLCS) does not function
(primarily because of operator failure to ac-
tuate), but the HPCI does start. However, in-
creased suppression pool temperatures fail
the HPCI. Low-pressure coolant injection
(LPCI) is unavailable and all core cooling is
lost. Core damage occurs in approximately
20 minutes to several hours, depending on
the time at which the LPCI fails because of
different LPCI failure modes.

Transient occurs followed by a failure to
scram (mechanical faults in the RPS) and
closure of the MSIVs. SLCS is initiated but

HPCI fails to function because of random
faults. The operator fails to depressurize after
HPCI failure and therefore the low-pressure
core cooling systems cannot inject. Core
damage occurs in approximately 15 minutes.

Within the general class of LOCAs, the more
probable combination of failures leading to core
damage is:

® A medium-size LOCA (i.e., break size of ap-
proximately 0.004 to 0.1 ft?) occurs. HPCI
works initially but fails because of low steam
pressure. The low-pressure core cooling sys-
tems fail to actuate primarily because of mis-
calibration faults of the pressure sensors,
which do not “permit” the injection valves to
open. All core cooling is lost and core dam-
age occurs in approximately 1 to 2 hours fol-
lowing the initiating event.

4.2.1.2 Externally Initiated Accident
Sequences

A detailed description of accident sequences initi-
ated by external events important at the Peach
Bottom plant is provided in Part 3 of Reference
4.1. The accident sequences described in that ref-
erence have been grouped into two main types for
this study. These are:

4-5 NUREG-1150
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4. Peach Bottom Plant Results

®  Seismic, and
® Fire.

A scoping study has also been performed to assess
the potential effects of other externally initiated
accidents (Ref. 4.1, Part 3). This analysis indi-
cated that the following external-event sources
could be excluded based on the low frequency of
the initiating event:

®  Aircraft crashes,
®  Hurricanes,
® Tornados,

® Internal flooding, and
®  External flooding.

1. Seismic Accident Frequency Analysis

The relative contribution of classes of seismically
and fire-initiated accidents to the total mean fre-
quency of externally initiated core damage acci-
dents is provided in Figure 4.4. As may be seen,
the dominant seismic scenarios are transient
(38%) and LOCA sequences (27%) with the other
contributors being substantially less. For these two
seismic accident initiators, the more probable
combinations of system failures are:

® The transient sequence results from seismi-
cally induced failure of ceramic insulators in
the switchyard causing loss of offsite power
(LOSP) in conjunction with loss of onsite ac
power. This latter results primarily from loss
of the emergency service water (ESW) sys-
tem {(which provides the jacket cooling for
the emergency diesel generators) and/or di-
rect failures of 4 kV buses or the diesel gen-
erators themselves. The vast majority of fail-
ures are seismically induced.

®  The large LOCA sequence is initiated by pos-
tulated seismically induced failures of the
supports on the recirculation pumps. Core
damage results from this initiator in conjunc-
tion with seismically induced failures of the
low-pressure injection systems. The latter re-
quires ac power, and the dominant sources of
failure of onsite ac power are the ESW or
emergency diesel generator seismic failures as
discussed above.

As discussed in Chapter 2, the seismic analysis in
this report made use of two sets of hazard curves
from Lawrence Livermore National Laboratory
(LLNL) (Ref. 4.5) and the Electric Power Re-
search Institute (EPRI) (Ref. 4.8). The differ-

NUREG-1150

ences between the seismic core damage frequen-
cies shown in Table 4.2 for the LLNL and the
EPRI cases are due entirely to the differences be-
tween the two sets of hazard curves. That is, the
system models, failure rates, and success -logic
were identical for both estimates.

The seismic hazard associated with the curves de-
veloped by EPRI was significantly less than that of
the LLNL curves. Differences between these
curves result primarily from differences between
the methodology and assumptions used to develop
the hazard curves. In the LLNL program, consid-
erable emphasis was placed on a wide range of
uncertainty in the ground-motion attenuation
models, while a relatively coarse set of seismic tec-
tonic provinces was used in characterizing each
site. By contrast, in the EPRI program consider-
able emphasis was placed on a fine zonation for
the tectonic provinces, and very little uncertainty
in the ground-motion attenuation was considered.
In any case, it is the difference between the two
sets of hazard curves that causes the differences
between the numeric estimates in Table 4.2.

2. Fire Accident Frequency Analysis

The fire-initiated accident frequency analyses per-
formed for this report considered the impact of
fires beginning in a variety of separate locations
within the plant. Those locations found to be most
important were:

¢ Emergency switchgear rooms,
¢ Control room, and
®  (Cable-spreading room.

No other plant locations contributed more than
1.0E-8 per year to the core damage frequency.

Fires in the cable-spreading room are assumed to
require manual plant trip and to fail the high-
pressure injection and depressurization systems,
namely: high pressure core injection (HPCI), re-
actor core isolation cooling (RCIC), control rod
drive (CRD), and automatic depressurization sys-
tems (ADS). In each case, the failure occurs be-
cause of fire damage to the control cables.

Fires in the emergency switchgear rooms failed
offsite power and in some instances portions of
the emergency service water system, and core
damage occurs because of a station blackout se-
quence involving additional random failures of the
emergency service water system (which provides
jacket cooling to the diesel generators).
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Finally, two fire scenarios were identified for the
control room, both of which involve manual plant
trip and abandonment of the control room. One
scenario involved random failure of the RCIC sys-
tem and a reasonable probability that the opera-
tors fail to recover the plant using HPCI or ADS
in conjunction with LPCI from the remote shut-
down panel. The other scenario failed the RCIC
system because of a fire in its control cabinet but

LOCA (SEISMIC)

RWTB (SEISMIC)

RVR (SEISMIC)
OTHER (SEiISMIC)

4. Peach Bottom Plant Results

allowed for recovery from the remote shutdown
panel.

4.2.2 Important Plant Characteristics (Core
Damage Frequency) :

Characteristics of the Peach Bottom plant design
and operation that have been found to be impor-
tant in the analysis of core damage frequency in-
clude:

(SEISMIC)
TRANSIENTS LOSP

TRANSIENTS (FIRE)

STATION BLACKOUT (FIRE)

Total Mean Core Damage Frequency:

8.7E-5

Figure 4.4 Contributors to mean core damage frequency from external events (LLNL hazard curve)

at Peach Bottom.

1. High-Pressure Service Water System
Crosstie

The high-pressure service water (HPSW) sys-
tem, if the reactor vessel has been
depressurized, can inject raw water to the re-
actor vessel via the residual heat removal in-
jection lines. Most components of HPSW are
located outside the reactor building and thus
are not affected by any potential severe reac-
tor building environment that could cause
other injection systems to fail in some acci-
dents. Therefore, this system offers diversity,
as well as redundancy, and affects many dif-

4-7

ferent types of sequences. The Peach Bottom
operators are trained to use this system and .
can do so from the control room. An exten-
sive cleanup program would, however, be re-
quired after the system is initiated.

Redundancy and Diversity of Water
Supply Systems

At Peach Bottom, there are many redundant
and diverse systems to provide water to the
reactor vessel. They include:

NUREG-1150
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High-pressure core injection (HPCI) with 1
pump;

Reactor core isolation cooling (RCIC) with 1
pump;

Control rod drive (CRD) with 2 pumps (both

pumps required);

Low-pressure core spray (LPCS) with 4
pumps;

Low-pressure core injection (LPCI) with 4
pumps;

Condensate with 3 pumps; and

High-pressure service water (HPSW) with 4
pumps.

Because of this redundancy of systems,
LOCAs and transients other than station
blackout and ATWS are small contributors to
the core damage frequency.

CRD, condensate, and HPSW pumps are lo-
cated outside the reactor building (generally
away from potentially severe environments)
and represent excellent secondary high- and
low-pressure coolant systems if normal injec-
tion systems fail. These systems are not avail-
able during station blackout.

Redundancy and Diversity of Heat
Removal Systems

At Peach Bottom, there are several diverse
means for heat removal. These systems are:

Main steam/feedwater system,;

Suppression pool cooling mode of residual
heat removal (RHR);

Shutdown cooling mode of RHR;

Containment spray system mode of RHR;
and

Containment venting,.

This diversity has greatly reduced the impor-
tance of transients with long-term loss of heat
removal.

Diesel Generators

Peach Bottom is a two-unit site with four
emergency diesels shared between the two
units. One diesel can supply the necessary
power for both units. DC power to start the
diesels is supplied from vital dc station batter-
ies. The four emergency diesels share a com-
mon service water system that provides oil
cooling, jacket, and air cooling. The Peach
Bottom emergency diesels historically have

NUREG-1150
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had a failure-to-start probability that is much
better than the industry average, e.g., a fac-
tor of ~10 lower failure probability.

Battery Capacity

Philadelphia Electric Company (PECo) has
performed analyses of the battery life based
on the current station blackout procedures.
PECo estimates that the station batteries at
Peach Bottom are capable of lasting at least
12 hours in a station blackout. They have re-
vised their station blackout procedure to in-
clude load shedding in order to ensure a
longer period of injection and accident moni-
toring. The ability to ensure availability for
12 hours reduces the frequency of core dam-
age resulting from station blackout accident
sequences.

Emergency Service Water (ESW) System

The ESW system provides cooling water to
selected equipment during a loss of offsite
power. The system has two full capacity self-
cooled pumps whose suction is from the Con-
owingo pond and a backup third pump with a
separate water source. Failure of the ESW
system would quickly fail operdting diesel
generators and potentially fail the low-
pressure core spray (LPCS) pumps and the
RHR pumps. The HPCI pumps and RCIC
pumps would fail (in the long term) from a
loss of their room cooling after a loss of the
ESW system.

It should be noted that there is an outstand-
ing issue regarding the need for ESW that in-
volves whether or not the LPCS/RHR pumps
actually require ESW cooling. PECo has
stated that these pumps are designed to oper-
ate with working fluid temperatures ap-
proaching 160°F without pump cooling. This
implies that in scenarios where the ESW sys-
tem has been lost, these pumps could still op-
erate; some RHR pumps would be placed in
the suppression pool cooling mode and there-
fore keep the working fluid at less than
160°F. It is felt that there is significant valid-
ity to these arpuments. However, because it is
uncertain whether the suppression pool water
can be maintained below 160°F in some se-
quences and whether PECo has properly ac-
counted for pump heat addition to the sys-
tem, the analysis summarized here assumes
these LPCS/RHR pumps will fail upon loss of
ESW cooling.
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Automatic and Manual Depressurization
System

The automatic depressurization system
(ADS) is designed to depressurize the reactor
vessel to a pressure at which the low-pressure
injection systems can inject coolant. The
ADS consists of five safety relief valves capa-
ble of being manually opened. The operator
may manually initiate the ADS or may
depressurize the reactor vessel, using the six
additional relief valves that are not con-
nected to the ADS logic. The ADS valves are
located inside the containment; however, the
instrument nitrogen and the dc power re-
quired to operate the valves are supplied
from outside the containment.

Standby Liquid Control (SLC) System

The SLC system provides a backup method
that is redundant but independent of the
control rods to establish and maintain the re-
actor subcritical. The suction for the SLC
system comes from a control tank that has
sodium pentaborate in solution with
demineralized water. Most of the SLC system
is located in the reactor building outside the
drywell. Local access to the SLC system
could be affected by containment failure or
containment venting,.

Venting Capability

The primary containment venting system at
Peach Bottom is used to prevent containment
pressure limits from being exceeded. There
are several vent paths:

®  2-inch torus vent to standby gas treat-
ment (SBGT),

®  6-inch integrated leak rate test (ILRT)
pipe from the torus,

18-inch torus vent path,

18-inch torus supply path,

2-inch drywell vent to SBGT,

Two 3-inch drywell sump drain lines,
6-inch ILRT line from drywell,
18-inch drywell vent path, and
18-inch drywell supply path.

The types of sequences on which venting has
the most effect are transients with long-term
loss of decay heat removal. The chance of
survival of the containment is increased with
venting; therefore, the core damage fre-
quency from such sequences is reduced.

4. Peach Bottom Plant Results

If the reactor is at decay heat loads, venting
using the 6-inch ILRT line or equivalent as a
minimum is sufficient to lessen the contain-
ment pressure. However, in an ATWS se-
quence, three to four of the large 18-inch
vent pathways need to be used in order to
achieve the same effect. It is preferable to
use a vent pathway from the torus rather than
from the drywell because of the scrubbing of
radioactive material coming through the sup-
pression pool.

It is significant to note that the 6-inch ILRT
line is a solid pipe rather than ductwork, so
that venting by means of this pipe does not
create a severe environment within the reac-
tor building; use of the 18-inch lines will re-
sult in failure of the ductwork and severe en-
- vironments within the reactor building.

10. Location of Control Rod Drive (CRD)

Pumps

The CRD pumps at Peach Bottom are not lo-
cated in the reactor building (like most
plants) but are in the turbine building.
Therefore, in a severe accident where severe
environments are sometimes created, the
CRD pumps are not subjected to these envi-
ronments and can continue to operate.

4.2.3

The emergency operating procedures (EOPs) at
Peach Bottom direct the operator to perform cer-
tain actions depending on the plant conditions or
symptoms (e.g., reactor vessel level below top of
active fuel). Different accident sequences can
have similar symptoms and therefore the same
“recovery” actions. The operator actions that
either are important in reducing accident frequen-
cies or are contributing to accident frequencies
are discussed and can apply to many different ac-
cident sequences. '

Important Operator Actions

The quantification of these human failure events
was based on an abbreviated version of the
THERP method (Ref. 4.7). These failure events
include the following:

®  Actuate core cooling

In an accident where feedwater is lost (which
includes condensate), the reactor vessel
water level starts to decrease. When Level 2
is reached, HPCI and RCIC should be auto-
matically actuated. If Level 1 is reached, the
automatic depressurization system (ADS)
should be actuated with automatic actuation
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of the low-pressure core spray (LPCS) and
low-pressure coolant injection (LPCI). If
these systems fail to actuate, the operator can
attempt to manually actuate them from the
control room. In addition, the operator can
attempt to recover the power conversion sys-
tem (PCS) (i.e., feedwater) or manually initi-
ate control rod drive (CRD) (i.e., put CRD
in its enhanced flow mode). If automatic
depressurization failure was one of the faults,
the operator can manually depressurize so
that LPCS and LPCI can inject. Lastly, the
operator also has the option to align the
HPSW to LPCI for another core cooling sys-
tem.

Establish containment heat removal

Besides core cooling, the operator must also
establish containment heat removal (CHR).
Without CHR, the potential exists for operat-
ing core cooling systems to fail. If an accident
occurs, the EOPs direct the operator to initi-
ate the suppression pool cooling mode of re-
sidual heat removal (RHR) after the suppres-
sion pool temperature reaches 95°F. The
operator closes the LPCI injection valves and
the heat exchanger bypass valves and opens
the suppression pool discharge valves. He
also ensures that the proper service water sys-
tem train is operating. With suppression pool
cooling (SPC) functioning, CHR is being per-
formed. If system faults preclude the use of
SPC, the operator has other means to pro-
vide CHR. He can actuate other modes of
RHR such as shutdown cooling or contain-
ment spray; or the operator can vent the con-
tainment to remove the heat.

Restore service water

Many of the components/systems require
cooling water from the emergency service
water (ESW) system in order to function. If
the ESW pumps fail, the operator can manu-
ally start the emergency cooling water pump,
which is a backup to the ESW pumps.

Specifically for station blackout, there are certain
actions that can be performed by the operating
crew:

Recovering ac power

Station blackout is caused by the loss of all ac
power, i.e., both offsite and onsite power.
Restoring offsite power or repairing the diesel
generators was included in the analysis. The
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quantification of these human failure events
was derived from historical data (i.e., actual
time required to perform these repairs) and
not by performing a human reliability analysis
on these events.

Transients where reactor trip does not occur (i.e.,
ATWS) involve accident sequences where the
phenomena are more complex. The operator ac-
tions were evaluated in more detail (using the
SLIM-MAUD* method performed by Brook-
haven National Laboratory (Ref. 4.8)) than for
the regular transients. These actions include the
following:

® Manual scram

A transient. that demands the reactor to be
tripped occurs, but the reactor protection
system (RPS) fails from electrical faults. The
operator can then manually trip the reactor
by first rotating the collar on the proper
scram buttons and then depressing the but-
tons, or he can put the reactor mode switch
in the “shutdown” position.

&  Insert rods manually

If the electrical faults fail both the RPS and
the manual trip, the operator can manually
insert the control rods one at a time.

® Actuate standby liquid control (SLC)

With the reactor not tripped, reactor power
remains high; the reactor core is not at decay
heat levels. This can present problems since
the CHR systems are only designed to decay
heat removal capacity. However, the SLC
system (manually activated) injects sodium
pentaborate that reduces reactor power to
decay heat levels. The EOPs direct the op-
erator to actuate SLC if the reactor power is
above 3 percent and before the suppression
pool temperature reaches 110°F. The opera-
tor obtains the SLC keys (one per pump)
and inserts the keys into the switches and
turns only one to the “on” position.

& Inhibit automatic depressurization system
(ADS)

In an ATWS condition, the operator is di-
rected to inhibit the ADS if he has actuated
SLC. The operator must put both ADS
switches in the inhibit mode.

*SLIM-MAUD is a computer algorithm for transforming
man-man and man-machine information into probability
statements.
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®  Manually depressurize reactor

If the high-pressure coolant injection (HPCI)
fails, inadequate high-pressure core cooling
occurs. Because the ADS was inhibited,
when Level 1 is reached, ADS will not occur
and the operator must manually depressurize
so that low-pressure core cooling can inject.

4.2.4 Important Individual Events and
Uncertainties (Core Damage

Frequency)

As discussed in Chapter 2, the process of develop-
ing a probabilistic model of a nuclear power plant
involves the combination of many individual
events (initiators, hardware failures, operator er-
rors, etc.) into accident sequences and eventually
into an estimate of the total frequency of core
damage. After development, such a model can
also be used to assess the relative importance and
contribution of the individual events. The detailed
studies underlying this report have been analyzed
using several event importance measures. The re-
sults of the analyses using two measures, “risk
reduction” and “uncertainty” importance, are
summarized below.

® Risk (core.damage frequency) reduction im-
portance measure (internal events)

The risk-reduction importance measure is
used to assess the change in core damage fre-
quency as a result of setting the probability of
an individual event to zero. Using this meas-
ure, the following individual events were
found to cause the greatest reduction in core
damage frequency if their probabilities were
set to zero:

—  Mechanical failure of the reactor pro-
tection system. The core damage fre-
quency would be reduced by approxi-
mately 52 percent.

—  Transient initiators with the power con-
version system available. The core dam-
age frequency would be reduced by ap-
proximately 47 percent.

— Loss of offsite power initiating event.
The core damage frequency would be
reduced by approximately 39 percent.

~  Operator failure to restore the standby
liquid control system after testing. The
core damage frequency would be re-
duced by approximately 25 percent.

4. Peach Bottom Plant Results

- Operator failure to initiate emergency
heat sink. The core damage frequency
would be reduced by approximately 17
percent.

- Operator failure to actuate standby lig-
uid control system. The core damage
frequency would be reduced by approxi-
mately 16 percent.

- Operator miscalibrates reactor pressure
sensors. The core damage frequency
would be reduced by approximately 12
percent.

Note that the top risk-reduction events do
not necessarily appear in the most frequent
sequences since the latter sequences may re-
sult from the cumulative influence of many
lesser contributors.

e Uncertainty importance measure (internal
events)

A second importance measure used to evalu-
ate the core damage frequency analysis re-
sults is the uncertainty importance measure.
For this measure, the relative contribution of
the uncertainty of individual events to the
uncertainty in total core damage frequency is
calculated. Using this measure, the following
events were found to be most important:

- Mechanical failure of the reactor pro-
tection system.

- Failure of the diesel generators to con-
tinue to run once started.

- Loss of offsite power or transients with
the power conversion system available.

—  Miscalibration of the reactor pressure
sensors by the operator.

- Operatorfailure to restore the standby lig-
uid control system after testing.

4.3 Containment Performance Analysis

4.3.1 Results of Containment Performance
Analysis

The Peach Bottom Mark I containment design
concept consists of a pressure-suppression con-
tainment system that houses the reactor vessel,
the reactor coolant recirculating loops, and other
branch connéctions to the reactor coclant system.
The containment design consists of a light-bulb-
shaped drywell and a water-filled toroidal-shaped
suppression pool. Both the drywell and the sup-
pression pool are freestanding steel shelis with the
drywell region backed by a reinforced concrete
structure. The containment system has a volume
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of 320,000 cubic feet and is designed to withstand
a peak pressure of 56 psig resulting from a pri-
mary system loss-of-coolant accident. The esti-
mated mean failure pressure for Peach Bottom’s
containment system is 148 psig, which is very simi-
lar to that for large PWR containment designs.
However, its small free volume relative to other
containment types significantly limits its capacity
to accommodate noncondensible gases generated
in severe accident scenarios in addition to increas-
ing its potential to come into contact with molten
core material. The complexity of the events oc-
curring in severe accidents has made predictions
of when and where Peach Bottom’s containment
would fail heavily reliant on the use of expert
judgment to interpret and supplement the limited
data available.

The potential for early containment failure (be-
fore or within roughly 2 hours after reactor vessel
breach) is of principal concern in Peach Bottom's
risk analysis. For the Peach Bottom Mark I type
of containment, the principal mechanisms that
can cause its early failure are (1) drywell shell
meltthrough due to its interaction with the molten
core material released from the breached reactor
pressure vessel, (2) overpressure failure of the
drywell due to rapid direct containment heating
following reactor vessel breach, and (3) stretching
of the drywell head bolts (due to internal pressuri-
zation) causing a direct leakage path from the sys-
tem. Possible overpressure failures due to hydro-
gen combustion effects are of negligible
probability for Peach Bottom since the contain-
ment is inerted. In addition to the early modes of
containment failure, core damage sequences can
also result in late containment failure or no con-
tainment failure at all.

The results of the Peach Bottom containment
analysis are summarized in Figures 4.5 and 4.6.
Figure 4.5 contains a display of information in
which the conditional probabilities of 10 contain-
ment-related accident progression bins; e.g., V.B-
early WWF - >200, are presented for each of six
plant damage states, such as station blackout. This
information indicates that, on a plant damage
state frequency-weighted average,* the mean con-
ditional probability from internally initiated acci-
dents of: (1) early wetwell failure is about 0.03,
(2) early drywell failure is about 0.52, (3) late
failure of either the wetwell or drywell is about
0.04, and (4) no containment failure is about

*Each value in the column in Figure 4.5 labeled “All” is

obtained by summing the products of individual acci-
dent progression bin conditional probabilities for each
plant damage state and the ratio of the frequency of that
plant damage state to the total core damage frequency.

NUREG-1150

4-12

0.27. Figure 4.6 further displays the conditional
probability distribution of early containment fail-
ure for each plant damage state, thereby providing
the estimated range of uncertainties in these con-
tainment fatlure predictions. The important con-
clusions that can be drawn from the information
in these two figures are: (1) there is a high mean
probability (i.e., 50%) that the Peach Bottom
containment will fail early for the dominant plant
damage states; (2) early containment failures will
primarily occur in the drywell structure resulting in
a bypass of the suppression pool’s scrubbing ef-
fects for radioactive material released after vessel
breach; and (3) the principal cause of early
drywell failure is drywell shell meltthrough. The
data further indicate that the early containment
failure probability distributions for most plant
damage states are quite broad. Also presented in
these displays of containment failure information
is evidence that there is a high probability of early
containment failure during external events such as
fire and earthquakes. Specifically, the seismic
analysis indicates that the conditional probability
of early containment failure from all causes, i.e.,
direct containment structural failure or related
failure from the effects of a core damage event,
could be as high as 0.9.

Additional discussion on containment perform-

ance (for all studied plants) is provided in Chapter
9.

4.3.2 Important Plant Characteristics

(Containment Performance)

Characteristics of the Peach Bottom containment
design and operation that are important during
core damage accidents include:

1. Containment Inerting

The Peach Bottom containment is main-
tained in an inerted state, i.e., nitrogen
filled. This inérted containment condition
significantly reduces the chance of hydrogen
combustion in the containment, thereby re-
moving a major threat to its failure. How-
ever, hydrogen combustion in the reactor
building is a possibility for some severe acci-
dent sequences.

Drywell Sprays

The Peach Bottom drywell contains a spray
header that can be used to mitigate the ef-
fects of the actions of molten core material
on the floor of the drywell. In particular, the
spray system may provide sufficient water to
prevent the molten core material from com-
ing into contact with the drywell shell and po-
tentially causing its failure.
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4.4 Source Term Analysis

4.4.1 Results of Source Term Analysis

Failure of the drywell shell following vessel
meltthrough is a characteristic of the risk-
dominant accident progression bins for the Peach
Bottom plant. Figure 4.7 illustrates the source
terms for the early failure accident progression bin
in which the reactor coolant system is pressurized
(> 200 psi) at the time of vessel failure. In com-
parison with the bypass release that was illustrated
for Surry in Figure 3.7, the core fractions of the
volatile groups (iodine, cesium, and tellurium) re-
leased to the environment are slightly reduced.
For the majority of accident sequences in Peach
Bottom, the radionuclides released from fuel in-
vessel must pass through the suppression pool
where substantial decontamination is possible. In
sequences where the drywell spray system is oper-
able, the ex-vessel release will also be mitigated by
the spray or an overlaying pool of water. Both the
in-vessel and ex-vessel releases will receive further
attenuation in the reactor building before release
to the environment. Even if the decontamination
factor of some of these stages is small, the overall
effect is to make the likelihood of a very large
release quite small.

The Peach Bottom plant has instituted emergency
operating procedures to vent the containment in
the wetwell region to avoid failure by overpres-
surization. Figure 4.8 shows the source terms for
the accident progression bin in which the contain-
ment is vented and no subsequent failure of the
containment occurs. The source terms for the
volatile radionuclide groups are less than those for
the early drywell failure bin discussed previously.
In both cases, scrubbing of the in-vessel release by
the suppression pool has the principal mitigating
influence on the environmental release. The re-
lease fractions for the less volatile groups are
smaller for the vented accident progression bin
but only by approximately a factor of one-half.
There are two reasons why the differences be-
tween the environmental release of the ex-vessel
species for the vented and drywell failure cases
are not greater. The decontamination capability of
the suppression pool for ex-vessel release, in
which. the flow is through the downcomers, is
somewhat less than for the in-vessel release, which
passes through spargers on the safety relief lines.
Thus, even though the ex-vessel release must pass
through the pool for the vented case, the decon-
tamination factor may be small. The ex-vessel re-
lease for the drywell failure accident progression
bin will at least be subjected to decontamination
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in the reactor building and possibly to sprays and
scrubbing by an overlaying water layer.

The range of uncertainty in the release for the
barium and strontium radionuclide groups is par-
ticularly evident. The spread between the mean
and median is two orders of magnitude. Although
the release is likely to be quite small, the mean
value of the release is as high as the mean value
for the tellurium release.

Additional discussion on source term perspectives
is provided in Chapter 10.

4.4.2 TImportant Plant Characteristics
(Source Term)

Reactor Building

The Peach Bottom containment is located
within a reactor building. A release of radio-
active material to the reactor building will
undergo some degree of decontamination be-
fore release to the environment. An impor-
tant consideration in determining the magni-
tude of building decontamination is whether
hydrogen combustion occurs in the building
and whether combustion is sufficiently ener-
getic to fail the building. The range of decon-
tamination- factors for the reactor building
used in the study is from 1.1 to 10 with a
median value of 3 for typical accident condi-
tions.

Pressure-Suppression Pool

The pressure-suppression pool is particularly
effective in the reduction of the in-vessel re-
lease component of the source terms for
Peach Bottom. The range of decontamina-
tion factors used is from 1.2 to 4000 with a
median of 80 for flow through the safety re-
lief valve lines.

The submergence is less and bubble size is
larger for flow through the downcomers than
for the spargers through which the in-vessel
release is most likely to enter the pool. As a
result, the decontamination factor for the ex-
vessel release or any in-vessel release that
passes through the drywell is smaller, ranging
from approximately 1 to 90 with a median of
10. Furthermore, the likelihood of failure of
the drywell at the time of vessel meltthrough
is predicted to be high. For scenarios involv-
ing early drywell failure, the suppression pool
would be bypassed during the period of core-
concrete interaction and radionuclide re-
lease.
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3. Venting

The Peach Bottom containment can be
vented from the wetwell air space. By pre-
venting containment failure, venting can po-
tentially prevent some scenarios from becom-
ing core damage accidents. In scenarios that
proceed to fuel melting, venting can lead to
the mitigation of the release of radioactive
material to the environment by ensuring that
the release passes through the suppression
pool. The effect of venting on core damage
frequency is described in Chapter 8. Figure
4.8 illustrates the source term characteristics
for the venting accident progression bins. Al-
though the source terms are somewhat less
than for the early drywell failure accident
progression bin, the uncertainties in the re-
lease fractions are quite broad. At the high
end of the uncertainty range, it is possible
that 40 percent of the core inventory of io-
dine could be released to the environment.

The effectiveness of venting to mitigate se-
vere accident release of radioactive material
is limited in the Peach Bottom analyses be-
cause of the high likelihood of early drywell
failure, particularly as the result of direct at-
tack of the shell by molten core debris. If
direct attack of the containment shell is de-
termined not to lead to failure or if effective
means are found to preclude failure, the ef-
fectiveness of venting could be greater. How-
ever, considering the range of uncertainties
in the source term analyses, the predicted
consequences of vented accident progression
bins are not necessarily minor.

4.5 Offsite Consequence Results

Figures 4.9 and 4.10 display the frequency distri-
butions in the form of graphical plots of the com-
plementary cumulative distribution functions
(CCDFs) of four offsite consequence measures—
early fatalities, latent cancer fatalities, and the
S0-mile and entire site region population expo-
sures (in person-rems). The CCDFs in Figures 4.9
and 4.10 include contributions from all source
terms associated with reactor accidents caused by
the internal initiating events and fire, respectively.
Four CCDFs, namely, the S5th percentile, 50th
percentile {median), 95th percentile, and the
mean CCDFs, are shown for each consequence
measure.

Peach Bottom plant-specific and site-specific pa-

rameters were used in the consequence analysis
for these CCDFs. The plant-specific parameters
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included source terms and their frequencies, the
licensed thermal power (3293 MWt) of the reac-
tor, and the approximate physical dimensions of
the power plant building complex. The site-spe-
cific parameters included exclusion area radius
(820 meters), meteorological data for 1 full year
collected at the site meteorological tower, the site
region population distribution based on the 1980
census data, topography (fraction of the area that
is land—the remaining fraction is assumed to be
water), land use, agricultural practice and produc-
tivity, and other economic data for up to 1,000
miles from the Peach Bottom plant. ‘

The consequence estimates displayed in these fig-
ures have incorporated the benefits of the follow-
ing protective measures: (1) evacuation of 99.5
percent of the population within the 10-mile
plume exposure pathway emergency planning
zone (EPZ), (2) early relocation of the remaining
population only from the heavily contaminated
areas both within and outside the 10-mile EPZ,
and (3) decontamination, temporary interdiction,
or condemnation of land, property, and foods
contaminated above acceptable levels.

The population density within the Peach Bottom
10-mile EPZ is about 90 persons per square mile.
The average delay time before evacuation (after a
warning prior to radionuclide release) from the
10-mile EPZ and average effective evacuation
speed used in the analyses were derived from in-
formation contained in a utility-sponsored Peach
Bottom evacuation time estimate study (Ref. 4.9)
and the NRC requirements for emergency plan-
ning.

The results displayed in Figures 4.9 and 4.10 are
discussed in Chapter 11.

4.6 Public Risk Estimates

4.6.1 Results of Public Risk Estimates

A detailed description of the results of the Peach
Bottom risk is provided in Reference 4.2. For this
summary report, results are provided for the fol-
lowing measures of public risk:

®  FEarly fatality risk,
Latent cancer fatality risk,

®  Population dose within 50 miles of the site,
®  Population dose within the entire site region,
]

Individual early fatality risk in the population
within 1 mile of the Peach Bottom exclusion
area boundary, and

¢  Individual latent cancer fatality risk in the popu-
lation within 10 miles of the site.
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Figure 4.9 Frequency distributions of offsite consequence measures at Peach Bottom (internal initiators).
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Note: As discussed in Reference 4.4, estimated risks at or below 1E-7 per reactor year should be viewed with caution
because of the potential impact of events not studied in the risk analyses.

Figure 4.10 Frequency distributions of offsite consequence measures at Peach Bottom (fire initiators).
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The first four of the above measures are com-
monly used measures in nuclear power plant risk
studies. The last two are those used to compare
with the NRC safety goals (Ref. 4.10).

4.6.1.1 Internally Initiated Acci.dent
Sequences

The results of the risk studies using the above
measures are shown in Figures 4,11 through 4.13.
The figures display the variabilities in mean risks
estimated from the meteorology-averaged condi-
tional mean values of the consequence measures.
For the first two measures, the results of the first
risk study of Peach Bottom, the Reactor Safety
Study (Ref. 4.3), are also provided. As may be
seen, the early fatality risk from Peach Bottom is
estimated to be very low. Latent cancer fatality
risks are lower than those of the Reactor Safety
Study. The risks of population dose and individual
early fatality risk are also very low, and the indi-
vidual latent cancer fatality risk is orders of mag-
nitude lower than the NRC safety goals. These
comparisons are discussed in more detail in Chap-
ter 12.

The risk results shown in Figure 4.11 have been
analyzed to determine the relative contributions of
plant damage states and accident progression bins
to mean risk. The results of this analysis are pro-
vided in Figures 4.14 and 4.15. As can be seen
from these figures, and from the supporting docu-
ment (Ref. 4.2), the major contributors to both

early and latent cancer fatality risks are from sta-

tion blackout {(SBO) and anticipated transients
without scram (ATWS). The dominant accident
progression bins are early containment failure and
drywell failure caused by drywell meltthrough and
loads at vessel breach (due to direct containment
heating, steam blowdown, or quasistatic pressure
from steam explosion).

4.6.1.2 Externally Initiated Accident
Sequences

As discussed in Section 4.2.1.2, the Peach Bot-

tom plant has been analyzed for two externally -

initiated accidents: earthquakes and fire. The fire
risk analysis has been performed through the esti-
mates for consequences and risk measures,
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whereas, as explained in Chapter 2, the seismic
analysis has been conducted up to containment
performance. Sensitivity analyses of seismic risk at
Peach Bottom are provided in Reference 4.2.

Results of fire risk analysis (variabilities in mean
risks estimated from the meteorology-averaged
conditional mean values of the consequence
measures) of Peach Bottom are shown in Figures
4.16 through 4.18 for early fatality, latent cancer
fatality, population dose (within 50 miles of the
site and within the entire site region), and individ-
ual early and latent cancer fatality risks. Major
contributions to early and latent cancer fatality
risks are shown in Figure 4.19. As can be seen,
early and latent cancer fatality risks for fire at
Peach Bottom are dominated by early contain-
ment failure and drywell failure caused by drywell
meltthrough and loads at vessel breach. Other risk
measures are slightly higher than those for inter-
nally initiated events but well below NRC safety
goals.

4.6.2 Important Plant Characteristics (Risk)

The risk from the internal events are driven by
long-term station blackout (SBO) and anticipated
transients without scram {(ATWS). The domi-
nance of these two plant damage states can be at-
tributed to both general BWR characteristics and
plant-specific design. BWRs in general have more
redundant systems that can inject into the reactor
vessel than PWRs and can readily go to low pres-
sure and use their low-pressure injection systems.
This means that the dominant plant damage states
will be driven by events that fail a multitude of
systems (i.e., reduce the redundancy through
some common-mode or support system failure) or
events that only require a small number of systems
to fail in order to reach core damage. The station
blackout plant damage state satisfies the first of
these requirements in that all systems ultimately
depend upon ac power, and a loss of offsite power
is a relatively high probability event. The total
probability of losing ac power long enough to in-
duce core damage is relatively high, although still
low for a plant with Peach Bottom’s design. The
ATWS scenario is driven by the small number of
systems that are needed to fail and the high stress
upon the operators in these sequences.
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Figure 4.11 Early and latent cancer fatality risks at Peach Bottom (internal initiators).
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Figure 4.12 Population dose risks at Peach Bottom (internal initiators).
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Figure 4.13 Individual early and latent cancer fatality risks at Peach Bottom (internal initiators).
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Figure 4.14 Major contributors (plant damage states) to mean early and latent
cancer fatality risks at Peach Bottom (internal initiators).
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Figure 4.15 Major contributors (accident progression bins) to mean early and
latent cancer fatality risks at Peach Bottom (internal initiators).
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Figure 4.16 Early and latent cancer fatality risks at Peach Bottom (fire initiators).
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Figure 4.17 Population dose risks at Peach Bottom (fire initiators).
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Figure 4.18 Individual early and latent cancer fatality risks at Peach Bottom (fire initiators).
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Figure 4.19 Major contributors (accident progression bins) to mean early and latent cancer
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5. SEQUOYAH PLANT RESULTS

5.1 Summary Design Information

The Sequoyah Nuclear Power Plant is a two-unit
site. Each unit, designed by Westinghouse Corpo-~
ration, is-a four-loop pressurized water reactor
(PWR) rated at 1148 MWe and is housed in an
ice condenser containment. The balance of plant
systems were engineered and built by the utility,
the Tennessee Valley Authority. Sequoyah 1
started commercial operation in 1981. Some im-
portant design features of the Sequoyah plant are
described in Table 5.1. A general plant schematic
is provided in Figure 5.1.

This chapter provides a summary of the results
obtained in the detailed risk analyses underlying
this report (Refs. 5.1 and 5.2). A discussion of
perspectives with respect to these results is pro-
vided in Chapters 8 through 12.

5.2 Core Damage Frequency Estimates

5.2.1 Summary of Core Damage Frequency
Estimates

The core damage frequency and risk analyses per-
formed for this study considered accidents initi-
ated only by internal events (Ref. S5.1); no
external-event analyses were performed. The core
damage frequency results obtained are provided
in tabular form in Table 5.2 and in graphical
form, displayed as a histogram, in Figure 5.2
(Section 2.2.2 discusses histogram development).
This study calculated a total median core damage
frequency from internal events of 3.7E-5 per
year.

5.2.1.1 Internally Initiated Accident
Sequences

Twenty-three individual accident sequences were
identified as important to the core damage fre-
gquency estimates for Sequoyah. A detailed de-
scription of these accident sequences is provided
in Reference 5.1. For the purpose of discussion
here, the accident sequences have been grouped
into five summary plant damage states. These are:

®  Station blackout,

®  Loss-of-coolant accidents (LOCAs),

® Anticipated transients without scram
(ATWS),

5-1

® Transients other than station blackout and
ATWS, and
& Interfacing-system LOCA and steam genera-

tor tube rupture (bypass accidents).

The relative contributions of these groups to the
total mean core damage frequency at Sequoyah is
shown in Figure 5.3. It is seen that loss-of-coolant
accidents as a group are the largest contributors to
core damage frequency. Within the general class
of loss-of-coolant accidents, the most probable
combinations of failures are:

e Intermediate (2” <D < 6”), small (1/2<D<
2"), and very small (D < 1/2”) size LOCAs
in the reactor coolant system piping followed
by failure of high-pressure or low-pressure
emergency coolant recirculation from the
containment sump. Coolant recirculation
from the containment sump can fail because
of valve failures, pump failures, plugging of
drains or strainers, or operator failure to cor-
rectly reconfigure the emergency core cooling
system (ECCS) equipment for the recircula-
tion mode of operation.

Station blackout sequences as a group are the sec-
ond largest contributor to core damage frequency.
Within this group, the most probable combina-
tions of failures are:

®  Station blackout with failure of the auxiliary
feedwater (AFW) system. Core uncovery is
caused by failure of the AFW system to pro-
vide steam generator feed flow, thus causing
gradual heatup and boiloff of reactor cool-
ant. Station blackout also results in the un-
availability of the high-pressure injection sys-
tems for feed and bleed. The dominant
contributors to this sequence are the station
blackout followed by initial turbine-driven
AFW pump unavailability due to mechanical
failure or maintenance outage, or failure of
the operator to open air-operated valves after
depletion of the instrument air supply.

Station blackout with initial AFW operation
that fails at a later time because of battery
depletion or station blackout, with reactor
coolant pump (RCP) seal LOCA because of
loss of all RCP seal cooling. Station blackout
results in a loss of seal injection flow to the
RCPs and a loss of component cooling water
to the RCP thermal barriers, This condition
results in vulnerability of the RCP seals to
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Table 5.1 Summary of design features: Sequoyah Unit 1.

1. Coolant Injection System a. Charging system provides safety injection flow, emergency
boration, feed and bleed cooling, and normal seal injection
flow to the RCPs,* with 2 centrifugal pumps.

b. RHR system provides low-pressure emergency coolant
injection and recirculation following LOCA, with 2 trains
and 2 pumps.

¢. Safety injection system provides high head safety injection
and feed and bleed cooling, with 2 trains and 2 pumps.

2. Steam Generator ]
Heat Removal Systems a. Power conversion system.

b. Auxiliary feedwater system, with 3 trains and 3 pumps (2
MDPs, 1 TDP).*

3. Reactivity Control Systems ‘ a. Control rods.

b. Chemical and volume control systems.

4. Key Support Systems a. dc power, with 2-hour station batteries.

b. Emergency ac power, with 2 diesel generators for each
unit, each diesel generator dedicated to a 6.9 kV emer-
gency bus (these buses can be crosstied to each other via
a shutdown utility bus).

¢. Component cooling water provides cooling water to RCP*
’ thermal barriers and selected ECCS equipment, with 5
pumps and 3 heat exchangers for both Units 1 and 2.

d. Service water system, with § self-cooled pumps for both
Units 1 and 2.

5. Containment Structure a. Ice condenser.
b. 1.2 million cubic feet.

¢. 10.8 psig design pressure.

6. Containment Systems a. Spray system provides containment pressure-suppression
during the injection phase following a LOCA and also
provides containment heat removal during the recircula-
tion phase following a LOCA.

b. System of igniters installed to burn hydrogen.

¢. Air-return fans to circulate atmosphere through the ice
condenser and keep containment atmosphere well mixed.

*MDP: Motor-Driven Pump
TDP: Turbine-Driven Pump
RCP: Reactor Coolant Pump
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5. Sequoyah Plant Results

Table 5.2 Summary of core damage frequency results: Sequoyah.*

5% Median Mean 95%

Internal Events , 1.2B-5  3.7B-5  S5.7E-5 1.8E-4
Station Blackout

Short Term 4,2E-7 3.8E-6 9.6E-6 3.6E-5

Long Term 1.0E-7 1.4E-6 5.0E-6 1.7E-5

ATWS 4.3E-8 5.3E-7 1.9E-6 7.5E-6

Transient 2.5E-7 1.1E-6 2.6E-6 7.2E-6

LOCA 4.4E-6 1.8E-5 3.6E-5 1.2E-4

Interfacing LOCA 1.5E-11 2.0E-8 6.5E-7 2.1E-6

SGTR 2.4E-8 4.1E-7 1.7E-6 7.1E-6

*As discussed in Reference 5.3, core damage frequencies below 1E-5 per reactor year should be
viewed with caution because of the remaining uncertainties in PRA (e.g., events not considered).

Core Damage Frequency {per RY)

1.0E-03

T TTTT

85th ———

T
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Median ——— ]

LB RRL

1.0E-05 Sth —

BRI RRRL

1.0E-06
Number of LHS samples

Note: As discussed in Reference 5.3, core damage frequencies below 1E-5 per reactor
year should be viewed with caution because of the remaining uncertainties in PRA
(e.g., events not considered).

Figure 5.2 Internal core damage frequency results at Sequoyah.
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Transients

Bypass
(Int.v Sys. LOCA/SGTR)

Station Blackout

Total Mean Core Damage Frequency: 5.7E-5

Figure 5.3 Contributors to mean core damage frequency from internal events at Sequoyah.

failure. The failure to restore ac power and
safety injection flow following any seal LOCA
leads to core uncovery. The time to core un-
covery following onset of a seal LOCA is a
function of the leak rate and whether or not
the operator takes action to depressurize the
reactor coolant system.

Within the general group of containment bypass
accidents, the more probable combinations of fail-
ure are:

Steam generator tube rupture, followed by
failure to depressurize the reactor coolant
system (RCS). Subsequent failure to depres-
surize the RCS in the long term and thus limit
RCS leakage leads to continued blowdown
through the steam generator and eventual
core uncovery. An important event in this se-
quence is the initial failure of the operator to
depressurize within 45 minutes after the tube
rupture. This leads to a relief valve demand
in the secondary cooling system. The steam

5-5

generator safety valve will be demanded if
the power-operated relief valve is blocked.
Subsequent failure of the PORV or safety
valve to reclose leads to direct loss of RCS
inventory to the atmosphere. Failure of sub-
sequent efforts to recover the sequence by
RCS depressurization or closure of the PORV
or safety valve leads to refueling water stor-
age tank inventory depletion and eventual
core uncovery.

Failure of RCS pressure isolation leading to
LOCAs in systems interfacing with the reac-
tor coolant system (by overpressurization of
low-pressure piping in the interfacing sys-
tem). These sequences comprise 2 percent of
the total core damage frequency but are im-
portant contributors to risk because they cre-
ate a direct release path to the environment.
These accidents are of special interest be-
cause they prevent ECCS operation in the
recirculation mode and lead to containment
bypass.
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5.2.2 Important Plant Characteristics (Core

Damage Frequency)

Characteristics of the Sequoyah plant design and
operation that have been found to be important in
the analysis of core damage frequency include:

Electric Power Crossconnects Between
Units 1 and 2

The Sequoyah electric power system design
includes the capability to crosstie the 6.9 kV
emergency buses at Unit 1 and Unit 2 and
includes the capability to energize dc battery
boards at Unit 1 from the batteries at Unit 2.
These crossties help reduce the frequency of
station blackout at Unit 1 and significantly
reduce the possibility of battery depletion as
an important contributor for those station
blackouts that are postulated to occur. The
crossties reduce the station blackout core
damage frequency by less than a factor of 2.
As station blackout sequences only account
for 20 percent of the total core damage fre-
quency, the crossties reduce total core dam-
age frequency by approximately 10 percent.

Transfer to Emergency Core Cooling and
Containment Spray System Recirculation
Mode

The process for switching the emergency core
cooling system and the containment spray
system from the injection mode to the recir-
culation mode at Sequoyah involves a series
of operator actions that must be accom-
plished in a relatively short time (~20 min-
utes) and are only partially automated.
Therefore, operator action is required to
maintain core cooling when switching over to
the recirculation mode. Single operator er-
rors during switchover from injection to recir-
culation following a small LOCA can lead di-
rectly to core uncovery. Recirculation failure
can also result from common-cause failures
affecting the entire emergency core cooling
system and containment spray system. These
fajlures include level sensor miscalibration
for the refueling water storage tank and fail-
ure to remove the upper containment com-
partment drain plugs after refueling.

Loss of Coolant from Interfacing-System
LOCA

Interfacing-system LOCA results from fail-
ures of any one of the four pairs of series

NUREG-1150
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check valves used to isolate the high-pressure
RCS from the low-pressure injection system.
The resultant flow into the lowspressure sys-
tem is assumed to result in rupture of the
low-pressure piping or components outside
the containment boundary. Although core in-
ventory makeup by the high-pressure injec-
tion system is initially available, the inability
to switch to the recirculation mode would
eventually lead to core damage. Because of
the location of the postulated LOCA, all con-
tainment safeguards are bypassed.

The failure scenarios of interest are those
that produce a sudden large backleakage
from the RCS that cannot be accommodated
by relief valves in the low-pressure systems.
Interfacing-system LOCA could therefore oc-
cur in two ways:

a. Random or dependent rupture of valve
internals on both valves. Rupture of the
upstream valve would go undetected un-
til rupture of the second valve occurred,
and

b. Rupture of the downstream valve com-
bined with the failure of the upstream
valve to be closed on demand. This sce-
nario has an extremely low probability at
Sequoyah because the check valve test-
ing procedures require leak rate testing
after each valve use.

If an interfacing-system LOCA should occur,
a potential recovery action was identified and
considered in the analysis in which the op-
erator may be able to isolate the interfacing-
system LOCA by closing the appropriate low-
pressure injection cold leg isolation valve.

Diesel Generators

Sequoyah is a two-unit site with four diesel
generator units. Each diesel is dedicated to a
particular (6.9 kV) emergency bus at one of
the units. Each diesel generator can only be
connected to its dedicated emergency bus.
However, the 6.9 kV buses can be crosstied
to each other through the use of the shut-
down wutility bus, thus providing an indirect
way to crosstie diesels and emergency buses.
The diesel pgenerators have dedicated batter-
ies for starting and can be loaded on the
emergency buses manually or with alternative
power supplies. Emergency ac power is there-
fore not as susceptible to failures of the sta-
tion batteries as at those plants where station
batteries are used for diesel startup.

OAGI0000611 00125



Containment Design

The ice condenser containment design is im-~
portant to estimates of core damage fre-
quency because of the spray actuation set-
points. The relatively low-pressure setpoints
result in spray actuation for a significant per-
centage of small LOCAs. The operation of
the sprays will deplete the refueling water
storage tank (RWST) in approximately 20
minutes, thus requiring fast operator inter-
vention to switch over to recirculation mode.
The reduced time available for operator ac-
tion results in an increased human error rate
for recirculation alignment associated with
this time interval.

5.2.3 Important Operator Actions

Several operator actions are very important in
preventing core uncovery. These actions are
discussed in this section with respect to the acci-
dent sequence in which they occur.

Switchover to ECCS recirculation in a small
LOCA

There are four major operator actions during
recirculation switchover:

~  Switchover of high-pressure emergency
core cooling system (ECCS) from injec-
tion to recirculation.

—  Isolation of ECCS suction from RWST.

- Switchover of containment spray system
(CSS) from injection to recirculation,
including isolation of suction from the
RWST.

- Valving in component cooling water
(CCW) to the residual heat removal
(RHR) heat exchangers.

Control of containment sprays during small
LOCAs

Virtually all small LOCAs will result in auto-
matic containment spray actuation. If the op-
erator does not control sprays early during a
small LOCA, the RWST level will decrease
and switchover to recirculation will be re-
quired.

All actions are performed in the main control
room at one location. The time for diagnosis
is relatively short (~20 minutes) for determin-
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ing if the event is actually a LOCA and antici-
pating whether high-pressure recirculation will
be needed when the low RWST level alarm is
actuated.

Feed and bleed cooling

For accident sequences in which main and
auxiliary feedwater are unavailable, feed and
bleed cooling can be used to remove decay
heat from the core. The operator is in-
structed to initiate feed and bleed cooling if
steam generator levels drop below 25 per-
cent. This point is reached approximately 30
minutes after auxiliary feedwater (AFW) and
main feedwater become unavailable.
without

Anticipated  transients

(ATWS)

scram -

Five operator actions could potentially be re-
quired during an ATWS sequence, depend-
ing on the particular course of the sequence.
These events are:

- Manual reactor trip.

—  Trip turbine if not done automatically.

- Start AFW if not started automatically.

— Open block valve on power-operated
relief valve (PORV) within 2 minutes if
PORYV is isolated previous to initiating

event,

- Emergency boration,
failed.

if manual trip

Due to the fast-acting nature of an ATWS,
all ATWS actions must be performed from
memory.

Steam generator tube rupture

Steam generator tube rupture (SGTR) acci-
dent sequences are considered to begin with
a double-ended rupture of a single steam
generator tube. Very shortly thereafter, a
safety injection signal will occur on low RCS
pressure. The immediate concern for the op-
erator, after identifying the event as an
SGTR, is to identify and isolate the ruptured
steam generator. There are three possible op-
erator actions during an SGTR. These are:

- Cool down and depressurize the RCS
very shortly (~45 minutes) after the

NUREG-1150
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5. Sequoyah Plant Results

event in order to prevent lifting the relief
valves on the affected steam generator; -

—~  Restore the main feedwater flow in the
event of a loss of auxiliary feed flow;
and

—  Isolate the steam generator that contains
the ruptured tube.

® Interfacing-system LOCA recovery action

The two RHR trains are physically isolated
from each other and are provided with sys-
tem isolation capability. To recover from an
interfacing-system LOCA in the RHR system
and to continue core cooling, the break must
first be isolated and the reactor coolant
system refilled. Since the RHR valves are not
designed to close against the pressure
differentials present during the blowdown,
isclation of the affected loop and operation
of the unaffected loop must be accomplished
following blowdown. The RHR valves can be
closed from the control room. No credit for
local action is given because of the steam en-
vironment following the blowdown.

5.2.4 Important Individual Events and
Uncertainties (Core Damage
Frequency)

As discussed in Chapter 2, the process of develop-
ing a probabilistic model of a nuclear power plant
involves the combination of many individual
events (initiators, hardware failures, operator er-
rors, etc.) into accident sequences and eventually
into an estimate of the total frequency of core
damage. After development, such a model can
also be used to assess the importance of the indi-
vidual events. The detailed studies underlying this
report have been analyzed using several event im-
portance measures. The results of the analyses us-
ing two measures, “risk reduction” and “uncer-
tainty” importance, are. summarized below.

® Risk (core damage frequency) reduction im-
portance measure (internal events)

The risk-reduction importance measure is
used to assess the change in core damage fre-
quency as a result of setting the probability of
an individual event to zero. Using this meas-
ure, the following individual events were
found to cause the greatest reduction in core

NUREG-1150
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damage frequency if their probabilities were
set to zero:

~  Very small LOCA initiating event. The
core damage frequency will be reduced
by approximately 38 percent.

- Operator fails to control sprays during a
small LOCA. The core damage fre-
quency will be reduced by approxi-
mately 37 percent.

- Loss of offsite power initiating event.
The core damage frequency will be re-
duced by approximately 21 percent.

- Operator failure to properly align high-
pressure recirculation. The core damage
frequency will be reduced by approxi-
mately 15 to 20 percent.

-~  Failure to recover diesel generators
within 1 hour. The core damage fre-
quency will be reduced by approxi-
mately 14 percent.

- - Failure to recover ac power within 1

hour. The core damage frequency will
be reduced by approximately 13 per-
cent.

- Intermediate LOCA initiating events.
The core damage frequency will be re-
duced by approximately 12 percent.

-  Small LOCA initiating events. The core
damage frequency will be reduced by
approximately 13 percent.

Uncertainty importance measure (internal’
events)

A second importance measure used to evalu-
ate the core damage frequency analysis re-
sults is the uncertainty importance measure.
For this measure, the relative contribution of
the uncertainty of individual events to the
uncertainty in total core damage frequency is
calculated. Using this measure, the largest
contributors to uncertainty in the results are
the human error probabilities for failure to
reconfigure the ECCS for high-pressure recir-
culation. All other events contribute rela-
tively little to the uncertainty in overall core
damage frequency.
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5.3 Containment Performance Analysis

5.3.1 Results of Containment Performance
Analysis

The Sequoyah primary containment consists of a
pressure-suppression containment system, i.e., ice
condenser, which houses the reactor pressure ves-
sel, reactor coolant system, and the steam genera-
tors for the secondary side steam supply system.
The containment system is comprised of a steel
vessel surrounded by a concrete shield building
enclosing an annular space. The internal contain-
ment volume, which has a total capacity of 1.2
million cubic feet, is divided into two major com-
partments connected by the ice condenser system,
with the reactor coolant system occupying the
lower compartment. The ice condenser is essen-
tially a cold storage ice-filled room 50 feet in
height, bounded on one side by the steel contain-
ment wall. The design basis pressure for
Sequoyah’s ice condenser containment is 10.8
psig, whereas its estimated mean failure pressure
is 65 psig. This low-pressure design combined with
the relatively small free volume made hydrogen
control a design basis consideration, i.e.,
recombiners, and also a major consideration with
respect to containment integrity for severe acci-
dents, i.e., igniters and air-return fans. Similar to
other containment design analyses for this study,
the estimate of where and when Sequoyah’s con-
tainment will fail relied heavily on the use of ex-
pert judgment to interpret and supplement the
limited data available (Ref. 5.4).

The potential for early containment failure has
been of considerable concern for Sequoyah since
the steel containment has such a low design pres-
sure. The principal mechanisms threatening the
containment are hydrogen combustion effects,
overpressurization due to direct containment heat-
ing, failure of the wall by direct contact with mol-
ten core material, and isolation failures.

The results of the Sequoyah containment analysis
are summarized in Figures 5.4 and 5.5. Figure 5.4
displays information in which the conditional
probabilities of ten containment-related accident
progression bins; e.g., VB-early CF (during CD),
are presented for each of five plant damage states.
This information indicates that, on a frequency-
weighted average,* the mean conditional prob-
ability from internal events of (1) early contain-

*Bach value in the column in Figure 5.4 labeled “All” is
obtained by calculating the products of individual acci-
dent progression bin conditional probabilities for each
plant damage state and the ratio of the frequency of that
plant damage state to the total core damage frequency.
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ment failure due to effects such as hydrogen
combustion, direct containment heating, and wall
contact failure is 0.07, (2) late containment fail-
ure due primarily to basemat meltthrough is 0.21,
(3) containment bypass is 0.06, and (4) probabil-
ity of no containment failure or no vessel breach is
0.66. It should be noted, however, that the condi-
tional probabilities of early containment failure for
the loss of offsite power {LOSP) plant damage
state are considerably higher than the averaged
values, i.e., about 0.13 for LOSP sequences in-
volving vessel breach and 0.17 when those LOSP
sequences having no vessel breach are included.
Figure 5.5 further develops the conditional prob-
ability distribution of early containment failure for
each of the plant damage states, providing the es-
timated range of uncertainties in the containment
failure predictions. Overall conclusions that can
be drawn from this information are discussed in
Chapter 9. However, it should be noted that Se-
quoyah’s early containment failure probability de-
pends heavily on the accuracy of our predictions
of core arrest probability, direct containment
heating, hydrogen combustion, and wall attack ef-
fects.

Additional discussions on containment perform-
ance (for all studied plants) are provided in Chap-
ter 9.

5.3.2 Important Plant Characteristics
{Containment Performance)

Characteristics of the Sequoyah design and opera-
tion that are important to containment perform-
ance include:

1. Pressure-Suppression Design

The Sequoyah ice condenser suppression de-
sign can have a significant effect on certain
accident sequence risk results. For example,
the availability of ice in the ice condenser
can reduce the risk significantly from events
involving steam or direct containment heating
threats to the containment. In contrast, its
availability during some station blackout se-
quences can result in a potentially combusti-
ble hydrogen concentration at the exit of the
ice bed. Further discussion of the ice con-
denser pressure-suppression system relative
to other PWR dry containments is contained
in Chapter 9.

‘Hydrogen Ignition System

The Sequoyah hydrogen ignition system will
significantly reduce the threat to containment
from uncontrolled hydrogen combustion

NUREG-1150
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Figure 5.4 Conditional probability of accident progression bins at Sequoyah.
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Sequoyah Plant Results

effects except for station blackout sequences.
However, when power is recovered following
a station blackout, if the igniters are turned
on before the air-return fans have diluted the
hydrogen concentration at or above the ice
beds, the ignition could trigger a detonation
or deflagration that could fail containment.
These blackout sequences, however, repre-
sent a small fraction of the overall frequency
of core damage.

Lower Compartment Design

The design and construction of the seal table
is such that if the reactor coolant system is at
an elevated pressure upon vessel breach, the
core debris is likely to get into the seal table
room, which is directly in contact with the
containment, and melt through the wall caus-
ing a break of containment. The design of
the reactor cavity, however, does have the
potential to cool the molten core debris and
also mitigate the effects of potential direct
containment heating events for those se-
quences where water is in the reactor cavity.

5.4 Source Term Analysis

5.4.1 Results of Source Term Analysis

The absolute frequencies of early containment
failure from severe accident loads and of
containment bypass are predicted to be similar for
the Sequoyah plant (Ref..5.2). Figure 5.6 illus-
trates the release fractions for an early contain-
ment failure accident progression bin. The mean
values for the release of the volatile radionuclide
groups are approximately 10 percent, indicative of
an accident with the potential for causing early fa-
talities. The in-vessel releases in these accidents
can be subject to decontamination by the ice bed
or by containment sprays following release to the
containment. The sprays require ac power and
are, therefore, not available prior to power recov-
ery in station blackout plant damage states. The
decontamination factor of the ice bed is also af-
fected by the unavailability of the recirculation
fans during station blackout.

The location and mode of containment failure are
particularly important for early containment fail-
ure accident progression bins. A substantial frac-
tion of the early failures result in subsequent
bypass of the ice bed. In particular, if the contain-
ment ruptures as the result of a sudden, high-
pressure load, such as from hydrogen deflagra-
tion, the damage to the containment wall could be
extensive and is likely to result in bypass.

NUREG-1150

In most accident sequences for Sequoyah, there is
substantial water in the cavity that can either pre-
vent core-concrete attack, if a coolable debris bed
is formed, or mitigate the release of radionuclides
during core-concrete attack by scrubbing in the
overlaying water pool. As a result, a large release
to the environment of the less volatile radionu-
clides that are released from fuel during core-
concrete attack is unlikely for the Sequoyah plant.

In the station blackout plant damage state, con-
tainment failure can occur late in the accident as
the result of hydrogen combustion following power.
recovery. Figure 5.7 illustrates the source terms
for a late containment failure accident progression
bin in which it is unlikely that water would be
available to scrub the core-concrete releases. In

~ this case, decontamination by the ice bed is im-

portant in mitigating the environmental release.
As discussed previously, for very wide ranges of
uncertainty covering many orders of magnitude,
one or more high results can dominate the mean
such that it falls above the 95th percentile.

5.4.2 Important Plant Characteristics
(Source Term)

Ice Condenser

In addition to condensing steam, the ice beds
can trap radioactive aerosols and vapors in a
severe accident. The extent of decontamina-
tion is very sensitive to the volume fraction of
steam in the flowing gas, which in turn de-
pends on whether the air-return fans are op-
erational. For a single pass through the ice
condenser with high steam fraction, the
range of decontamination factor used in this
study was from 1.3 to 35 with a median of 7
for the in-vessel release and less than half as
effective for the core-concrete release. For
the low steam fraction scenarios with a single
pass through the ice beds, the lower bound
was approximately 1.1, the upper bound 8,
and the median 2. The values used for multi-
ple passes through the ice bed when the con-
tainment is intact and the air-return fans are
running are only slightly larger, with 2 me-
dian value of 3. Thus, the credit for ice bed
retention is substantially less than the values
used for the decontamination effectiveness of
suppression pools in the BWRs.

Cavity Configuration

The Sequoyah reactor cavity will be flooded
if there is sufficient water on the containment
floor to overflow into the cavity. If the con-
tents of the refueling water storage tank are
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discharged into the containment (e.g., by the
spray system) and there is substantial ice
melting, the water level in the cavity can be
as high as 40 feet, extending to the level of
the reactor coolant system hot legs. A decon-
tamination factor for the deep water pool was
used in the analyses, which ranged from ap-
proximately 4 to 9,000 with a median value
of approximately 10 for the less volatile
radionuclides released ex-vessel. If neither
source of water to the containment is avail-
able, however, there will be no water in the
cavity.

3. Spray System

The Sequoyah containment has a spray sys-
tem in the upper compartment to condense
steam that bypasses the ice beds and for use
after the ice has melted. As in the Surry
plant, the spray system has the potential to
dramatically reduce the airborne concentra-
tion of radioactive material if the contain-
ment remains intact for an extended period
of time.

5.5 Offsite Consequence Results

Figure 5.8 displays the frequency distributions in
the form of graphical plots of the complementary
cumulative distribution functions (CCDFs) of four
offsite consequence measures—early fatalities, la-
tent cancer fatalities, and the 50-mile and entire
site region population exposures (in person-rems).
These CCDFs include contributions from all
source terms associated with reactor accidents
caused by internal initiating events. Four CCDFs,
namely, the 5th percentile, 50th percentile (me-
dian), 95th percentile, and the mean CCDFs, are
shown for each consequence measure.

Sequoyah plant-specific and site-specific parame-
ters were used in the consequence analysis for
these CCDFs. The plant-specific parameters in-
cluded source terms and their frequencies, the li-
censed thermal power (3423 MW1) of the reactor,
and the appropriate physical dimensions of the
power plant building complex. The site-specific
parameters included exclusion area radius (585
meters), meteorological data for 1 full year col-
lected at the site meteorological tower, the site re-
gion population distribution based on the 1980
census data, topography (fraction of the area that
is land—the remaining fraction is assumed to be
water), land use, agricultural practice and produc-
tivity, and other economic data for up to 1,000
miles from the Sequoyah plant.

5. Sequoyah Plant Results

The consequence estimates displayed in these fig-
ures have incorporated the benefits of the follow-
ing protective measures: (1) evacuation of 99.5
percent of the population within the 10-mile
plume exposure pathway emergency planning
zone (EPZ), (2) early relocation of the remaining
population only from the heavily contaminated ar-
eas both within and outside the 10-mile EPZ, and
(3) decontamination, temporary interdiction, or
condemnation of land, property, and foods con-
taminated above acceptable levels.

The population density within the Sequoyah
10-mile EPZ is about 120 persons per square
mile. The average delay time before evacuation
(after a warning prior to radionuclide release)
from the 10-mile EPZ and average effective
evacuation speed used in the analyses were de- .
rived from information contained in a utility-
sponsored Sequoyah evacuation time estimate
study (Ref. 5.5) and the NRC requirements for
emergency planning.

The results displayed in Figure 5.8 are discussed
in Chapter 11.

5.6 Public Risk Estimates

5.6.1 Results of Public Risk Estimates

A detailed description of the results of the Se-
quoyah risk is provided in Reference 5.2. For this
summary report, results are provided for the fol-
lowing measures of public risk:

®  Early fatality risk,

® Latent cancer fatality risk,

®  Population dose within 50 miles of the site,
®  Population dose within the entire site region,

¢ Individual early fatality risk in the population
within 1 mile of the Sequoyah boundary, and

® Individual latent cancer fatality risk in the
population within 10 miles of the Sequoyah
site.

The first four of the above measures are com-
monly used measures in nuclear power plant risk
studies. The last two are those used to compare
with the NRC safety goals (Ref. 5.6).

The results of Sequoyah risk analysis using the
above measures are shown in Figures 5.9 through
5.11. The figures display the variabilities in mean
risks estimated from the meteorology-averaged
mean values of the consequence measures. The
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Figure 5.9 Early and latent cancer fatality risks at Sequoyah (internal initiators).
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Figure 5.11 Individual early and latent cancer fatality risks at Sequoyah (internal initiators).
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5. Sequoyah Plant Results

early and latent cancer fatality risks, while quite
low in absolute value, are higher than those from
the Surry plant analysis (see Chapter 3). Other
risk measure estimates are slightly higher than the
Surry estimates. The individual early fatality and
latent cancer fatality risks are well below the NRC
safety goals. Detailed comparisons of results are
provided in Chapter 12.

The risk results shown in Figure 5.9 have been
analyzed to identify the relative contributions to
mean risk of plant damage states and accident
progression bins. These results are presented in
Figures 5.12 and 5.13. As may be seen, the domi-
nant contributor of early fatality risk is the bypass
accident group, and particularly the interfacing-
system LOCA (the V sequence); whereas the larg-
est contributions to the latent cancer fatality risk
came from the station blackout and bypass acci-
dent groups. For early fatality risk, the dominant
contributor to risk is from accident sequences
where the containment is bypassed, whereas, for
latent cancer fatality risk, major accident progres-
sion bin contributors are bypass accidents and
early containment failures. The accident progres-
sion bin involving accidents with no vessel breach
appears as a contributor to early and latent cancer
fatality risks. This bin possesses- risk potential be-
cause of early containment failure due to hydro-
gen events from loss of offsite power in which ac
power is recovered and breach is arrested and also
from accidents involving steam generator tube
rupture in which vessel breach is arrested.

NUREG-1150
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5.6.2 Important Plant Characteristics (Risk)

Sequoyah risk analysis indicates that bypass se-
quences dominate early fatality risk. Timing is a
key factor in this sequence in relation to evacu-
ation. The release characteristics also contribute
to the large effect of early fatalities because of the
large magnitude of unmitigated source terms and
the low energy of the first release. The low energy
plume is not lofted over the evacuees but is held
low to the ground after release. Another class of
accidents that is important to early fatality risk is
station blackout. It is the early containment fail-
ure (that is, failure of containment at and before
vessel breach) associated with this accident class
that contributes to early fatality risk.

An interfacing-system LOCA at Sequoyah will dis-
charge into the auxiliary building where decon-
tamination by automatically activated fire sprays is
likely. Neither the probability of actuation nor the
decontamination factor has been well established.
The effects of an interfacing-system LOCA could
either be higher or lower than those that have
been calculated in this study.

Approximately equal contributions to latent can-
cer fatality risk come from station blackout and
bypass. The bypass sequences contribute because
of the large source terms and the bypass of any
mitigating systems. The only other major contribu-
tion to latent cancer fatality comes from the
LOCA sequences, mainly due to containment fail-
ures at vessel breach with high (> 200 psia) reac-
tor coolant system pressure.

OAGI0000611 00139



5. Sequoyah Plant Results

SEQUOYAH EARLY FATALITY SEQUOYAH LATENT CANCER FATALITY-

MEAN » 2.8E-6/RY . MEAN « 1.4E-2/RY

Plant Damage States 5

1 880

2. ATWS

S. TRANSIENTS
4. LOCA

6. QYPABS

Figure 5.12 Major contributors (plant damage states) to mean early and latent cancer
fatality risks at Sequoyah (internal initiators). .
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Figure 5.13 Major contributors (accident progression bin_s) to mean early and latent
cancer fatality risks at Sequoyah (internal initiators).
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6. GRAND GULF PLANT RESULTS

6.1 Summary Design Information

“The Grand Gulf Nuclear Station is a General
Electric boiling water reactor (BWR-6) unit of
1250 MWe capacity housed in a Mark III con-
tainment. Grand Gulf Unit 1, constructed by Be-
chtel Corporation, began commercial operation in
July 1985 and is operated by Entergy Operations.
Some important design features of the Grand Gulf
plant are described in Table 6.1. A general plant
schematic is provided in Figure 6.1.

This chapter provides a summary of the results
obtained in the detailed risk analyses underlying
this report (Refs. 6.1 and 6.2). A discussion of
perspectives with respect to these results is pro-
vided in Chapters 8 through 12.

6.2 Core Damage Frequency Estimates

6.2.1 Summary of Core Damage Frequency
Estimates

The core damage frequency and risk analyses per-
formed for this study considered accidents initi-
ated only by internal events (Ref. 6.1). The core
damage frequency results obtained are provided
in tabular form in Table 6.2 and in graphical
form, displayed as a histogram, in Figure 6.2.

(Section 2.2.2 discusses histogram development.)

This study calculated a total median core damage
frequency from internal events of 1.2E-6 per
year.

The Grand Gulf plant was previously analyzed in
the Reactor Safety Study Methodology Applica-
tions Program (RSSMAP) (Ref. 6.3). A point es-
timate core damage frequency of 3.6E-5 from in-

ternal events was calculated in that study. A point

estimate core damage frequency of 2.1E-6 was
calculated in this analysis for purposes of compari-
son. A point estimate is calculated from the sum

of all the cut-set frequencies, where each of the

cut-set frequencies is the product of the point esti-
mates (usually means) of the events in the cut
sets.

6.2.1.1 Internally Initiated Accident
Sequences

A detailed description of accident sequences im-
portant at the Grand Gulf plant is provided in Ref-
erence 6.1. For this report, the accident se-
quences described in that reference have been di-

vided into two summary plant damage states.
These are:

® Station blackout, and

& Anticipated transients  without scram

(ATWS).

The relative contributions of these groups to mean
internal-event core damage frequency at Grand
Gulf are shown in Figure 6.3. It may be seen that
station blackout accident sequences as a class are
the largest contributors to core damage frequency.
It should be noted that the plant configuration as
analyzed does not reflect the implementation of
the station blackout rule.

Within the general class of station blackout acci-
dents, the more probable combinations of failures
leading to core damage are:

® Loss of offsite power occurs followed by the
successful cycling of the safety relief valves
(SRVs). Onsite ac power fails because all
three diesel generators fail to start and run as
a result of either hardware or common-cause
faults. The loss of all ac power (i.e., station
blackout) results in the loss of all core cooling
systems (except for the reactor core isolation
cooling (RCIC) system) and all containment
heat removal systems. The RCIC system,
which is ac independent, independently fails
to start and run. All core cooling is lost, and
core damage occurs in approximately 1 hour
after offsite power is lost.

® Station blackout accident that is similar to the
one described above except that one SRV
fails to reclose and sticks open. Core damage
occurs in approximately 1 hour after offsite
power is lost.

In addition to these two short-term accident sce-
narios, this study also considered long-term sta-
tion blackout accidents. In these accidents, loss of
offsite power occurs and all three diesel genera-
tors fail to start or run. The safety relief valves
cycle successfully and RCIC starts and maintains
proper coolant level within the reactor vessel.
However, ac power is not restored in these long-
term scenarios, and RCIC eventually fails because
of high turbine exhaust pressure, battery deple-
tion, or other long-term effects. Core damage oc-
curs approximately 12 hours after offsite power is
lost.

NUREG-1150
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6. Grand Gulf Plant Results

Table 6.1 Summary of design features: Grand Gulf Unit 1.

1. Coolant Injection Systems a. High-pressure core spray (HPCS) system provides coolant
to reactor vessel during accidents in which system pressure
remains high or low, with 1 train and 1 MDP.*

b. Reactor core isolation cooling system provides coolant to
the reactor vessel during accidents in which system pres-
sure remains high, with 1 train and 1 TDP.*

¢. Low-pressure core spray system provides coolant to the
reactor vessel during accidents in which vessel pressure is
low, with 1 train and 1 MDP.*

d. Low-pressure coolant injection system provides coolant to
the reactor vessel during accidents in which vessel pressure
is low, with 3 trains and 3 pumps.

e. Standby service water crosstie system provides coolant
makeup source to the reactor vessel during accidents in
which normal sources of emergency injection have failed,
with 1 train and 1 pump (for crosstie).

f.  Firewater system is used as a last resort source of low-
pressure coolant injection to the reactor vessel, with 3
trains, 1 MDP,* 2 diesel-driven pumps.

g. Control rod drive system provides backup source of high-
pressure injection, with 2 pumps/238 gpm (total)/1103
psia.

h. Automatic depressurization system (ADS) depressurizes the
reactor vessel to a pressure at which the low-pressure in-
jection systems can inject coolant to the reactor vessel,
with 8 relief valves/capacity of 900,000 Ib/hr. In addition,
there are 12 non-ADS relief valves.

i.  Condensate system used as a backup injection source.

2. Heat Removal Systems a. Residual heat removal/suppression pool cooling system
removes decay heat from the suppression pool during
accidents, with 2 trains and 2 pumps.

b. Residual heat removal/shutdown cooling system removes
decay heat during accidents in which reactor vessel integ-
rity is maintained and reactor is at low pressure, with 2
trains and 2 pumps.

¢. Residual heat removal/containment spray system suppresses
pressure in the containment during accidents, with 2 trains

and 2 pumps.
3. Reactivity Control Systems a. Control rods.
b. Standby liquid control system, with 2 parallel positive dis-
placement pumps rated at 43 gpm per pump.
*TDP -Turbine-Driven Pump
MDP ~ Motor-Driven Pump
NUREG-1150 6~2
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6. Grand Gulf Plant Results

Table 6.1 (Continued)

4. Key Support Systems

o

dc power with 12-hour station batteries.
Emergency ac power, with 2 diesel generators and third

diesel generator dedicated to HPCS but with crossties.

c. Suppression pool makeup system provides water from the
upper containment pool to the suppression pool following a
LOCA.

d. Standby service water provides cooling water to safety sys-
tems and components.

5. Containment Structure a. BWR Mark IIIL
b. 1.67 million cubic feet.
c. 15 psig design pressure.
6. Containment Systems a. Containment venting is used when suppression pool cooling

and containment sprays have failed to reduce primary con-
tainment pressure.

b. Hydrogen igniter system prevents the buildup of large
quantities of hydrogen inside the containment during acci-
dent conditions.

Within the general class of ATWS accidents, the
most probable combination of failures leading to
core damage is:

® Transient initiating event occurs followed by a
failure to trip the reactor because of mechani-
cal faults in the reactor protection system
(RPS). The standby liquid control system
(SLCS) is not actuated and the high-pressure
core spray (HPCS) system fails to start and
run because of random hardware faults. The
reactor is not depressurized and therefore the
low-pressure core cooling system cannot in-
ject. All core cooling is lost; core damage oc-
curs in approximately 20 to 30 minutes after
the transient initiating event occurs.

6.2.2 Important Plant Characteristics (Core
Damage Frequency)

Characteristics of the Grand Gulf plant design and
operation that have been found to be important in
the analysis of core damage frequency include:

1. Firewater System as Source of Coolant
Makeup

The firewater system as a core coolant injec-
tion system can be used as a backup (last re-

6-3

sort) source of low-pressure coolant injection
to the reactor vessel. The system has two die-
sel-driven pumps, making it operational under
station. blackout conditions as long as dc
power is available. The potential use of this
system is estimated to reduce the total core
damage frequency by approximately a factor
of 1.5.

The reason for the relatively small impact on
the total core damage frequency is twofold.
The firewater systermn is a low-pressure system;
the reactor pressure must be maintained be-
low approximately 125 psia for firewater to be
able to inject. If an accident occurs in which
core cooling is immediately lost, the core be-
comes uncovered in less time than that re-
quired to align and activate the firewater sys-
tem. If core cooling is provided and then lost
in the long term (e.g., at approximately
greater than 4 hours after the start of the acci-
dent), firewater can provide sufficient
makeup to prevent core damage. However,
the dominant sequences at Grand Gulf are ac-
cidents where core cooling is lost immediately.

NUREG-1150
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6. Grand Gulf Plant Results

Table 6.2 Summary of core damage frequency results: Grand Gulf.*

5% Median Mean 95%
Internal Events ’ 1.7E-7 1.2E-6 4.0E-6 1.2E~5
ATWS 8.5E-10 1.9E-8 1.1E-7 5.1E-7
Station Blackout 1.3E-7 1.1E-6 3.9E-6 1.1E-5

*As discussed in Reference 6.4, core damage frequencies below 1E~5 per reactor year should be
viewed with caution because of the remaining uncertainties in PRA (e.g., events not considered).

Core Damage Frequency (per RY)

1.0E-04 ¢
1.0E-05 96th — %
E Mean — 1
- l I
Medi 3
1.0E-06 E eclan T
- T
B 6th —— é
1.0E-07 £
N
1.0E-08

Number of LHS samples

Note: As discussed in Reference 6.4, core damage frequencies below 1E-5 per reac-
tor year should be viewed with caution because of the remaining uncertainties
in PRA (e.g., events not considered).

" Figure 6.2 Internal core damage frequency results at Grand Gulf.
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Total Mean Core Damage Frequency: 4.0E-6

Figure 6.3 Contributors to mean core damage frequency from internal events at Grand Gulf.

High-Pressure Core Spray (HPCS) Sysi:em

The HPCS system consists of a single train
with motor-operated valves and a motor-
driven pump and provides coolant to the reac-
tor vessel during accidents in which pressure is
either high or low. The bearings and seals of
the HPCS pump are cooled by the pumped
fluid. If the temperature of this water exceeds
design limits, the potential exists for the HPCS
pump to fail. The bearings are designed to op-
erate for no more than 24 hours at a tempera-
ture of 350°F. The peak temperature
achieved in any of the accidents analyzed is
approximately 325°F. Even if the seals were
to experience some leakage, the resultant
HPCS room environment would not adversely
affect the operability of the pump. The avail-
ability of an HPCS system with such design
characteristics is estimated to reduce the core
damage frequency by approximately a factor
of 7. The HPCS is powered by a dedicated
diesel generator when required so that this
system is truly an independent system.

NUREG-1150

.. Capability of Pumps to Operate with

Saturated Water

The emergency core cooling pumps that de-
pend on the pressure-suppression pool as their
water source during accident conditions have
been designed to pump saturated water. Thus,
if the pool becomes saturated because of con-
tainment venting or containment failure, the
core cooling systems are not lost but can con-
tinue to cool the reactor core.

Redundancy and Diversity of Water Sup-
ply Systems

At Grand Gulf, there are many redundant
and diverse systems to provide water to the
reactor vessel. They include:

HPCS with 1 pump;

Reactor core isolation cooling (RCIC) with 1
pump;

Control rod drive (CRD) with 2 pumps (both
are required for core cooling);
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Condensate with 3 pumps;

Low-pressure core spray (LPCS) with 1
pump;

Low-pressure coolant injection (LPCI) with 3
pumps;

Standby service water (SSW) crosstie with 1
pump; and

Firewater system with 3 pumps.

Because of the redundancy of systems for
LOCAs and transients, core cooling loss as a
result of independent random failures is of
low probability. However, in a station black-
out, except for RCIC and firewater, the core
cooling systems are lost with a probability of
unity because they require ac power.

Redundancy and Diversity of Heat
Removal Systems

At Grand Gulf there are several diverse
means for heat removal. These systems are:

Main steam/feedwater system with 3 trains;

Suppression pool cooling mode of residual
heat removal (RHR) with 2 trains;

Shutdown cooling mode of RHR with 2 trains;

Containment spray system mode of RHR with
2 trains; and

Containment venting with 1 train.

Although the various modes of RHR have
common equipment (e.g., pumps), there is
still enough redundancy and diversity that, for
non-station-blackout accidents, independent
random failures again are small contributors
to the core damage frequency.

Automatic and Manual Depressurization
System -

The automatic depressurization system (ADS)
is designed to depressurize the reactor vessel
to a pressure at which the low-pressure injec-
tion systems can inject coolant to the reactor
vessel. The ADS consists of eight safety relief
valves capable of being manually opened. The
operator may manually initiate the ADS or
may depressurize the reactor vessel, using the
12 relief valves that are not connected to the
ADS logic. The ADS valves are located inside
the containment.

6-7
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6.2.3 Important Operator Actions

The emergency operating procedures (EOPs) at
Grand Gulf direct the operator to perform certain
actions depending on the plant conditions or
symptoms (e.g., reactor vessel level below the top
of active fuel). Different accident sequences can
have similar symptoms and therefore the same
“recovery” actions. Operator actions that are im-
portant include the following:

® Actuate core cooling

In an accident where feedwater is lost {which
includes condensate}, the reactor water level
starts to decrease. When Level 2 (-41.6
inches) is reached, high-pressure core spray

. (HPCS) and reactor core isolation cooling
{RCIC) should be automatically actuated. If
Level 1 (-~150.3 inches) is reached, the ADS
should occur with automatic actuation of the
low-pressure core spray (LPCS) and low-
pressure coolant injection (LPCI). If the reac-
tor level sensors are miscalibrated, these sys-
tems will not automatically actuate. The op-
erator has many other indications to deter-
mine both the reactor water level and the fact
that core coolant makeup is not occurring.

~ Manual actuation of these systems is required
if such failures occur in order to prevent core
damage.

¢ Establish containment heat removal

Besides core cooling, the operator must also
establish containment heat removal (CHR). If
an accident occurs, the EOPs direct the op-
erator to initiate the suppression pool cooling
mode of RHR when the suppression tempera-
ture reaches 95°F. The operator closes the
LPCI valves and the heat exchanger bypass
valves and opens the suppression pool dis-
charge valves. He also ensures that the proper
service water system train is operating. With
suppression pool cooling (SPC) functioning,
CHR is being performed. If system faults pre-
clude the use of SPC, the operator has other
means to provide CHR. He can actuate other
modes of RHR such as shutdown cooling or
containment spray, or the operator can vent
the containment to remove the energy.

e Establish room cooling through natural circu-
lation

The heating, ventilating, and air conditioning
(HVAC) system provides room cooling sup-

port to a variety of systems. If HVAC is lost,
design limits can be exceeded and equipment

NUREG-1150
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6. Grand Gulf Plant Results

(i.e., pumps) can fail. If these conditions oc-
cur, the operator can open doors to certain
rooms and establish a natural circulation/ven-
tilation that prevents the room temperature
from exceeding the design limits of the equip-
ment.

For station blackout accidents, there are certain
actions that can be performed by the operating
crew as follows:

Crosstie division 1 or 2 loads to HPCS diesel
generator

In a station blackout where the HPCS diesel
generator is available, the operator can
choose to crosstie this diesel to one of the
other divisions. The operator might choose
this option when (1) the HPCS system fails
and core cooling is required, or (2) in the
long term (e.g., longer than 8 hours) contain-
ment heat removal is required to prevent con-
tainment failure. If the operator chooses to
crosstie, the operator must shed all the loads
from the HPCS diesel and then open and
close certain breakers. He can then load cer-
tain systems from either division I or from di-
vision 2.

Align firewater

In an accident, particularly station blackout,
where core cooling was initially available (for
approximately 4 hours) and then lost, the
firewater system can provide adequate core
cooling. The operator must align the firewater
hoses to the proper injection lines {described
in the procedure) and then open the injection
valves.

Depressurize reactor via RCIC steam line

In a station blackout, the diesel generators
have failed and only dc power is available (in
certain sequences). If core cooling is being
provided with firewater, then the reactor
must remain at low pressure, which requires
that at least one safety relief valve (SRV) must
remain open. For the SRV to remain open,
dc power is required. However, without the
diesel generator recharging the battery, the
battery will eventually deplete, the SRV will
close, and the reactor will repressurize, which
causes the loss of the firewater. The operator
can maintain the reactor pressure low by
opening the valves on the RCIC steam line.
This provides a vent path from the reactor to
the suppression pool.

NUREG-1150

® Recovering ac power

Station blackout is caused by the loss of all ac
power, both offsite and onsite power. Restor-
ing offsite power or repairing the diesel gen-
erators was included in the analysis. The
quantification of these human failure events
was derived from historical data (i.e., actual
time required to perform these repairs) and
not by performing human reliability analysis
on these events.

Transients where reactor trip does not occur (.e.,
ATWS) involve accident sequences where the
phenomena are more complex. The operator ac-
tions were evaluated in more detail (Ref. 6.5)
than for the regular transient-initiated accident.
These actions include the following:

® Manual scram -

A transient occurs that demands the reactor
to be tripped, but the reactor protection sys-
tem (RPS) fails because of electrical faults.
The operator can then manually trip the reac-
tor by first rotating the collar on proper scram
buttons and then depressing the buttons, or
he can put the reactor mode switch in the
“shutdown” position.

® Insert rods manually

If the electrical faults fail both the RPS and
the manual trip, the operator can manually in-
sert the control rods one a time.

® Actuate standby liquid control (SLC) system

With the reactor not tripped, reactor power
remains high; the reactor core is not at decay
heat levels. This can present problems since
the containment heat removal systems are
only designed to decay heat removal capacity.
However, the SLC system (manually actu-
ated) injects sodium pentaborate that reduces
reactor power to decay heat levels. The EOPs
direct the operator to actuate SLC if the reac-
tor power is above 4 percent and before the
suppression pool temperature reaches 110°F.
The operator obtains the SLC keys (one per
pump) from the shift supervisor’s desk, inserts
the keys into the switches, and turns both to
the “on” position.

e Inhibit automatic depressurization system
(ADS)

In an ATWS condition, the operator is di-
rected to inhibit the ADS if he has actuated
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SLC. The operator must put both ADS
switches (key locked) in the inhibit mode.

Manually depressurize reactor

If HPCS fails, inadequate high-pressure core
cooling occurs. When Level 1 is reached,
ADS will not occur because the ADS was
inhibited, and the operator must manually
depressurize so that low-pressure core cooling
can inject. The operator can either press the
ADS button (which overrides the inhibit) or
manually open one SRV at a time.

6.2.4 Important Individual Events and
Uncertainties (Core Damage
Frequency)

As discussed in Chapter 2, the process of develop-
ing a probabilistic model of a nuclear power plant
involves the combination of many individual
events (initiators, hardware failures, operator er-
rors, etc.) into accident sequences and eventually
into an estimate of the total frequency of core
damage. After development, such a model can
also be used to assess the importance of the indi-
vidual events. The detailed studies underlying this
report have been analyzed using several event im-
portance measures. The results of the analyses us-
ing two measures, “risk reduction” and “uncer-
tainty” importance, are summarized below.

® Risk (core damage frequency) reduction im-
portance measure (internal events)

The risk-reduction importance measure is
used to assess the change in core damage fre-
quency as a result of setting the probability of

an individual event to zero. Using this meas- -

ure, the following individual events were
found to cause the greatest reduction in core
damage frequency if their probabilities were
set to zero. '

Loss of offsite power initiating event.
The core damage frequency would be
reduced by approximately 92 percent.

Failure to restore offsite power in 1
hour. The core damage frequency would
be reduced by approximately 70 per-
cent.

Failure of the RCIC turbine-driven
pump to run. The core damage fre-
quency would be reduced by approxi-
mately 48 percent.

6-9
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Failure to repair hardware faults of die-
sel generator in 1 hour. The core dam-
age frequency would be reduced by ap-
proximately 46 percent.

Failure of a diesel generator to start.
The core damage frequency would be
reduced by approximately 23 to 32 per-
cent, depending on the diesel generator.

Common-cause failure of the vital bat-
teries. The core damage frequency
would be reduced by approximately 20
percent.

Uncertainty importance measure (internal
events)

A second importance measure used to evalu-
ate the core damage frequency analysis results
is the uncertainty importance measure. For
this measure, the relative contribution of the
uncertainty of individual events to the uncer-
tainty in total core damage frequency is calcu-
lated. Using this measure, the following events
were found to be most important:

Loss of offsite power;

Failure of the diesel generators to run,
given start;

Individual and common-cause failure of
the diesel generators to start;

Standby service water motor-operated
valves (MOVs) fail to open; and

High-pressure core spray and RCIC
MOVs fail to function.

6.3 Containment Performance Analysis

6.3.1 Results of Containment Performance
Analysis

The Grand Gulf pressure-suppression contain-
ment design is of the Mark III type in which the
reactor vessel, reactor coolant circulating loops,
and other branch connections to the reactor cool-
ant system are housed within the drywell struc-
ture. The drywell structure in turn is completely
contained within an outer containment structure
with the two volumes communicating through the
water-filled vapor suppression pool. The outer
containment building is a steel-lined reinforced
concrete structure with a volume of 1.67 million
cubic feet that is designed for a peak pressure of
15 psig resulting from a reactor coolant system
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6. Grand Gulf Plant Results

loss-of-coolant accident. For this same design ba-
sis accident, the inner concrete drywell structure
is designed for a peak pressure of 30 psig. The
mean failure pressure for Grand Gulf’s contain-
ment structure has been estimated to be 55 psig.
This estimated containment failure pressure for
Grand Gulf is much lower than the Peach Bottom
Mark I estimated failure pressure of 148 psig;
however, Grand Gulf's free volume is several
times larger. The availability of Grand Gulf’s large
volume removed the design basis need to inert the
containment against failure from hydrogen com-
bustion following design basis accidents; however,
subsequent severe accident considerations after
the TMI accident resulted in the installation of
hydrogen igniters. For the severe accident se-
quences developed in this analysis, hydrogen com-
bustion remains the major threat to Grand Gulf’s
containment integrity (in the station blackout ac-
cidents dominating the frequency of core damage,
igniters are not operable). Similar to other con-
tainment design analyses, the estimate of where
and when Grand Gulf’s containment system will
fail relied heavily on the use of expert judgment to
interpret the limited data available.

The potential for early containment and/or
drywell failure for Grand Gulf as compared to
Peach Bottom’s Mark I suppression-type contain-
ment involves significantly different considera-
tions. Of particular significance with regard to the
potential for large radioactive releases from Grand
Gulf is the prediction of the combined probabili-
ties of simultaneous early containment and drywell
failures, which in turn produce a direct radioac-
tive release path to the environment. The results
of these analyses for Grand Gulf are shown in Fig-
ures 6.4 and 6.5. Figure 6.4 displays information
in which the eight conditional probabilities of con-
tainment-related accident progression bins; e.g.,
VB-early CF-no SPB, are presented for each of
four plant damage states, e.g., ATWS. This infor-
mation indicates that, on a plant damage state fre-
quency-weighted average® for internally initiated
events, there are mean conditional probabilities of
(1) 0.23 that the integrity of the drywell and the
outer containment will be sufficiently affected that
substantial bypass of the suppression pool will oc-
cur; (2) 0.24 for early containment failure with no
bypass of the suppression pool pathway from the
drywell; (3) 0.12 for late containment failure with
pool bypass; (4) 0.23 for late containment failure

*Each value in the column in Figure 6.4 labeled “All” is a
frequency-weighted average obtained by summing the
products of individual accident progression bin condi-
tional probabilities for each plant damage state and the
ratio of the frequency of that plant damage state to the
total core damage frequency.
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but no pool bypass; and (5) 0.09 for no contain-
ment failure.

Further examination of these data, broken down
on the basis of the timing of reactor vessel breach
and the nature of the containment threat, indi-
cate: (1) prior to reactor vessel breach, hydrogen
combustion and slow steam overpressurization ef-
fects lead to frequency-weighted mean conditional
probabilities of containment failure of 0.20 and
0.05, respectively; (2) at reactor vessel breach,
hydrogen combustion effects lead to a 0.24 condi-.
tional mean probability of containment failure;
(3) prior to reactor vessel breach, hydrogen com-
bustion effects lead to 0.12 conditional mean
probability of drywell failure; (4) at reactor vessel
breach, steam explosion and direct containment

" heating effects can lead to pedestal failures and a

0.16 conditional mean probability of drywell fail-
ure from both pedestal and overpressure effects;
and (5) dynamic loads from hydrogen detonations
have a small effect on the structural integrity of
either the containment or the drywell.

Figure 6.5 further displays plots of Grand Gulf’s
conditional probability distribution for each plant
damage state, thereby providing the estimated
range of uncertainties in the outer containment

- failure predictions. The important conclusions

that can be drawn from the information are (1)
there is a relatively high mean conditional prob-
ability of early containment failure with a large by-
pass of the suppression pool’s scrubbing effects,

“i.e., 0.23; (2) there is a high mean probability of

early containment failure, i.e., 0.48; and (3) the
principal threat to the combined efficacy of the
Mark III containment and drywell is hydrogen
combustion effects.

Additional discussions on containment perform-
ance (for all studied plants) are provided in Chap-
ter 9.

6.3.2 Important Plant Characteristics
(Containment Performance)

Characteristics of the Grand Gulf design and op-
eration that are important during core damage ac-
cidents include:

1. Drywell-Wetwell Configuration

With the reactor vessel located inside the
drywell, which in turn is completely sur-
rounded by the outer containment building,
there needs to be a combination of failures in
both structures to provide a direct release
path to the environment that bypasses the
suppression pool, e.g., hydrogen combustion
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SUMMARY SUMMARY PDS GROUP

ACCIDENT (Mean Core Damage Frequency)

PROGRESSION

BIN GROUP STSB LTSB ATWS Transients
(3.85E-06) (1.04E-07) (1.12E-07) (1.87E-0B) 4. ogn—os)

VB, eariy CF, ] 0.168 0.292 l 0.006 0.011 :] 0.158

early SPB, no CS

VB, early CF, 0.031 0.017 0.237 0.202 0.049

early SPB, CS

VB, early CF, 0.006 0.005 0.003 0.003 0.007

late SPB ‘

VB, early CF, 0.182 0.531 0.50% 0.331 0.218

no SPB

VB, late CF :l 0.308 ] 0.129 ] 0.074 ] 0.232 :I 0.284

VB, venting 0.032 0.003 ] 0.108 C.075 0.038

VB, Ne CF ] 0.053 0.003 0.036 0.002 } 0.050

No VB ] 0.201 0.015 0.025 ] 0.050 ] 0.180

6. Grand Gulf Plant Results

CF = Containment Failure

CS = Containment Sprays

CV = Containment Venting
SPB = Suppression Pool Bypass
VB = Vessel Breach

-Figure 6.4 Conditional probability of accident progression bins at Grand Guif.

impairing the function of both the drywell and
containment.

Containment Volume

The Grand Guif containment volume is much
larger than that of a Mark 1 containment and
as such can accommodate significant quanti-

6-11

ties of noncombustible gases before failure
even though its estimated failure pressure is
less than half that of a Mark I containment.
Its low design pressure, however, makes it sus-
ceptible to failure from hydrogen combustion
effects in those cases where the igniters are
not working.
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6. Grand Gulf Plant Results
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Figure 6.5 Conditional probability distributions for early containment failure at Grand Guif.

Hydrogen Ignition System

The Grand Gulf containment hydrogen igni-
tion system is capable of maintaining the con-
centration of hydrogen from severe accidents
in manageable proportions for many severe
accidents. However, for station blackout acci-
dent sequences, the igniter system is not oper-
able. When power is restored, the ignition sys-
tem will be initiated; potentially the contain-
ment has high hydrogen concentrations. Some
potential then exists for a deflagration causing
simultaneous failures of both the containment
building and the drywell structure.

NUREG-1150

4. Containment Spray System

The Grand Gulf containment spray system has
the capability to condense steam and reduce
the amount of radioactive material released to
the environment for specific accident se-
quences. However, for some sequences, i.e.,
loss of ac power, its eventual initiation upon
power recovery and that of the hydrogen igni-
tion system could result in subsequent hydro-
gen combustion that has some potential to fail
the containment and drywell.
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6.4 Source Term Analysis

6.4.1 Results of Source Term Analysis

A key difference between the Peach Bottom
(Mark I) design and Grand Gulf (Mark HI) de-
sign is the wetwell/drywell configuration. If the
drywell remains intact in the accident and the
mode of containment failure does not result in
loss of the suppression pool, leakage to the envi-
ronment must pass through the pocl and be sub-
ject to decontamination.

Figures 6.6 and 6.7 illustrate the effect of drywell
integrity in mitigating the environmental release of
radionuclides for early containment failure. In
Figure 6.6, both the drywell and the containment
fail early and sprays are not available. The median
release for the volatile radionuclides is approxi-
mately 10 percent, indicative of a large release with
the potential for causing early fatalities. For the early
containment failure accident progression bin with the
drywell intact, as illustrated in Figure 6.7, the envi-
ronmental source terms are reduced, since the flow
of gases escaping the containment after vessel breach
must also pass through the suppression pool before
being released to the environment.

Additional discussion on source term perspectives
(for all studied plants) is provided in Chapter 10.

6.4.2 Important Plant Characteristics
(Source Term)

1. Suppression Pool

The pressure-suppression pool at Grand Gulf
provides the potential for substantial mitiga-
tion of the source terms in severe accidents.
Since transient-initiated accidents represent a
large contribution to core damage frequency,
the in-vessel release of radionuclides is almost
always subject to pool decontamination. Only
a fraction of such accident sequences (in
which a vacuum breaker sticks open in a
safety relief valve discharge line) releases
radionuclides directly to the drywell in this
phase of the accident. The pool decontamina-
tion factors used for the Grand Gulf design for
the in-vessel release range from 1.1 to 4000,
with a median of 60. For the ex-vessel release
component, the pool is less effective. The de-
contamination factors range from 1 to 90 with
a median of 7.

2. Wetwell-Drywell Configuration

If the drywell remains intact in a severe acci-
dent at Grand Gulf, the radionuclide release

6. Grand Gulf Plant Results

would be forced to pass through the suppres-
sion pool and the source term would be sub-
stantially mitigated. However, the likelihood
of drywell failure is estimated to be quite sig-
nificant, such that early failure with suppres-
sion pool bypass occurs approximately one-
quarter of the time if core melting and vessel
breach occur.

3. Pedestal Flooding

‘The pedestal region communicates with the
drywell region through drains in the drywell
floor. The amount of water in the pedestal re-
gion depends on whether the upper water
pool has been dumped into the suppression
pool, on the quantity of condensate storage
that has been injected into the containment,
and on the transient pressurization of the con-
tainment building resulting from hydrogen
burns. The effect of water in the pedestal is
either to result in debris coolability or to miti-
gate the source term to containment of the
radionuclides released during core-concrete
interaction. Water in the pedestal does, how-
ever, also introduce some potential for a
steam explosion that can damage the drywell.

4. Containment Sprays

Containment sprays can have a mitigating ef-
fect on the release of radionuclides under
conditions in which both the containment and
drywell have failed. In other accident scenar-
ios in which the in-vessel and ex-vessel re-
leases must pass through the suppression pool
before reaching the outer containment region,
sprays are not nearly as important. This is, in
part, because the source term has already
been reduced and, in part, because the de-
contamination factors for suppression pools
and containment sprays are not multiplicative
since they selectively remove similar-sized
aerosols.

6.5 Offsite Consequence Results

Figure 6.8 displays the frequency distributions in
the form of graphical plots of the complementary
cumulative distribution functions (CCDFs) of four
offsite consequence measures—early fatalities, la-
tent cancer fatalities, and the 50-mile and the en-
tire site region population exposures (in person-
rems). These CCDFs include contributions from
all source terms associated with reactor accidents
caused by internal initiating events. Four CCDFs,
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Figure 6.8 Frequency distributions of offsite consequence measures at Grand Gulf (internal initiators).
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namely, the 5th percentile, 50th percentile (me-
dian), 95th percentile, and the mean CCDFs, are
shown for each consequence measure.

Grand Gulf plant-specific and site-specific pa-
rameters were used in the consequence analyis for
these CCDFs. The plant-specific parameters in-
cluded source terms and their frequencies, the li-
censed thermal power (3833 MWt) of the reactor,
and the approximate physical dimensions of the
power plant building complex. The site-specific
parameters included exclusion area radius (696
meters), meteorological data for 1 full year col-
lected at the meteorological tower, the site region
population distribution based on the 1980 census
data, topography (fraction of the area that is
land—the remaining fraction is assumed to be
water), land use, agricultural practice and produc-
tivity, and other economic data for up to 1,000
miles from the Grand Gulf plant.

The consequence estimates displayed in these fig-
ures have incorporated the benefits of the’ follow-
ing protective measures: (1) evacuation of 99.5
percent of the population within the 10-mile
plume exposure pathway emergency planning
zone (EPZ), (2) early relocation of the remaining
population only from the heavily contaminated ar-
eas both within and outside the 10-mile EPZ, and
(3) decontamination, temporary interdiction, or
condemnation of land, property, and foods con-
taminated above acceptable levels.

The population density within the Grand Gulf 10-
mile EPZ is about 30 persons per square mile.
The average delay time before evacuation (after a
warning prior to radionuclide release) from the
10-mile EPZ and average effective evacuation
speed used in the analyses were derived from in-
formation contained in a utility-sponsored Grand
Gulf evacuation time estimate study (Ref. 6.6)
and the NRC requirements for emergency plan-
ning.

The results displayed in Figure 6.8 are discussed
in Chapter 11.

6.6 Public Risk Estimates

6.6.1 Results of Public Risk Estimates

A detailed description of the results of the Grand
Gulf risk analysis is provided in Reference 6.2.
For this summary report, results are provided for
the following measures of public risk:

® Early fatality risk,

6. Grand Gulf Plant Results

® Latent cancer fatality risk,
® Population dose within 50 miles of the site,
e Population dose within the entire site region,

e Individual early fatality risk in the population
within 1 mile of the Grand Gulf exclusion area
boundary, and

® Individual latent cancer fatality risk in the
population within 10 miles of the Grand Gulf
site.

The first four of the above measures are com-
monly used measures in nuclear power plant risk
studies. The last two are those used to compare
with the NRC safety goals (Ref. 6.7).

The results of the Grand Gulf risk studies using
the above measures are shown in Figures 6.9
through 6.11. The figures display the variabilities
in mean risks estimated from meteorology-aver-
aged conditional mean values of the consequence
measures. In comparison to the risks from the
other plants in this study, Grand Gulf has the low-
est risk estimates. The results are much below
those of the Reactor Safety Study (Ref. 6.8). The
individual early and latent cancer fatality risks are
far below the NRC safety goals. Details of the
comparison of results are provided in Chapter 12.

The results in Figure 6.9 have been analyzed to
identify the relative contributions of accident se-
quences and containment failure modes to mean
risk. These results are presented in Figures 6.12
and 6.13. As may be seen, the mean early fatality
risk at Grand Gulf is dominated by short-term sta-
tion blackout sequences. The majority of early fa-
tality risk is associated with the coincidence of
early containment failure and early suppression
pool bypass.

The mean latent cancer fatality risk is also domi-
nated by the short-term station blackout group.
The major contributors to risk are from (1) early
containment and early suppression pool bypass,
and (2) late containment failure.

6.6.2 Important Plant Characteristics (Risk)

As mentioned before, risk to the public from the
operation of the Grand Gulf plant is lower than
the other four plants in this study. Some of the
plant features that contribute to these low risk es-
timates are described below.

® The very low early fatality risk at Grand Guif
is due to a combination of low core damage

NUREG-1150
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Figure 6.9 Early and latent cancer fatality risks at Grand Gulf (internal initiators).
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6. Grand Guif Plant Results

GRAND GULF GRAND GULF
EARLY FATALITY LATENT CANCER FATALITY
MEAN » 8.2E-8/RY MEAN = 9.6E-4/RY

- Plant Damage States

1. LONG TERM 8SBO
2. S8HORT TERM 8BO
3. ATWS

4. TRANSIENTS

Figure 6.12 Major contributors (plant damage states) to mean early and latent
cancer fatality risks at Grand Gulf (internal initiators).
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Figure 6.13 Major contributors (accident progression bins) to mean early and latent
cancer fatality risks at Grand Gulf (internal initiators).
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6. Grand Gulf Plant Results

frequency, reduced source terms (as a result
- of suppression pool scrubbing), and low popu-
lation density around the plant. The latter
leads to short evacuation delays and fast
evacuation speeds. Timing is not as important
for latent cancer fatalities.

Although the Grand Gulf plant has relatively
high probability of early containment failure,
caused mainly by hydrogen deflagration, the
probability of early drywell failure, which may
lead to a large source term, is about half of

NUREG-1150
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the probability of early containment failure.
Furthermore, in most cases, in-vessel releases
pass through the suppression pool.

There is a high probability of having water in
the reactor cavity following vessel breach.
Thus, there is a high probability that core de-
bris would be coolable. Even when any core-
concrete interaction may ocecur, it is generally
under water, and, therefore, the resulting re-
leases are scrubbed by overlaying water (if not
by the suppression pool).
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7. ZION PLANT RESULTS

7.1 Summary Design Information

The Zion Nuclear Plant is a two-unit site. Each
unit is a four-loop Westinghouse nuclear steam
supply system rated at 1100 MWe and is housed
in a large, prestressed concrete, steel-lined dry
containment. The balance of plant systems were
engineered by Sargent & Lundy. Located on the
shore of Lake Michigan, about 40 miles north of
Chicago, Illinois, Zion 1 started commercial op-
eration in December 1973. Some important de-
sign features of the Zion plant are described in
Table 7.1. A general plant schematic is provided
in Figure 7.1.

This chapter provides a summary of the results
provided in the risk analyses underlying this report
(Refs. 7.1 and 7.2). A discussion of perspectives
with respect to these results is provided in Chap-
ters 8 through 12.

7.2 Core Damage Frequency Estimates

7.2.1 Summary of Core Damage Frequency
Estimates*

The core damage frequency and risk analyses per-
formed for this study considered accidents initi-
ated only by internal events (Ref. 7.1); no exter-
nal-event analyses were performed. The core
damage frequency results obtained are provided
in tabular form in Table 7.2. This study calculated
a total median core damage frequency from inter-
nal events of 2.4E—4 per year.

7.2.1.1 Zion Analysis Approach

The Zion plant was previously analyzed in the
Zion Probabilistic Safety Study (ZPSS), per-
formed by the Commonwealth Edison Company,
and in the review and evaluation of the ZPSS
(Ref. 7.3), commonly called the Zion Review pre-
pared by Sandia National Laboratories.

Since previous analyses of Zion already existed, it
was decided to perform an update of the previous
analyses rather than perform a complete
reanalysis. Therefore, this analysis of Zion repre-
" sents a limited rebaseline and extension of the
dominant accident sequences from the ZPSS in
light of the Zion Review comments, although in-

*In general, the results and perspectives provided here do
not reflect recent modifications to the Zion plant. The
benefit of the changes is noted, however, in specific
places in the text (and discussed in more detail in Section
15 of Appendix C).
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corporating some methods and issues (such as
common-cause failure treatment, electric power
recovery, and reactor coolant pump seal LOCA
modeling) used in the other four plant studies.

The objective of this study was to perform an
analysis that updated the previous Zion analyses
and cast the model in a manner more consistent
with the other accident frequency analyses. The
models were not completely reconstructed in the
small-event-tree, large-fault-tree modeling method
used in the study of the other NUREG-1150
plants. Instead, the small-fault-tree, large-event-
tree models from the original ZPSS were used as
the basis for the update. These models were then
revised according to the comments from Refer-
ence 7.3 and were enhanced to address risk issues
using methods employed by the other plant stud-
ies.

This study incorporated specific issues into the
systems and accident sequence models of the
ZPSS. These issues reflect both changes in the
Zion plant and general PRA assumptions that
have arisen since the ZPSS was performed. New
dominant accident sequences were determined by
modifying and requantifying the event tree models
developed for ZPSS. The major changes reflect
the need for component cooling water and service
water for emergency core cooling equipment and
reactor coolant pump seal integrity. The original
set of plant-specific data used in the ZPSS and
Zion Review was verified as still valid and was
used for this study. Additional discussion of the
Zion methods is provided in Appendix A.

7.2.1.2 Internally Initiated Accident
Sequences

A detailed description of accident sequences im-
portant at the Zion plant is provided in Reference
7.1. For this summary report, the accident se-
quences described in that reference have been
grouped into six summary plant damage states.
These are:

¢  Station blackout,
e Loss-of-coolant accident (LOCA),
e Component cooling water and service water
induced reactor coolant pump seal LOCAs,
®  Anticipated transients without scram
(ATWS),
- NUREG-1150
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Table 7.1 Summary of design features: Zion Unit 1.

1. High-Pressure Injection a. Two centrifugal charging pumps.
b. Two 1500-psig safety injection pumps.
¢. Charging pumps inject through boron injection tank.
d. Provides seal injection flow.
e. Requires component cooling water.
2. Low-Pressure Injection a. Two RHR pumps deliver flow when RCS is below about

170 psig.

b. Heat exchangers downstream of pumps provide recircula-
tion heat removal.

¢. Recirculation mode takes suction on containment sump
and discharges to the RCS, HPI suction, and/or contain-
ment spray pump suction.

d. Pumps and heat exchangers require component cooling
water.

3. Auxiliary Feedwater a. Two 50 percent motor-driven pumps and one 100
percent turbine-driven pump.
b. Pumps take suction from own unit condensate storage

tank (CST) but can be manually crosstied to the other
unit’s CST.

4. Emergency Power System a. Each unit consists of three 4160 VAC class 1E buses,
each feeding one 480 VAC class 1E bus and motor
control center.

b. For the two units there are 5 diesel generators, with
one being a swing diesel generator shared by both units.

¢. Three trains of d¢ power are supplied from the inverters
and 3 unit batteries.

5. Component Cooling Water a. Shared system between both units.
b. Consists of 5 pumps, 3 heat exchangers, and
2 surge tanks.
¢. Cools RHR heat exchangers, RCP motors and thermal
barriers, RHR pumps, SI pumps, and charging pumps.
d. One of 5 pumps can provide sufficient flow.

6. Service Water a. Shared system between both units.

b. Consists of 6 pumps and 2 supply headers.

c. Cools component cooling heat exchangers, containment
fan coolers, diesel generator coolers, auxiliary feedwater
pumps. .

d. Two of 6 pumps can supply sufficient flow.

7. Containment Structure a Large, dry, prestressed concrete.
b. 2.6 million cubic foot volume.

c. 49 psig design pressure.

8. Containment Spray a. Two motor-driven pumps and 1 independent diesel-
driven pump.
b. No train crossties.
c. Water supplied by refueling water storage tank.

9. Containment Fan Coolers a. Five fan cooler units, a minimum of 3 needed for
post-accident heat removal.

Fan units shift to low speed on SI signal.

Coolers require service water.

oo
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7. Zion Plant Results

Table 7.2 Summary of core damage frequency results: Zion.
5% Median Mean 95%
Internal Events 1.1E-4 2.4E-4° 3.4E-4* 8.4E-4

*See text (Section 7.2.1) for benefit of recent modifications.

® Interfacing-system LOCA and steam genera-
tor tube rupture (SGTR), and
® Transients other than station blackout and

ATWS.

The relative contribution of the accident types to
mean core damage frequency at Zion is shown in
Figure 7.2. It is seen that the dominating con-
tributors to the core damage frequency are the
loss of component cooling water and loss of serv-
ice water. The more probable combinations of
failures are:

® Reactor coolant pump seals fail because of
the loss of cooling and injection. Core dam-
age occurs because of failure to recover the
service water/component cooling water sys-
tems in time to reestablish reactor coolant
system inventory control. In cases with fail-
ure of the service water system, containment
fan coolers are also failed.

Reactor coolant pump seals fail because of
the loss of cooling and injection. The cooling
system is recovered in time to provide injec-
tion from the refueling water storage tank
(RWST). Recirculation cooling fails to con-
tinue to provide long-term inventory control.

To address the issue of the importance of compo-
nent cooling water system failures, Common-
wealth Edison (the Zion licensee) committed in
1989 to perform the following actions (Ref. 7.4):
® Provide an auxiliary water supply to each
charging pump's oil cooler via either the serv-
ice water system or fire protection system.
Hoses, fittings, and tools will be maintained
locally at each unit’s charging pump area al-
lowing for immediate hookup to existing taps
on the oil coolers, if required. As an interim
measure, a standing order in the control
room will instruct operators as to how and
when to hook up auxiliary water to the oil
coolers.

Formal procedures, including a 10 CFR
50.59 review addressing the loss of compo-
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nent cooling water system scenario, will be
fully implemented within 60 days (of the date
of Ref. 7.4) to supersede the standing order.

When new heat-resistant reactor coolant
pump seal o-rings are made available by
Westinghouse, the existing o-rings will be
changed when each pump is disassembled for
routine scheduled seal maintenance.

These actions provide a backup water source to
the Zion station charging pump oil coolers.

As of October 1990, Commonwealth Edison had
performed some of the noted actions (Ref. 7.5).
Sensitivity studies have been performed to assess
the benefit of the modifications made to date.
These studies, discussed in more detail in Section -
C.15 of Appendix C, indicate that the Zion esti-
mated mean core damage frequency has been re-
duced from 3.4E-4 per year to approximately
6E-5 per year.

7.2.2 Important Plant Characteristics (Core
Damage Frequency}

Characteristics of the Zion plant design and op-
eration that have been found to be important in
the analysis of the core damage frequency in-
clude:

1. Shared Systems Between Units

The Zion nuclear station shares the service
water and component cooling water (CCW)
systems between the two units. Power is sup-

plied to these systems from all five onsite die-
sel generators.

Crossties Between Units

Crossties between units exist for the conden-
sate storage tanks to provide water supply for
the auxiliary feedwater system. Crossties also
exist between Unit 1 and Unit 2 ac power
systems, as well as between Unit 1 and Unit 2
dc power systems.
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SW-Induced Seal LOCA

Total Mean Core Damage Frequency: 3.4E-4

Note:

See text (Section 7.2.1) for benefit of recent modifications.

Figure 7.2 Contributors to mean core damage frequency from internal events at Zion.

Diesel Generators

Zion is a two-unit site with five emergency
diesel generators. One diesel generator is a
swing diesel that can be lined up to supply
either unit. This differs from a number of
other two-unit sites that have only four diesel
generators on site. The Zion diesel genera-
tors are dependent on a.common service
water system for sustained operation.

Support System Dependencies

The component cooling water system supplies
cooling water for the reactor coolant pump
thermal barriers and for the charging pumps
that supply seal injection. Failure of the com-
ponent cooling water system results in a ma-
jor challenge to reactor coolant pump seal in-
tegrity. In addition, failure of the component
cooling water support systems (service water

and ac power) alsc leads to loss of reactor
coolant pump seal integrity. In contrast,
some other PWRs do not have a common
dependency for both seal cooling and seal in-
jection; therefore, at other PWRs, seal
LOCAs are only important in station black-
out cases. As indicated above, the licensee
has committed to and implemented plant
changes to reduce this dependency.

Battery Depletion Time

The battery depletion time following a com-
plete loss of all ac power was estimated at 6
hours, somewhat longer than that found at
some other plants. The additional time tends
to reduce the significance of the station
blackout sequences as contributors to the
core damage frequency.

- NUREG-1150
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Reactor Coolant Pump Seal Performance

The inability of the reactor coolant pump
seals to survive loss of cooling and injection
without developing significant leakage domi-
nates the core damage frequency. As noted
above, the licensee has committed to replac-
ing present seals with a new model.

7.2.3 Important Operator Actions

Several operator actions and recovery actions are
important to the analysis of the core damage fre-
quency. While the analysis included a wide range
of operator actions from test and maintenance er-
rors before an initiating event to recovery i:ctions
well into an accident sequence, the following ac-
tions surface as the most important:

®  Successful switchover to recirculation

The operator must recognize that switchover
should be initiated, take action to open the
proper set of motor-operated valves depend-
ing on reactor coolant system conditions, and
verify that recirculation flow is proper.

Successful execution of feed and bleed cool-
ing

The operator must recognize that secondary
cooling is lost, establish sufficient injection
flow, open both power-operated relief valves
(and their block valves, if necessary), and
verify that adequate heat removal is taking
place.

Recovery of the component cooling water
and service water systems

The operator must recognize that the failure
of equipment or rising equipment operating
temperatures are due to failure of the service
water or component cooling water Systems,
determine the cause of system failure, and
take appropriate action to isolate ruptures,
restart pumps, and provide alternative cool-
ing paths as required by the situation.

Actions to refill the RWST in the event of
recirculation failure

This action requires that the operator recog-
nize the failure of recirculation cooling in suf-
ficient time that refill can begin before core
damage occurs. The operator must then
carry out the procedure for emergency refill

NUREG-1150
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of the RWST. This action is not adequate for
inventory control in the case of larger
LOCAs because of the limitations of the re-
filling equipment.

Switchover to recirculation cooling and initiation
of feed and bleed cooling were included in the
original Zion Probabilistic Safety Study and have
been given close scrutiny by the licensee. Each
one of these actions is present in the emergency
procedures. Appropriate consideration of the pro-
cedures, scenarios, timing, and training went into
the determination of the human error probabilities
associated with these actions. Because of the im-
portance and uncertainty associated with several
of these actions, they were addressed in the sensi-
tivity analyses. However, the refilling of the RWST
in the event of recirculation failure and recovery
of CCW and service water were not included in
the original Zion Probabilistic Safety Study. Ap-
propriate consideration of the procedures, scenar-
ios, timing, and training went into the determina-
tion of the human error probabilities associated
with these actions. Because of the importance and
uncertainty associated with several of these ac-
tions, they were addressed in the sensitivity analy-
ses.

7.3 Containment Performance Analysis

7.3.1 Results of Containment Performance
Analysis

The Zion containment consists of a large, dry
containment building that houses the reactor pres-
sure vessel, reactor coolant system piping, and the
secondary system’s steam generators. The con-
tainment building is a prestressed concrete struc-
ture with a steel liner. This building has a volume
of 2.6 million cubic feet with a design pressure of
49 psig and an estimated mean failure pressure of
150 psia. The principal threats to containment in-
tegrity from potential severe accident sequences
are steam explosions, overpressurization from di-
rect containment heating effects, bypass events,
and isolation failures. As previously discussed in
Chapter 2, the methods used to estimate loads
and containment structural response for Zion
made extensive use of expert judgment to inter-
pret and supplement the limited data (Ref. 7.2).

The results of the Zion containment analysis are
summarized in Figures 7.3 and 7.4. Figure 7.3
displays information in which the conditional
probabilities of four accident progression bins,
e.g., early containment failure, are presented for
each of five plant damage states, e.g., LOCA.
This information indicates that, on a plant damage
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PLANT DAMAGE STATE
(Mean Core Damage Frequency)
SBO LOCAs Transients V & SGIR All
(9.34E-6) (3.14E-4) (1.36E-5) (2.59E-7) (3.38E-4)
0.025 0.014 ( 0.012 0.014
0.32¢0 D 0.250 D 0.190 ] 0.240
0.001 0004 | 1.000 0.007
0.660 0.740 0.790 0.730

Key: CF = Containment Failure

Figure 7.3 Conditional probability of accident progression bins at Zion.
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state frequency-weighted average,* the mean con-
ditional probabilities from internal events of (1)
early containment failure from a combination of
in-vessel steam explosions, overpressurization,
and containment isolation failures is 0.014, (2)
late containment failure, mainly from basemat
meltthrough is 0.24, (3) containment bypass from
interfacing-system LOCA and induced steam gen-
erator tube rupture (SGTR) is 0.006, and (4)
probability of no containment failure is 0.73. Fig-
ure 7.4 further displays the conditional probability
distributions of early containment failure for the
plant damage states, thereby providing the esti-
mated range of uncertainties in these containment
failure predictions. The principal conclusion to be
drawn from the information in Figures 7.3 and
7.4 is that the probability of early containment
failure for Zion is low, i.e., 1 to 2 percent.

Additional discussion on containment perform-
ance is provided in Chapter 9.

7.3.2 Important Plant Characteristics
(Containment Performance)

Characteristics of the Zion design and operation
that are important to containment performance
include:

1. Containment Volume and Pressure Capa-
bility
The combined magnitude of Zjon’s contain-
ment volume and estimated failure pressure
provide considerable capability to withstand
severe accident threats.

2. Reactor Cavity Geometry

The Zion containment design arrangement
has a large cavity directly beneath the reactor
pressure vessel that communicates to the
lower containment by means of an instru-
ment tunnel. Provided the contents of the re-
fueling water storage tank have been injected
prior to vessel breach, this arrangement
should provide a mechanism for quenching
the molten core for some severe accidents
(although there remains some uncertainties
with respect to the coolability of molten core
debris in such circumstances). :

*Each value in the column in Figure 7.3 labeled “All" is a

frequency-weighted average obtained by calculating the
products of individual accident progression bin condi-
tional probabilities for each plant damage state and the
ratio of the frequency of that plant damage state to the
total core damage frequency.

7-9
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7.4 Source Term Analysis

7.4.1 Results of Source Term Analysis

The containment performance results for the Zion
(large, dry containment) plant and the Surry (sub-
atmospheric containment) plant are quite similar.
The source terms for analogous accident progres-
sion bins are also quite similar. Figure 7.5 illus-
trates the source term for early containment fail-
ure. As at Surry, the source terms for early failure
are somewhat less than those for containment by-
pass. Within the range of the uncertainty band,
however, the source terms from early containment
failure are potentially large enough to result in
some early fatalities.

The most likely outcome of a severe accident at
the Zion plant is that the containment would not
fail. Figure 7.6 illustrates the range of source
terms for the no containment failure accident pro-
gression bin. Other than for the noble gas and io-
dine radionuclide groups, the entire range of
source terms is below a release fraction of 10E-5.

Additional discussion on source term perspectlves
is provided in Chapter 10.

7.4.2 Important Plant Characteristics
(Source Term)

1. Containment Spray System

The containment spray system at the Zion
plant is not required to operate to provide
long-term cooling to the containment, in con-
trast to the Surry plant. Operation of the
spray system is very effective, however, in re-
ducing the airborne concentration of aero-
sols. Other than the release of noble gases
and some iodine evolution, the release of ra-
dioactive material to the atmosphere resulting
from late containment leakage or basemat
meltthrough in which sprays have operated
for an extended time would be very small.
The source terms for the late containment
failure accident progression bin are slightly
higher than, but similar to, those of the no
containment failure bin illustrated in Figure
7.6.

Cavity Configuration

The Zion cavity is referred to as a wet cavity,
in that the accumulation of a relatively small
amount of water on the containment floor
will lead to overflow into the cavity. As a re-
sult, there is a substantial likelihood of elimi-
nating by forming a coolable debris bed or

- NUREG-1150
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mitigating by the presence of an overlaying
pool of water the release of radionuclides
from core-concrete interactions.

7.5 Offsite Consequence Results

Figure 7.7 displays the frequency distributions in
the form of graphical plots of the complementary
cumulative distribution functions (CCDFs) of four
offsite consequence measures—early fatalities, la-
tent cancer fatalities, and the 50-mile repion and
entire site region population exposures (in person-
rems). These CCDFs include contributions from
all source terms associated with reactor accidents
caused by internal initiating events. Four CCDFs,
namely, the 5th percentile, 50th percentile (me-
dian), 95th percentile, and the mean CCDFs are
shown for each consequence measure.

Zion plant-specific and site-specific parameters
were used in the consequence analysis for these
CCDFs. The plant-specific parameters included
source terms and their frequencies, the licensed
thermal power (3250 MWt) of the reactor, and
the approximate physical dimensions of the power
plant building complex. The site-specific parame-
ters included exclusion area radius (400 meters),
meteorological data for 1 full year collected at the
‘site meteorological tower, the site region popula-
tion distribution based on the 1980 census data,
topography (fraction of the area which is land—
the remaining fraction is assumed to be water),
land use, agricultural practice and productivity,
and other economic data for up to 1,000 miles
from the Zion plant.

The consequence estimates displayed in these fig-
ures have incorporated the benefits of the follow-
ing protective measures: (1) evacuation of 99.5
percent of the population within the 10-mile
plume exposure pathway emergency planning
zone (EPZ), (2) early relocation of the remaining
population only from the heavily contaminated ar-
eas both within and outside the 10-mile EPZ, and
(3) decontamination, temporary interdiction, or
condemnation of land, property, and foods con-
taminated above acceptable levels.

Theé population density within the Zion 10-mile
EPZ is about 1360 persons per square mile.
About 45 percent of the 10-mile EPZ is water.
The average delay time before evacuation {after a
warning prior to radionuclide release) from the
10-mile EPZ and average effective evacuation
speed used in the analyses were derived from in-
formation contained in a utility-sponsored Zion
evacuation time estimate study (Ref. 7.7) and in

NUREG-1150

an independent analysis by the Federal Emer-
gency Management Agency (Ref. 7.8) and the
NRC requirements for emergency planning.

The results displayed in Figure 7.7 are discussed
in Chapter 11.

7.6 Public Risk Estimates

7.6.1 Results of Public Risk Estimates*

A detailed description of the results of the Zion
risk analysis is provided in Reference 7.2. For this
summary report, results are provided for the fol-
lowing measures of public risk:

®  Early fatality risk,

Latent cancer fatality risk,

Population dose within 50 miles of the site,

Population dose within the entire site region,

Individual early fatality risk in the population

within 1 mile of the Zion exclusion area

boundary, and

® Individual latent cancer fatality risk in the
population within 10 miles of the Zion site.

The first four of the above measures are com-
monly used measures in nuclear plant risk studies.
The last two are those used to compare with the
NRC safety goals (Ref. 7.9).

The results of the Zion risk analyses are shown in
Figures 7.8 through 7.10. The figures display
variabilities in mean risks estimated from the me-
teorology-based conditional mean values of the
consequence measures. The risk estimates are
slightly higher than those of the other two PWR
plants (Surry and Sequoyah) in this study. Indi-
vidual early and latent cancer fatality risks are well
below the NRC safety goals. Detailed comparisons
of results are given in Chapter 12.

The risk results shown in Figure 7.8 have been
analyzed to identify the principal contributors
(accident sequences and containment failure
modes) to plant risk. These results are presented
in Figures 7.11 and 7.12. As may be seen, both
for early and latent cancer fatality risks, the domi-
nant plant damage state is loss-of-coolant-accident
(LOCA) sequences, which have the highest
relative frequency and relatively high release
fractions. Zion plant risks are dominated by early
containment failure (alpha-mode failure, contain-
ment isolation failure, and overpressurization

*As noted in Section 7.2, sensitivity studies have been per-
formed to reflect recent modifications in the Zion plant.
The impact on risk is displayed on the figures in this sec~
tion. More detailed discussion on the sensitivity studies
may be found in Section C.15 of Appendix C.
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Figure 7.8 Early and latent cancer fatality risks at Zion (internal initiators).
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Figure 7.10 Individual early and latent cancer fatality risks at Zion (internal initiators).
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Plant Damage States
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3. TRANSIENTS
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Figure 7.11 Major contributors (plant damage states) to mean early and latent cancer
fatality risks at Zion (internal initiators).
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Figure 7.12 Major contributors (accident progression bins) to mean early
and latent cancer fatality risks at Zion (internal initiators).
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7. Zion Plant Results

failure). This occurs because, although the condi-
tional probability of early failure is low, other fail-
ure modes have even lower probabilities.

7.6.2 Important Plant Characteristics (Risk)

As discussed before, the dominant risk con-
tributor for the Zion plant is early contain-
ment failure. The accident progression bin
for early containment failure contains several
failure modes such as the alpha-mode, con-

NUREG-1150
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tainment isolation, and overpressurization
failures.

The containment structure at Zion is robust,
with a low probability of failure. This has led
to the low risk estimates from the Zion plant.
(In comparison with other plants studied in
this report, risks from Zion are relatively
high; but, in the absolute sense, the risks are
very low and well below the NRC safety
goals.)
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8. PERSPECTIVES ON FREQUENCY OF CORE DAMAGE

8.1 Introduction

Chapters 3 through 7 have summarized the core
damage frequencies individually for the five plants
assessed in this study. Significant differences
among the plants can be seen in the results, both
in terms of the core damage frequencies and the
particular events that contribute most to those fre-
quencies. These differences are due to plant-spe-
cific differences in the plant designs and opera-
tional practices. Despite the plant-specific nature
of the study, it is possible to obtain important per-
spectives that may have implications for a larger
number of plants and also to describe the types of
plant-specific features that are likely to be impor-
tant at other plants. This chapter provides some of
these perspectives.

8.2 Summary of Resulis

As discussed in Chapter 2, the core damage fre-
quency is not a value that can be calculated with
absolute certainty and thus is best characterized
by a probability distribution. It is therefore dis-
cussed in this report in terms of the mean, me-
dian, and various percentile values. The internal-
event core damage frequencies are illustrated
graphically in Figure 8.1 (Refs. 8.1 through 8.5).
The figure does not include the contributions of
external events, which are discussed in Section
8.4.

In Figure 8.1 the lower and upper extremities of
the bars represent the 5th and 95th percentiles of
the distributions, with the mean and median of
each distribution also shown. Thus, the bars in-
clude the central 90 percent of the distributions (it
should be remembered that the distributions are
not uniform within these bars). These figures show
that the range between the 5th and 95th percen-
tiles covers from one to two orders of magnitude
for the five plants. There is also significant overlap
among the distributions, as discussed below. The
reader should refer to References 8.1 through 8.5
for detailed discussion of the distributions.

Figures 8.2 and 8.3 show the contributions of the
principal types of accidents to the mean core
damage frequency for each plant. Figure 8.4 also
presents this breakdown, but on a relative scale.
These figures show that some types of accidents,
such as station blackouts, contribute to the core
damage frequencies for all the plants; however,

there is substantial plant-to-plant variability among
important accident sequences.

Figures 8.5 through 8.8 provide the results of the
external-event analyses, and Figures 8.9 through
8.12 give the breakdown of these analyses accord-
ing to the principal types of accident sequences.

8.3 Comparison with Reactor Safety
Study

Figures 8.13 and 8.14 show the internal core
damage frequency distributions calculated in this
present study for Surry and Peach Bottom along
with distributions synthesized from the Reactor
Safety Study (Ref. 8.6), which also analyzed
Surry and Peach Bottom. The Reactor Safety
Study presented results in terms of medians but
not means. It can be seen that the medians are
lower in the present work, although observation of
the overlap of the ranges shows that the change is
more significant for Peach Bottom than for Surry.

There are two important reasons for the differ-
ences between the new figures and those of the
Reactor Safety Study. The first is the fact that
probabilistic risk analyses (PRAs) are snapshots in
time. In these cases, the snapshots are taken
about 15 years apart, Both plants have imple-
mented hardware modifications and procedural
improvements with the stated purpose of increas-
ing safety, which drives core damage frequencies
downward.

The second reason is that the state of the art in
applying probabilistic analysis in nuclear power
plant applications has advanced significantly since
the Reactor Safety Study was performed. Compu-
tational techniques are now more sophisticated,
computing power has increased enormously, and
consequently the level of detail in modeling has
increased. In some cases, these new methods have
reduced or eliminated previous analytical conser-
vatisms. However, new types of failures have also
been discovered. For example, the years of expe-
rience with probabilistic analyses and plant opera-
tion have uncovered the reactor coolant pump
seal failure scenario as well as intersystem depend-
encies, common-mode failure mechanisms, and
other items that were less well recognized at the
time of the Reactor Safety Study. Of course, this
same experience has also uncovered new ways in
which recovery can be achieved during the course
of a possible core damage scenario (except for the
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Notes: As discussed in Reference 8.7, core damage frequencies below 1E-5 per reactor year should
be viewed with caution because of the remaining uncertainties in PRA (e.g., events not con-
sidered).

“+” indicates recalculated Zion mean core damage frequency based on recent plant modifica-
tions (see Section 7.2.1).

Figure 8.1 Internal core damage frequency ranges (5th to 95th percentiles).
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Figure 8.2 BWR principal contributors to internal core damage frequencies.
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Notes: As discussed in Reference 8.7, core damage frequencies below 1E-5 per reactor year should
be viewed with caution because of the remaining uncertainties in PRA (e.g., events not con-
sidered).

“+” indicates recalculated mean seal LOCA plant damage state frequency based on recent
plant modifications (see Section 7.2.1).

Figure 8.3 PWR principal contributors to internal core damage frequencies.
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Figure 8.4 Principal contributors to internal core damage frequencies.
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8. Core Damage Frequency
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Figure 8.5 Surry external-event core damage frequency distributions.

[ e WAl L1 L lh-i‘ri“nm i;llL\ bl A E 11
10E-08 10E-07 10E-06 10E-05 1.0E-04 1.0E-03 1.0E-02
CORE DAMAGE FREQUENCY
s SEISMIC. LIVERMORE - SEISMIC, EPRI —FIRE

Note: As discussed in Reference 8.7, core damage frequencies below 1E~5 per reactor year should
be viewed with caution because of the remaining uncertainties in PRA (e.g., events not con-

sidered).

Figure 8.6 Peach Bottom external-event core damage frequency distributions.
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Figure 8.7 Surry internal- and external-event core damage frequency ranges.
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Figure 8.8 Peach Bottom internal- and external-event core damage frequency ranges.
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Figure 8.9 Principal contributors to seismic core damage frequencies.
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Figure 8.10 Principal contributors to fire core damage frequencies.
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Figure 8.11 Surry mean fire core damage frequency by fire area.
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sidered).

Figure 8.12 Peach Bottom mean fire core damage frequency by fire area.
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Figure 8.14 Comparison of Peach Bottom internal core damage frequency with Reactor Safety Study.
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8. Core Damage Frequency

recovery of ac power, the Reactor Safety Study
did not consider recovery actions). Thus, the net
effect of including these new techniques and ex-
perience is plant specific and can shift core dam-
age frequencies in either higher or lower direc-
tions.

In the case of the Surry analysis, the Reactor
Safety Study found the core damage frequency to
be dominated by loss-of-coolant accidents
(LOCAs). For the present study, station blackout
accidents are dominant, while the LOCA-induced
core damage frequency is substantially reduced
from that of the Reactor Safety Study, particularly
for the small LOCA events. This occurred in spite
of a tenfold increase in the small LOCA initiating
event frequency estimates, which was a result of
the inclusion of reactor coolant pump seal fail-
ures. One reason for the reduction lies in plant
maodifications made since the Reactor Safety
Study was completed. These modifications allow
for the crossconnection of the high-pressure safety
injection systems, auxiliary feedwater systems, and
refueling water storage tanks between the two
. units at the Surry site. These crossties provide a
reliable alternative for recovery of system failures.
Thus, the plant modifications (the crossconnec-
tions) have driven the core damage frequencies
downward, but new PRA information (the higher
small LOCA frequency) has driven them upward.
In this case, the net effect is an overall reduction
in the core damage frequency for internal events.

In the case of Peach Bottom, the Reactor Safety
Study found the core damage frequency to be
comprised primarily of ATWS accident sequences
and of transients with long-term failure of decay
heat removal. The present study concludes that
station blackout scenarios are dominant. The pos-
sibility of containment venting and allowing for
some probability of core cooling after containment
failure has considerably reduced the significance
of the long-term loss of decay heat removal acci-
dents. In addition, the plant has implemented
some ATWS improvements, although ATWS
events remain among the dominant accident se-
quence types. Moreover, more modern neutronic
and thermal-hydraulic simulations of the ATWS
sequences have calculated lower core power levels
during the event, allowing more opportunity for
mitigation such as through the use of low-pressure
injection systems. Thus, for Peach Bottom, both
advances in PRA methodology and plant modifi-
cations have contributed to a reduction in the esti-
mated core damage frequency f{rom internal
events.

NUREG-1150 8-10

In summary, there have been reductions in the
core damage frequencies for both plants since the
Reactor Safety Study. The reduction in core dam-
age frequency for Peach Bottom is more signifi-
cant than for Surry; however, there is still consid-

“erable overlap of the uncertainty ranges of the two

studies. The conclusion to be drawn is that the
hardware and procedural changes made since the
Reactor Safety Study appear to have reduced the
core damage frequency at these two plants, even
when accounting for more accurate failure data
and reflecting new sequences not identified in the
Reactor Safety Study (e.g., the reactor coolant
pump seal LOCA).

8.4 Perspectives

8.4.1 Internal-Event Core Damage
Probability Distributions

The core damage frequencies produced by all
PRAs inherently have large uncertainties. There-
fore, comparisons of frequencies between PRAs
or with absolute limits or goals are not simply a
matter of comparing two numbers. It is more ap-
propriate to observe how much of the probability
distribution lies below a given point, which trans-
lates into a measure of the probability that the
point has not been exceeded. For example, if the
median were exacily equal to the point in ques-
tion, half of the distribution would lie above and
half below the point, and there would be a 50 per-
cent probability that the point had not been ex-
ceeded.

Similarly, when comparing core damage frequen-
cies calculated for two or more plants, it is not
sufficient to simply compare the mean values of
the probability distributions. Instead, one must
compare the entire distribution. If one plant’s dis-
tribution were almost entirely below that of an-
other, then there would be a high probability that
the first plant had a lower core damage frequency
than the second. Seldom is this the case, however..
Usually, the distributions have considerable over-
lap, and the probability that one plant has a
higher or lower core damage frequency than an-
other must be calculated. References 8.1 through’
8.5 contain more detailed information on the dis-
tributions that would support such calculations.

Although the distributions are not compared in
detail here, the overlap of such core damage
frequency distributions is clearly shown in Figure
8.1. For example, one can have relatively high
confidence that the internal-event core damage
frequency for Grand Gulf is lower than that of
Sequoyah or Surry. Conversely, it can readily be
seen that the differences in core damage

OAGI0000611 00194



frequency between Surry and Sequoyah are not
very significant.

Interpretation of extremely low median or mean
core damage frequencies (<1E-5) is somewhat dif-
ficult. As discussed in Section 1.3 and in Refer-
ence 8.7, there are limitations in the scope of the
study that could lead to actual core damage fre-
quencies higher than those estimated. In addition,
the uncertainties in the sequences included in the
study tend to become more important on a rela-
tive scale as the frequency decreases. A very low
core damage frequency is evident for Grand Gulf
with the median of the distribution in the range of
1E-6 per reactor year. However, it is incomplete
to simply state that the core damage frequency for
this plant is that low since the 95th percentile ex-
ceeds 1E-5 per reactor year. Thus, although the
central tendency of the calculation is very low,
there is still a finite probability of a higher core
damage frequency, particularly when considering
that the scope of the study does not include cer-
tain types of accidents as discussed in Section 1.3.

8.4.2 Principal Contributors to Uncertainty
in Core Damage Frequency

In Section 8.4.3, analyses are discussed concern-
ing some of the issues and events that contribute
to the magnitude of the core damage frequency.
Generally, for the accident frequency analysis, the

_issues that contribute most to the magnitude of the
frequency are also the issues that contribute most
to the estimated uncertainty. More detail con-
cerning the contributions of various parameters to
the uncertainty in core damage frequency may be
found in References 8.1 through 8.5. Perspectives
on the contributions of accident frequency issues
to the uncertainty in risk may be found in Chapter
12.

8.4.3 Dominant Accident Sequence Types

The various accident sequences that contribute to

" the total core damage frequency can be grouped
by common factors into categories. Older PRAs
generally did this in terms of the initiating event,
e.g., transient, small LOCA, large LOCA. Current
practice also uses categories, such as ATWS, seal
LOCA, and station blackout. Generally, these
categories are not equal contributors to the total
core damage frequency. In practice, four or five
sequence categories, sometimes fewer, usually
contribute almost all the core damage frequency.
These will be referred to below as the dominant
plant damage states (PDSs).

8. Core Damage Frequency

1t should be noted that the selection of categories
is not unique in a mathematical sense, but instead
is a convenient way to group the results. If the
core damage frequency is to be changed, changing
something common to the dominant PDS will
have the most effect. Thus, if a particular plant
had a relatively high core damage frequency and a
particular group of sequences were high, a valu-
able insight into that plant’s safety profile would
be obtained.

It should also be noted that the importance of the
highest frequency accident sequences should be
considered in relationship to the total core dam-
age frequency. The existence of a highly dominant
accident sequence or PDS does not of itself imply
that a safety problem exists. For example, if a
plant already had an extremely low estimated core
damage frequency, the existence of a single,
dominant PDS would have little significance. Simi-
larly, if a plant were modified such that the domi-
nant PDS were eliminated entirely, the next high-
est PDS would become the most dominant con-
tributor.

Nevertheless, it is the study of the dominant PDS
and the important failures that contribute to those
sequences that provides understanding of why the
core damage frequency is high or low relative to
other plants and desired goals. This qualitative un-
derstanding of the core damage frequency is nec-
essary to make practical use of the PRA results
and improve the plants, if necessary.

Given this background, the dominant PDSs for
the five studies are illustrated in Figures 8.2, 8.3,
and 8.4. Additional discussion of these PDSs can
be found in Chapters 3 through 7. Several obser-
vations on these PDSs and their effects on the
core damage frequency can be made, as discussed
below.

Boiling Water Reactor versus Pressurized
Water Reactor

It is evident from Figure 8.1 that the two particu-
lar BWRs in this study have internal-event core
damage frequency distributions that are substan-
tially lower than those of the three PWRs. While it
would be inappropriate to conclude that all BWRs
have lower core damage frequencies than PWRs,
it is useful to consider why the core damage fre-
quencies are lower for these particular BWRs.

The LOCA sequences, often dominant in the
PWR core damage frequencies, are minor con-
tributors in the case of the BWRs. This is not
surprising in view of the fact that most BWRs have
many more systems than PWRs for injecting water
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8. Core Damage Frequency

directly into the reactor coolant system to provide
makeup. For BWRs, this includes two low-
pressure emergency core cooling (ECC) systems
(low-pressure coolant injection and low-pressure
core spray), each of which is multitrain; two high-
pressure injection systems (reactor core isolation
cooling and either high-pressure coolant injection
or high-pressure core spray); and usually several
other alternative injection systems, such as the
control rod drive hydraulic system, condensate,
service water, firewater, etc. In contrast, PWRs
generally have one high-pressure and one low-
pressure ECC system (both multitrain), plus a set
of accumulators. The PWR ECCS does have con-
siderable redundancy, but not as much as that of
most BWRs.

For many types of transient events, the above ar-
guments also hold. BWRs tend to have more sys-
tems that can provide decay heat removal than
PWRs. For transient events that lead to loss of
water inventory due to stuck-open relief valves or
primary system leakage, BWRs have numerous
systems to provide makeup. ATWS events and
station blackout events, as discussed below, affect
both PWRs and BWRs.

BWRs have historically been considered more
subject than PWRs to ATWS events. This percep-
tion was partly due to the fact that some ATWS
events in a BWR involve an insertion of positive
reactivity. Except for the infrequent occurrence of
an unfavorable moderator temperature coeffi-
cient, an ATWS event in a PWR is slower, allow-
ing more time for mitigative action.

In spite of this historical perspective for ATWS, it
is evident from Figures 8.2 and 8.3 that the
ATWS frequencies for the two BWRs are not dra-
matically higher than for the PWRs. There are
several reasons for this. First, plant procedures for
dealing with ATWS events have been modified
over the past several years, and operator training
specifically for these events has improved signifi-
cantly. Second, the ability to model and analyze
ATWS events has improved. More modern
neutronic and thermal-hydraulic simulations of
the ATWS sequences have calculated lower core
power levels during the event than predicted in
the past. Further, these calculations indicate that
low-pressure injection systems can be used without
resulting in significant power oscillations, thus al-
lowing more opportunity for mitigation. Note that
for both BWRs and PWRs the frequency of reac-
tor protection system failure remains highly un-
certain. Therefore, all comparisons concerning
ATWS should be made with caution.
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Station blackout accidents contribute a high per-
centage of the core damage frequency for the
BWRs. However, when viewed on an absolute
scale, station blackout has a higher frequency at
the PWRs than at the BWRs. To some extent this
is due to design differences between BWRs and
PWRs leading to different susceptibilities. For ex-
ample, in station blackout accidents, PWRs are
potentially vulnerable to reactor coolant pump
seal LOCAs following loss of seal cooling, leading
to loss of inventory with no method for providing
makeup. BWRs, on the other hand, have at least
one injection system that does not require ac
power. While important, it would be incorrect to
imply that the differences noted above are the
only considerations that drive the variations in the
core damage frequency. Probably more important
is the electric power system design at each plant,
which is largely independent of the plant type.
The station blackout frequency is low at Peach
Bottom because of the presence of four diesels
that can be shared between units and a mainte-
nance program that led to an order of magnitude
reduction in the diesel generator failure rates.
Grand Gulf has essentially three trains of emer-
gency ac power for one unit, with one of the trains
being both diverse and independent from the
other two. These characteristics of the electric
power system design tend to dominate any differ-
ences in the reactor design. Therefore, a BWR
with a below average electric power system reli-
ability could be expected to have a higher station
blackout-induced core damage frequency than a
PWR with an above average electric power system.

For both BWRs and PWRs, the analyses indicate
that, along with electric power, other support sys-
tems, such as service water, are quite important.
Because these systems vary considerably among
plants, caution must be exercised when making
statements about generic classes of plants, such as
PWRs versus BWRs. Once significant plant-

-specific vulnerabilities are removed, support-

system-driven sequences will probably dominate
the core damage frequency of both types of
plants. Both types of plants have sufficient redun-
dancy and diversity so as to make multiple inde-
pendent failures unlikely. Support system failures
introduce dependencies among the systems and
thus can become dominant.

Boiling Water Reactor Observations

As shown in Figure 8.1, the internal-event core
damage frequencies for Peach Bottom and Grand
Gulf are extremely low. Therefore, even though
dominant plant damage states and contributing
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failure events can be identified, these items should
not be considered as safety problems for the two
plants. In fact, these dominating factors should
not be overemphasized because, for core damage
frequencies below 1E-5, it is possible that other
events outside the scope of these internal-event
analyses are the ones that actually dominate. In
the cases of these two plants, the real perspectives
come not from understanding why particular se-
quences dominate, but rather why all types of se-
quences considered in the study have low fre-
quencies for these plants.

Previously it was noted that LOCA sequences can
be expected to have low frequencies at BWRs be-
cause of the numerous systems available to pro-
vide coolant injection. While low for both plants,
the frequency of LOCAs is higher for Peach Bot-
tom than for Grand Gulf. This is primarily be-
cause Grand Gulf is a BWR-6 design with a mo-
tor-driven high-pressure core spray system, rather
than a steam-driven high-pressure coolant injec-
tion system as is Peach Bottom. Motor-driven sys-
tems are typically more reliable than steam-driven
systems and, more importantly, can operate over
the entire range of pressures experienced in a
LOCA sequence.

It is evident from Figures 8.2 and 8.4 that station
blackout plays a major role in the internal-event
core damage frequencies for Peach Bottom and
Grand Gulf. Each of these plants has features that
tend to reduce the station blackout frequency,
some of which would not be present at other
BWRs.

Grand Gulf, like all BWR-6 plants, is equipped
with an extra diesel generator dedicated to the
high-pressure core spray system. While effectively
providing a third train of redundant emergency ac
power for decay heat removal, the extra diesel
also provides diversity, based on a different diesel
design and plant location relative to the other two
diesels. Because of the aspect of diversity, the
analysis neglected common-cause failures affect-
ing all three diesel generators. The net effect is a
highly reliable emergency ac power capability. In
those unlikely cases where all three diesel genera-
tors fail, Grand Gulf relies on a steam-driven cool-
ant injection system that can function until the
station batteries are depleted. At Grand Gulf the
batteries are sized to last for many hours prior to
depletion so that there is a high probability of re-
covering ac power prior to core damage. In addi-
tion, there is a diesel-driven firewater system
available that can be used to provide coolant
injection in some sequences involving the loss of
ac power.

8. Core Damage Frequency

Peach Bottom is an older model BWR that does
not have a diverse diesel generator for the high-
pressure core spray system. However, other fac-
tors contribute to a low station blackout frequency
at Peach Bottom. Peach Bottom is a two-unit site,
with four diesel generators available. Any one of
the four diesels can provide sufficient capacity to
power both units in the event of a loss of offsite
power, given that appropriate crossties or load
swapping between Units 2 and 3 are used. This
high level of redundancy is somewhat offset by a
less redundant service water system that provides
cooling to the diesel generators. Subtleties in the
design are such that if a certain combination of
diesel generators fails, the service water system
will fail, causing the other diesels to fail. In addi-
tion, station dc power is needed to start the die-
sels. (Some emergency diesel generator systems,
such as those at Surry, have a separate dedicated
dc power system just for starting purposes.) In
spite of these factors, the redundancy in the
Peach Bottom emergency ac power system is con-
siderable. .

While there is redundancy in the ac power system
design at Peach Bottom, the most significant fac-
tor in the low estimated station blackout fre-
quency relates to the plant-specific data analysis.
The plant-specific analysis determined that, be-
cause of a high-quality maintenance program, the
diesel generators at Peach Bottom had approxi-
mately an order of magnitude greater reliability
than at an average plant. This factor directly influ-
ences the frequency.

Finally, Peach Bottom, like Grand Gulf, has sta-
tion batteries that are sized to last several hours in
the event that the diesel generators do fail. With
two steam-driven systems to provide coolant injec-
tion and several hours to recover ac power prior
to battery depletion, the station blackout fre-

_quency is further reduced.

Unlike most PWRs, the response of containment
is often a key in determining the core damage fre-
quency for BWRs. For example, at Peach Bottom,
there are a number of ways in which containment
conditions can affect coolant injection systems.
High pressure in containment can lead to closure
of primary system relief valves, thus failing low-
pressure injection systems, and can also lead to
failure of steam-driven high-pressure injection sys-
tems due to high turbine exhaust backpressure.
High suppression pool temperatures can also lead
to the failure of systems that are recirculating
water from the suppression pool to the reactor
coolant system. If the containment ultimately fails,
certain systems can fail because of the loss of net
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positive suction head in the suppression pool, and
also the reactor building is subjected to a harsh
steam environment that can lead to failure of
equipment located there.

Despite the concerns described in the previous
paragraph, the core damage frequency for Peach
Bottom is relatively low, compared to the PWRs,
There are two major reasons for this. First, Peach
Bottom has the ability to vent the wetwell through
a 6-inch diameter steel pipe, thus reducing the
containment pressure without subjecting the reac-
tor building to steam. While this vent cannot be
used to mitigate ATWS and station blackout se-
quences, it is valuable in reducing the frequency
of many other sequences. The second important
feature at Peach Bottom is the presence of the
control rod drive system, which is not affected by
either high pressure in containment or contain-
ment failure. Other plants of the BWR-4 design
may be more susceptible to containment-related
problems if they do not have similar features. For
example, some plants have ducting, as opposed to
hard piping available for venting. Venting through
ductwork may lead to harsh steam environments
and equipment failures in the reactor building.*

The Grand Gulf design is generally much less sus-
ceptible to containment-related problems than
Peach Bottom. The containment design and
equipment locations are such that containment
rupture will not result in discharge of steam into
the building containing the safety systems. Fur-
ther, the high-pressure core spray system is de-
signed to function with a saturated suppression
pool so that it is not affected by containment fail-
ure. Finally, there are other systems that can pro-
vide coolant injection using water sources other
than the suppression pool. Thus, containment fail-
ure is relatively benign as far as system operation
is concerned, and there is no obvious need for
containment venting.

Pressurized Water Reactor Observations

The three PWRs examined in this study reflect
much more variety in terms of dominant plant
damage states than the BWRs. While the se-
quence frequencies are generally low for most of
the plant damage states, it is useful to understand
why the variations among the plants occurred.

For LOCA sequences, the frequency is signifi-

cantly lower at Surry than at the other two PWRs.
A major portion of this difference is directly tied

*The staff is presently undertaking regulatory action to
require hard pipe vents in all BWR Mark I planis.
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to the additional redundancy available in the in-
jection systems. In addition to the normal high-
pressure injection capability, Surry can crosstie to
the other unit at the site for an additional source
of high-pressure injection. This reduces the core
damage frequency due to LOCAs and also certain
groups of transients involving stuck-open relief
valves.

In addition, at Sequoyah there is a particularly
noteworthy emergency core cooling interaction
with containment engineered safety features in
loss-of-coolant accidents. In this (ice condenser)
containment design, the containment sprays are
automatically actuated at a very low pressure set-
point, which would be exceeded for virtually all
small LOCA events. This spray actuation, if not
terminated by the operator can lead to a rapid de-
pletion of the refueling water storage tank at Se-
quoyah. Thus, an early need to switch to
recirculation cooling may occur. Portions of this
switchover process are manual at Sequoyah and,
because of the timing and possible stressful condi-
tions, leads to a significant human error probabil-
ity. Thus, LOCA-type sequences are the dominant
accident sequence type at Sequoyah.

Station blackout-type sequences have relatively
similar frequencies at all three PWRs. Station
blackout sequences can have very different char-
acteristics at PWRs than at BWRs. One of the
most important findings of the study is the impor-
tance of reactor coolant pump seal failures. Dur-
ing station blackout, all cooling to the seals is lost
and there is a significant probability that they will
ultimately fail, leading to an induced LOCA and
loss of inventory. Because PWRs do not have sys-
tems capable of providing coolant makeup without
ac power, core damage will result if power is not
restored. The seal LOCA reduces the time avail-
able to restore power and thus increases the sta-
tion blackout-induced core damage frequency.
New seals have been proposed for Westinghouse
PWRs and could reduce the core damage fre-
quency if implemented, although they might also
increase the likelihood that any resulting accidents
would occur at high pressure, which has implica-
tions for the accident progression analysis. (See
Section C.14 of Appendix C for a more detailed
discussion of reactor coolant seal performance.)

Apart from the generic reactor coolant pump seal
question, station blackout frequencies at FWRs
are determined by the plant-specific electric
power system design and the design of other
support systems. Battery depletion times for the
three PWRs were projected to be shorter than for
the two BWRs. A particular characteristic of the
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Surry plant is a gravity-fed service water system
with a canal that may drain during station black-
out, thus failing containment heat removal. When
power is restored, the canal must be refilled be-
fore containment heat removal can be restored.

The dominant accident sequence type at Zion is
not a station blackout, but it has many similar
characteristics. Component cooling water is
needed for operation of the charging pumps and
high-pressure safety injection pumps at Zion. Loss
of component cooling water (or loss of service
water, which will also render component cooling
water inoperable) will result in loss of these high-
pressure systems. This in turn leads to a loss of
reactor coolant pump seal injection. Simultane-
ously, loss of component cooling water will also
result in loss of cooling to the therma!l barrier heat
exchangers for the reactor coolant pump seals.
Thus, the reactor coolant pump seals will lose
both forms of cooling. As with station blackout,
loss of component cooling water or service water
can both cause a small LOCA (by seal failure)
and disable the systems needed to mitigate it. The
importance of this scenario is increased further by
the fact that the component cooling water system
at Zion, although it uses redundant pumps and
valves, delivers its flow through a common
header. The licensee for the Zion plant has made
procedural changes and is also considering both
the use of new seal materials and the installation
of modifications to the cooling water systems.
These measures, which are discussed in more de-
tail in Chapter 7, reduce the importance of this
contributor.

ATWS frequencies are generally low at all three of
the PWRs. This is due to the assessed reliability of
the shutdown systems and the likelihood that only
slow-acting, low-power-level events will result.

While of low frequency, it is worth noting that
interfacing-system LOCA (V) and steam genera-
tor tube rupture (SGTR) events do contribute sig-
nificantly to risk for the PWRs. This is because
they involve a direct path for fission products to
bypass containment. There are large uncertainties
in the analyses of these two accident types, but
these events can be important to risk even at fre-
quencies that may be one or two orders of magni-
tude lower than other sequence types.

During the past few years, most Westinghouse
PWRs have developed procedures for using feed
and bleed cooling and secondary system blow-
down to cope with loss of all feedwater. These
procedures have led to substantial reductions in
the frequencies of transient sequences involving
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the loss of main and auxiliary feedwater. Appro-
priate credit for these actions was given in these
analyses. However, there are plant-specific fea-
tures that will affect the success rate of such ac-
tions. For example, the loss of certain power
sources (possibly only one bus) or other support
systems can fail power-operated relief valves
(PORVs) or atmospheric dump valves or their
block valves at some plants, precluding the use of
feed and bleed or secondary system blowdown.
Plants with PORVs that tend to leak may operate
for significant periods of time with the block
valves closed, thus making feed and bleed less re-
liable. On the other hand, if certain power failures
are such that open block valves cannot be closed,
then they cannot be used to mitigate stuck-open
PORVs. Thus, both the system design and plant
operating practices can be important to the reli-
ability assessment of actions such as feed and
bleed cooling.

8.4.4 External Events

The frequency of core damage initiated by exter-
nal events has been analyzed for two of the plants
in this study, Surry and Peach Bottom (Ref. 8.1
(Part 3) and Ref. 8.2 (Part 3)). The analysis ex-
amined a broad range of external events, e.g.,
lightning, aircraft impact, tornados, and volcanic
activity (Ref. 8.8). Most of these events were as-
sessed to be insignificant contributors by means of
bounding analyses. However, seismic events and
fires were found to be potentially major contribu-
tors and thus were analyzed in detail.

Figures 8.7 and 8.8 show the results of the core
damage frequency analysis for seismic- and fire-
initiated accidents, as well as internally initiated
accidents, for Surry and Peach Bottom, respec-
tively. Examination of these figures shows that the
core damage frequency distributions of the exter-
nal events are comparable to those of the internal
events. It is evident that the external events are
significant in the total safety profile -of these
plants.

Seismic Analysis Observations

The analysis of the seismically induced core dam-
age frequency begins with the estimation of the
seismic hazard, that is, the likelihood of exceed-
ing different earthquake ground-motion levels at
the plant site. This is a difficult, highly judgmental
issue, with little data to provide verification of the
various proposed geologic and seismologic models.

The sciences of geology and seismology have not
yet produced a model or group of models upon
which all experts agree. This study did not itself
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produce seismic hazard curves, but instead made
use of seismic hazard curves for Peach Bottom
and Surry that were part of an NRC-funded
Lawrence Livermore National Laboratory project
that resulted in seismic hazard curves for all nu-
clear power plant sites east of the Rocky Moun-
tains (Ref. 8.9).

In addition, the Electric Power Research Institute
(EPRI) developed a separate set of models (Ref.
8.10). For purposes of completeness and com-
parison, the seismically induced core damage fre-
- quencies were also calculated based upon the
EPRI methods. Both sets of results, which are pre-
sented in Figures 8.5 through 8.8, were used in
this study. More detailed discussion of methods
used in the seismic analysis is provided in Appen-
dix A; Section C.11 of Appendix C provides more
detailed perspectives on the seismic issue as well.

As can be seen in Figures 8.5 and 8.6, the shapes
of the seismically induced core damage probability
distributions are considerably different from those
of the internally initiated and fire-initiated events.
In particular, the S5th to 95th percentile range is
much larger for the seismic events. In addition, as
can be seen in Figures 8.7 and 8.8, the wide dis-
parity between the mean and the median and the
location of the mean relatively high in the distri-
bution indicate a wide distribution with a tail at
the high end but peaked much lower down. (This
is a result of the uncertainty in the seismic hazard
curve.)

It can be clearly seen that the difference between
the mean and median is an important distinction.
The mean is the parameter quoted most often, but
the bulk of the distribution is well below the
mean. Thus, although the mean is the “center of
gravity” of the distribution (when viewed on a lin-
ear rather than logarithmic scale), it is not very
representative of the distribution as a whole. In-
stead, it is the lower values that are more prob-
able. The higher values are estimated to have low
probability, but, because of their great distance
from the bulk of the distribution, the mean is
“pulled up” to a relatively high value. In a case
such as this, it is particularly evident that the en-
-tire distribution, not just a single parameter such
as the mean or the median, must be considered
when discussing the results of the analysis.

1. Surry Seismic Analysis
The core damage frequency probability distribu-
tions, as calculated using the Livermore and EPRI

methods, have a large degree of overlap, and the
differences between the means and medians of
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the two resulting distributions are not very mean-
ingful because of the large widths of the two distri-
butions. -

The breakdown of the Surry seismic analysis into
principal contributors is reasonably similar to the
results of other seismic PRAs for other PWRs. The
total core damage frequency is dominated by loss
of offsite power transients resulting from seismi-
cally induced failures of the ceramic insulators in
the switchyard. This dominant contribution of ce-
ramic insulator failures has been found in virtually
all seismic PRAs to date.

A site-specific but significant contributor to the
core damage frequency at Surry is failure of the
anchorage welds of the 4 kV buses. These buses
play a vital role in providing emergency ac electri-
cal power since offsite power as well as emergency
onsite power passes through these buses. Although
these welded anchorages have more than ade-
quate capacity at the safe shutdown earthquake
(SSE) level, they do not have sufficient margin to
withstand (with high reliability) earthquakes in the
range of four times the SSE, which are contribut-
ing to the overall seismi¢ ¢ore damage frequency
results.

Similarly, a substantial contribution is associated
with failures of the-diesel generators and associ- -
ated load center anchorage failures. These an-
chorages also may not have sufficient capacity to
withstand earthquakes at levels of four times the
SSE.

Another area of generic interest is the contribu-
tion due to vertical flat-bottomed storage tanks,
¢.g., refueling water storage tanks and condensate
storage tanks. Because of the nature of their con-
figuration and field erection practices, such tanks
have often been calculated to have relatively
smaller margin over the SSE than most compo-
nents in commercial nuclear power plants. Given
that all PWRs in the United States use the refuel-
ing water storage tank as the primary source of
emergency injection water (and usually the sole
source until the recirculation phase of ECCS be-
gins), failure of the refueling water storage tank
can be expected to be a substantial contributor to
the seismically induced core damage frequency.

2. Peach Bottom Seismic Analysis

As can be seen in Figure 8.9, the dominant con-
tributor in the seismic core damage frequency
analysis is a transient sequence brought about by
loss of offsite power. The loss of offsite power is
due to seismically induced failures of onsite ac
power. Peach Bottom has four emergency diesel
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generators, all shared between the two units, and
four station batteries per unit. Thus, there is a

high degree of redundancy. However, all diesels

require cooling provided by the emergency service

water system, and failure to provide this cooling .

will result in failure of all four diesels.

There is a variety of seismically induced equip-
ment failures that can fail the emergency service
water system and result in a station blackout.
These include failure of the emergency cooling
tower, failures of the 4 kV buses (in the same
manner as was found at Surry), and failures of the
emergency service water pumps or the emergency
diesel generators themselves. The various combi-
nations of these failures result in a large number
of potential failure modes and give rise to a rela-
tively high frequency of core damage based on
station blackout. None of these equipment failure
probabilities is substantially greater than would be
implied by the generic fragility data available.
However, the high probability of exceedance of
larger earthquakes (as prescribed by the hazard
curves for this site) results in significant contribu-
tions of these components to the seismic risk.

Fire Analysis Observations

The core damage likelihood due to a fire in any
particular area of the plant depends upon the fre-
quency of ignition of a fire in the area, the
amount and nature of combustible material in that
area, the nature and efficacy of the fire-suppres-
sion systems in that area, and the importance of
the equipment located in that area, as expressed
in the potential of the loss of that equipment to
cause a core damage accident sequence. The
methods used in the fire analysis are described in
Appendix A and in Reference 8.7; Section C.12
of Appendix C provides additional perspectives on
the fire analysis.

1. Surry Fire Analysis

Figure 8.10 shows the dominant contributors to
core damage frequency resulting from the Surry
fire analysis. The dominant contributor is a tran-
sient resulting in a reactor coolant pump seal
LOCA, which can lead to core damage. The sce-
nario consists of a fire in the emergency
switchgear room that damages power or control
cables for the high-pressure injection and compo-
nent cooling water pumps. No additional random
faijlures are required for this scenario to lead to
core damage. It should be noted that credit was
given for existing fire-suppression systems and for
recovery by crossconnecting high-pressure injec-
tion from the other unit. The importance of this
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scenario is evident in Figure 8.11, which breaks
down the fire-induced core damage frequency by
location in the plant. The most significant physical
location is the emergency switchgear room. In this
room, cable trays for the two redundant power
trains were run one on top of the other with ap-
proximately 8 inches of vertical separation in a
number of plant areas, which gives rise to the
common vulnerability of these two systems due to
fire. In addition, the Halon fire-suppression sys-
tem in this room is manually actuated.

The other principal contributor is a spuriously ac-
tuated pressurizer PORV. In this scenario, fire-re-
lated component damage in the control room in-
cludes control power for a number of safety sys-
tems. Full credit was given for independence of
the remote shutdown panel from the control room
except in the case of PORV block valves; discus-
sions with utility personnel indicated that control
power for these valves was not independently
routed.

2. Peach Bottom Fire Analysis

Figure 8.10 shows the mechanisms by which fire
leads to core damage in the Peach Bottom analy-
sis. Station blackout accidents are the dominant
contributor, with substantial contributions also
coming from fire-induced transients and losses of
offsite power. The relative importance of the vari-
ous physical locations is shown in Figure 8.12.

It is evident from Figure 8.12 that control room
fires are of considerable significance in the fire
analysis of this plant. Fires in the contro! room
were divided into two scenarios, one for fires initi-
ating in the reactor core isolation cooling (RCIC)
system cabinet and one for all others. Credit was
given for automatic cycling of the RCIC system
unless the fire initiated within its control panel.
Because of the cabinet configuration within the
control room, the fire was assumed not to spread
and damage any components outside the cabinet
where the fire initiated. The analysis gave credit
for the possibility of quick extinguishing of the fire
within the applicable cabinet since the control
room is continuously occupied. However, should
these efforts fail, even with high ventilation rates,
these scenarios postulate forced abandonment of
the control room due to smoke from the fire and
subsequent plant control from the remote shut-
down panel.

The cable spreading room below the control room
is significant but not dominant in the fire analysis.
The scenario of interest is a fire-induced transient
coupled with fire-related failures of the control
power for the high-pressure coolant injection
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system, the reactor core isolation cooling system,
‘the automatic depressurization system, and the
control rod drive hydraulic system. The analysis
gave credit to the automatic CO, fire-suppression
‘system in this area.

The remaining physical areas of significance are
the emergency switchgear rooms. The fire-in-
duced core damage frequency is dominated by
fire damage to the emergency service water system
in conjunction with random failures coupled with
fire-induced loss of offsite power. In all eight
emergency switchgear rooms (four shared be-
tween the two units), both trains of offsite power
are routed. It was noted that in each of these ar-
eas there are breaker cubicles for the 4 kV
switchgear with a penetration at the top that has
many small cables routed through it. These pene-
trations were inadequately sealed, which would al-
low a fire to spread to cabling that was directly
above the switchgear room. This cabling was a suf-
ficient fuel source for the fire to cause a rapid for-
mation of a hot gas layer that would then lead to a
loss of offsite power. Since both offsite power and
the emergency service water systems are lost, a
station blackout would occur.

Perspectives: General Observations on Fire
Analysis
Figures 8.7 and 8.8 clearly indicate that
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fire-initiated core damage sequences are signifi-
cant in the total probabilistic analysis of the two
plants analyzed. Moreover, these analyses already
include credit for the fire protection programs re-
quired by Appendix R to 10 CFR Part 50.

Although the two plants are of completely
different design, with completely different fire-
initiated core damage scenarios, the possibility of
fires in the emergency switchgear areas is impor-
tant in both plants. The importance of the emer-
gency switchgear room at Surry is particularly high
because of the seal LOCA scenario. Further, the
importance of the control room at Surry is compa-
rable to that of the control room at Peach Bottom.

This is not surprising in view of the potential for
simultaneous failure of several systems by fires in
these areas, Thus, in the past such areas have
generally received particular attention in fire pro-
tection programs. It should also be noted that the
significance of various areas also depends upon
the scenario that leads to core damage. For exam-
ple, the importance of the emergency switchgear
room at Surry could be altered (if desired) not
only by more fire protection programs but also by
changes in the probability of the reactor coolant
pump seal failure.
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9. PERSPECTIVES ON ACCIDENT PROGRESSION AND
CONTAINMENT PERFORMANCE

9.1 Introduction

The consequences of severe reactor accidents de-
pend greatly on containment safety features and
containment performance in retaining radioactive
material. The early failure of the containment
structures at the Chernobyl power plant contrib-
uted to the size of the environmental release of
radioactive material in that accident. In contrast,
the radiological consequences of the Three Mile
Island Unit 2 (TMI-2) accident were minor be-
cause overall containment integrity was main-
tained and bypass was small. Normally three barri-
ers (the fuel rod cladding, the reactor coolant
system pressure boundary, and the containment
pressure boundary) protect the public from the re-
lease of radioactive material generated in nuclear
fuel. In most core meltdown scenarios, the first
two barriers would be progressively breached, and
the containment boundary represents the final
barrier to release of radioactivity to the environ-
ment. Maintaining the integrity of the contain-
ment can affect the source term by orders of mag-
nitude. The NRC's 1986 reassessment of source
term issues reaffirmed that containment perform-
ance “is a major factor affecting source terms”
(Ref. 9.1).

In most severe accident sequences, the ability of a
containment boundary to maintain integrity is
determined by two factors: (1) the magnitude of
the loads, and (2) the response to those loads of
the containment structure and the penetrations
through the containment boundary. Although
there is no universally accepted definition of con-
tainment failure, it does not necessarily imply
gross structural failure. For risk purposes, contain-
ment is considered to have failed to perform its
function when the leak rate of radionuclides to
the environment is substantial. Thus, failure could
occur as the result of a structural failure of the
containment, tearing of the containment liner, or
a high rate of a leakage through a penetration.
Finally, valves that are open during normal opera-
tion may not close properly when the accident oc-
curs. Failure of the containment isolation system
can result in leakage of radioactive material to a
secondary building or directly to the environment.

In some accidents, the containment building is
completely bypassed. In interfacing-system loss-
of-coolant accidents (LOCAs), check valves iso-
lating low-pressure piping fail, and the piping con-

nected to the reactor coolant system fails outside
the containment. The radionuclides can escape to
secondary buildings through the reactor coolant
system piping without passing through the contain-
ment. A similar bypass can occur in a core melt-
down sequence initiated by the rupture of a steam
generator tube in which release is through relief
valves on the steam line from the failed steam
generators.

Although the five plants analyzed in the present
study were selected to span the basic types of con-
tainment design used in the United States, it
cannot be assumed that the containment
performance results obtained are characteristic of
a class of plants. The loads in an accident
sequence, the relative frequencies of specific
accident sequences, and the load level at which
the containment fails can all be influenced by
design details that vary among reactors within a
class of containments. (Additional discussion of
the extrapolability of PRA results is provided in
Chapter 13.) ’

9.2 Summary of Results

If the containment function is maintained in a se-
vere accident, the radiological consequences will
be minor. If the containment function does fail,
the timing of failure can be very important. The
longer the containment remains intact relative to
the time of core melting and radionuclide release
from the reactor coolant system, the more time is
available to remove radioactive material from the
containment atmosphere by engineered safety fea-
tures or natural deposition processes. Delay in
containment failure or containment bypass also
provides time for protective action, a very impor-
tant consideration in the assessment of possible
early health effects. Thus, in evaluating the per-
formance of a containment, it is convenient to
consider no failure, late failure, bypass, and early
failure of containment as separate categories char-
acterizing different degrees of severity. For those
plants in which intentional venting is an option,
this is also represented as a separate category.

Not all accident sequences that involve core dam-
age would necessarily progress to vessel failure, as
illustrated by the TMI-2 accident. The operator
may recover a critical system (such as by the re-
turn of offsite power) or the state of the plant may
change (for example, the system pressure may fall
to a point where low-pressure emergency coolant

NUREG-1150

OAGI0000611 00204



9. Accident Progression

systems can be activated) allowing the core to be
recovered and the accident to be terminated. The
likelihood of containment failure in terminated
accidents is typically less than in accidents involv-
ing vessel failure, and the radiological conse-
quences are usually very small.

9.2.1 Internal Events

The probability of early containment failure and
vessel breach conditional on the indicated class of
sequence {and the mean frequency of the class) is
illustrated in Figure 9.1 for three classes of acci-
dent sequences in the pressurized water reactors
(PWRs) analyzed in this study and in Figure 9.2
for three classes of accident sequences in the boil-
ing water reactors (BWRs) analyzed (Refs. 9.2
through 9.6). Containment bypass scenarios are
not included in these figures, and the results are
for internally initiated accidents. For different
plant designs, the nature of the loads and the re-
sponse of the containment are different, even for
the same accident class.

The predicted likelihoods of early containment
failure in the Zion (large, dry design) plant and
the Surry (subatmospheric design) plant are quite
small (mean value of about 1 percent). The prin-
cipal mechanisms leading to these failures are
loads resulting from high-pressure melt ejection in
accident sequences with high reactor coolant sys-
tem (RCS) pressures (at time of vessel breach)
and in-vessel steam explosions in sequences with
low RCS pressures at vessel breach. Both phe-
nomena involve substantial uncertainties.

The principal reason that the probability of early
containment failure from loads at vessel breach is
so small in the Surry and Zion analyses is that the
reactor coolant system is not likely to be at high
pressure when vessel meltthrough occurs. Some of
the mechanisms that were found to be effective in
depressurizing the vessel are hot leg or surge line
failure at elevated temperature, failure of a reac-
tor coolant pump seal, or a stuck-open relief
valve. If an extreme case at Surry is selected,
which is a large core fraction ejected, a dry cavity,
no sprays, a large hole in the vessel,.and high re-
actor coolant system pressure, the conditional
probability of containment failure is approximately
30 percent. However, this is a very unlikely case.
For cases with small holes in the reactor vessel
and a small or intermediate fraction of the core
ejected, which are much more likely, the prob-
ability of containment failure is a few percent or
less.

For accident sequences at Surry and Zion in
which core uncovery is initiated with the reactor
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coolant system at high pressure, the probability of
overheating and rupturing steam generator tubes
after the onset of core damage, with subsequent
bypass of the containment, is of the same magni-
tude as the probability of early containment fail-
ure from high-pressure ejection of core debris
with direct containment heating. In Figure 9.1,
the smaller spread in uncertainty in the downward
direction for the Zion plant is due to the higher
frequency of containment isolation failure, which
establishes a lower bound for the distribution.

The results for the Sequoyah plant indicate that
early containment failure is somewhat more likely
for ice condenser designs than for large, high-
pressure containments. The mean likelihood of
early failure is approximately 12 percent (8 per-
cent includes vessel breach, 4 percent does not).
Early containment failure is primarily the result of
loads at vessel failure. For scenarios in which the
vessel is at high pressure at the time of vessel
breach, early failure results from overpressuriza-
tion (including the pressure load from hydrogen
burning) or from direct attack of the containment
by hot debris following failure of the seal table. If
the vessel is at low pressure at vessel breach, the
principal failure mechanism is overpressurization.

The predicted probability of early failure of
the Peach Bottom and Grand Guif pressure-
suppression containments is substantially higher
than for the PWR containment designs. For
Grand Gulf, the mean probability of early failure
is approximately 50 percent while at Peach Bot-
tom the mean probability of early failure is about

_ 56 percent.

In the Peach Bottom (Mark I design) plant, fail-
ure is predicted to occur primarily in the drywell
as a result of direct attack by molten core debris.
Drywell rupture due to pedestal failure or rapid
overpressurization (more quickly than the water
columns in the vent lines can be cleared) is also
an important contributor to early containment
failure. If failure occurs in the drywell, releases of
radionuclides from fuel after vessel failure will not
pass through the suppression pool. Late failure of
containment is also most likely to occur in the
drywell but in the form of prolonged leakage past

-the drywell head.

At Grand Gulf, early containment failure in
station blackout is dominated by hydirogen defla-
grations. Hydrogen detonations are also small
contributors to early failure. For short-term sta-
tion blackouts (the dominant plant damage state
groups), the conditional probability of early
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Figure 9.1
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Figure 9.2 Conditional probability of early containment failure for key plant damage
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containment failure is 50 percent. About half of
the early containment failures occur before vessel
breach, and the other half occur at or shortly after
vessel breach. For the long-term station black-
outs, the mean conditional probability of early
containment failure is 85 percent.

The probability of drywell failure at Grand Gulf is
somewhat less than that of containment failure
and occurs in approximately one-half the early
containment failures. Drywell failures before ves-
sel breach resuit from rapid hydrogen deflag-
rations in the wetwell. At the time of vessel
breach, however, drywell failures are primarily
from drywell pressurization loads at vessel breach
(steam blowdown, direct containment heating, ex-
vessel steam explosions, and hydrogen combus-
tion). Failure of the drywell is more likely when
vessel breach occurs with the vessel at high pres-
sure.

Intentional venting of the containment was con-
sidered to prevent overpressurization failure of the
containment for both Peach Bottom and Grand
Gulf. The mean probability of sequences in which
containment venting occurs and no containment
failure occurs is approximately 10 percent for
Peach Bottom station blackout sequences and 4
percent for Grand Gulf. The values are small,
mostly because of the high probability of early fail-
ure mechanisms for which venting is ineffective.
Furthermore, for the short-term station blackout
plant damage state that dominates the core melt
frequency at Grand Gulf, ac power is not available
initially to permit venting.

Figure 9.3 illustrates the frequency of early failure
or bypass of containment (the two types of failure
with the potential for a large release of radionu-
clides) for internally initiated accidents in each of
the five plants. (Peach Bottom scenarios in which
the containment has been vented but subsequent
early containment failure has occurred are catego-
rized as early containment failures.) Note that, on
a basis of absolute frequency, early containment
failure or bypass for the BWR designs analyzed is
similar to that of the PWRs because of the lower
predicted frequency of core damage in the BWRs.

The relative probabilities of early containment
failure, bypass, late failure, venting, and no con-
tainment failure are illustrated in Figure 9.4 for
each of the plants. For the Surry plant, the likeli-
hood of bypass, an interfacing-system LOCA, or
steam generator tube rupture is somewhat greater
than that of early failure from severe accident
loads. In Figure 9.4, the capability of the Zion
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plant to avoid a large early release of radioactive
material appears to be particularly good because
of the small fraction of failures that result in either
early failure or bypass.

It should be noted that the averaging of contain-
ment failure mode probabilities for different plant
damage states can be misleading. To a large de-
gree, the relative probability of bypass at Zion is
substantially smaller than at Surry because the fre-
quency of plant damage states, other than the in-
terfacing-system LOCA, is higher. On an absolute
frequency scale, as shown in Figure 9.3, the per-
formances of the Surry and Zion containments in
severe accidents are quite similar. In Sequoyah,
the probability of early failure is somewhat larger
than for the other PWRs analyzed and on a fre-
quency-weighted mean basis is essentially the
same as for bypass. The most likely outcome for
these plants is that the containment will not fail.

Using early containment failure or containment
bypass as a measure for comparison, the perform-
ance of the two BWR containments analyzed does
not appear as good as the performance of the
PWR. containments. It is important to recognize
that early containment failure or bypass is a pre-
requisite for a large release of radionuclides, but
that mitigative features within the plant can sub-
stantially limit the release that occurs. This is par-
ticularly true for the pressure-suppression contain-
ment designs, where the suppression pool or ice
condenser can retain radionuclides even if the
containment has failed. (The BWR frequency of
bypass is assessed to be quite small. Therefore,
only early failures (with the potential for some
radionuclide scrubbing by the suppression pool) -
are important.) The frequency of release of differ-
ent quantities of radionuclides is discussed in
Chapter 10.

9.2.2 'External Events

Plant damage states that result from external
events are quite similar to those that arise from
internally initiated accidents except that their rela-
tive frequencies differ substantially. In addition,
containment status may be affected by the initiat-
ing event. Figure 9.5 illustrates the relative prob-
abilities of early containment failure, bypass, late
failure, venting, and no failure (no vessel breach
or vessel breach with no containment failure) for
the two plants for which external-event analyses
were performed. The results for internal initiators,
fire, and seismic are compared in the figure. The
importance of early containment failure relative to
the importance of bypass is reversed in the Surry
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external-event analysis compared to the internal
analysis. In the seismic analysis, the conditional
probability of early failure is predicted to increase
significantly (to approximately 8 percent). The in-
creased failure likelihood is associated with sub-
stantial motion of the reactor coolant system com-
ponents in an earthquake and resulting damage to
the containment. In the fire analysis, there are no
externally initiated bypass accidents, the likeli-
hood of bypass induced by overheating of steam
generator tubes is assessed to be negligible, and
there is only a very slight increase in early contain-
ment failure.

Perspectives on the differences between external-
event and internal-event containment perform-
ance for the Peach Bottom plant are similar to
those described for Surry. In the fire analysis,
some increase in early containment failure is pre-
dicted. In the fire sequences, there is a reduced
potential for the recovery of ac power, which re-
sults in a reduced probability of injection recovery
and an increased likelihood of drywell shell
meltthrough.

In the BWR seismic analysis, the probability of
containment survival in a severe accident is small;
the increased likelihood of early containment fail-
ure is the result of substantial motion of the reac-
tor vessel and subsequent damage to the contain-
ment during a major earthquake (well beyond the
plant’s design level) and a reduced recovery po-
tential that increases the likelihood of contain-
ment failure as described for the fire sequences.

9.2.3 Additional Summary Results

Based on the results of the five-plant risk analyses
summarized in Chapters 3 through 7, and dis-
cussed in detail in References 9.2 through 9.6, the
following perspectives on containment perform-
ance in severe accidents can be drawn.

Zion and Surry Plants (Large, Dry and
Subatmospheric Designs)

® Large, dry and subatmospheric containment
designs appear to be quite robust in their
ability to contain severe accident loads. This
study shows a high likelihood of maintaining
integrity throughout the early phases of se-
vere accidents in which the potential for a
large release of radionuclides is greatest. The
uncertainties in describing the magnitude of
severe accident loads at vessel breach for
pressurized scenarios and the likelihood of
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depressurization prior to lower head failure
are large, however.

Containment bypass sequences (severe acci-
dents initiated by steam generator tube rup-
tures, tube ruptures induced by hot circulat-
ing gases, or interfacing-system LOCAs)
represent a substantial fraction of high-
consequence accidents. The absolute fre-
quency of these types of failure is small, how-
ever.

The potential exists for the arrest of core
degradation in a significant fraction of core
damage scenarios within the reactor vessel as
the result of recovery procedures (such as in
the TMI-2 accident). The likelihood of con-
tainment failure is very small in these scenar-
jos.

A substantial likelihood exists that the con-
tainment will remain intact even if the acci-
dent progresses beyond the point of lower
head failure.

The likelihood of early containment failure in
seismic events is higher than for internally
initiated accidents.

Sequoyah Plant (Ice Condenser Design)

®  The likelihood of early failure in a severe ac-
cident for the Sequoyah piant is higher than
for the large, dry and subatmospheric designs
but is less than for the BWRs analyzed. Early
failure is primarily associated with loads im-
posed at the time of vessel breach (from a
number of mechanisms, including direct con-
tainment heating and hydrogen combustion).

Containment rupture from high overpressure
loads at the time of vessel breach is likely to
result in significant damage to the contain-
ment wall and effective bypass of the ice bed.

Containment bypass is potentially an impor-
tant contributor to the frequency of a large
early release of radioactive material.

The high likelihood of a deeply flooded reac-
tor cavity plays an important role in mitigat-
ing severe accident consequences at Se-
quoyah. The deeply flooded cavity assists in
reducing the loads at vessel breach, in pre-
venting direct attack of molten fuel debris on
the containment wall, and in avoiding molten
core-concrete interactions.
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®  There is substantial potential for the arrest of

"~ core damage prior to vessel failure. There is,

however, some likelihood of containment
failure from hydrogen combustion events.

® A substantial likelihood exists for contain-
ment integrity to be preserved throughout a
severe accident, even if the accident pro-
gresses beyond vessel breach.

Peach Bottom Plant (Mark I Design)

e  The analyses indicate a substantial likelihood
for early drywell failure in severe accident
scenarios, primarily as the result of direct
attack of the drywell shell by molten core de-
bris.

® Considerable uncertainty exists regarding the
likelihood of failure of the drywell as the re-
sult of direct attack by core debris. Although
this is the dominant failure mechanism in the
analyses, other loads on the drywell can lead
to early drywell failure, such as rapid over-
pressurization of the drywell. A sensitivity
study was performed in which the drywell

meltthrough mechanism of failure was elimi-

nated. The resulting reduction in mean early
containment failure probability was from
0.56 to 0.2 (Ref. 9.3).

®  The principal benefit of wetwell venting indi-

cated by the study is in the reduction of the .

core damage frequency. Although venting is
not effective in eliminating some early dry-
well failure mechanisms, venting could elimi-
nate other sequences that would result in
overpressure failure of the containment.

e  There is substantial potential for the arrest of
core damage prior to vessel failure. The like-

lihood of containment failure in arrested sce- .

narios is small.

®  The likelihood of early containment failure is

higher for fire and seismic events than inter-
nally initiated accidents because of the de-
creased likelihood of ac and dc recovery re-
sulting in higher drywell shell meltthrough
probabilities.

Grand Gulf Plant (Mark III Design)
e  Grand Gulf containment was predicted to fail

at or before vessel breach in a substantial
fraction of severe accident sequences. Hy-
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drogen deflagration is the principal mecha-
nism for early containment faijlure.

®  Failure of the integrity of the drywell is pre-
dicted to accompany containment failure in
approximately one-half the sequences involv-
ing early containment failure (resulting in by-
pass of the suppression pool for radionuclides
released after vessel breach). Drywell failure
is primarily the result of loads from rapid
combustion events prior to reactor vessel
breach and loads at vessel breach associated
with overpressurization by direct containment
heating, ex-vessel steam explosions, and hy-
drogen combustion in the wetwell region.
Scrubbing of releases occurring before vessel
breach can still occur in sequences in which
the drywell fails and the suppression pool is
eventually bypassed.

® There is a large potential for the arrest of
core damage prior to vessel failure. If large
quantities of hydrogen are produced in the
process of recovery, hydrogen combustion
could result in containment failure.

®  Venting was not found to be particularly ef-
fective in preventing containment failure for
accident scenarios involving core damage.
Furthermore, venting was not as effective in
reducing core damage frequency in Grand
Gulf as it was in Peach Bottom.

9.3 Comparison with Reactor Saféty
Study

Prior to the time the Reactor Safety Study (RSS)
{Ref. 9.7) analyses were undertaken, there had
been no relevant experimentation or modeling of
either the loads produced in a severe accident or
the response of a containment to loads exceeding
the design basis. As a result, the characterization
of containment performance in the RSS is simplis-
tic in comparison to the present study.

Containment Failure Modes

Figure 9.6 compares estimates for the present
study with those of the RSS for the cumulative
failure probability as a function of internal pres-
sure for the Surry plant. The current study indi-
cates that the Surry containment is substantially
stronger than did the RSS characterization. In the
RSS analyses, failure was assumed to involve rup-
ture of the containment with substantial leakage to
the environment. The current study subdivides
failure into different degrees of leakage. Failure at
the low-pressure end of the range would most
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likely be the result of limited leakage, such as fail-
ure at a penetration rather than a substantial rup-
ture of the containment wall. As the failure pres-
sure increases, the likelihood of rupture versus
leakage also increases. At pressures close to the
ultimate strength of the shell, the potential for
gross rupture of the containment exists but was
found to be unlikely.

Figure 9.7 compares the current study with RSS
estimates for cumulative failure probability as a
function of pressure for the Peach Bottom plant
(Mark 1 design). The curves are quite similar,
with the current perspective being of a slightly less
strong containment than the RSS representation.
The curve presented from the current study is rep-
resentative of a cool drywell (less than 500° F).
Cumulative distributions were also developed in
the current study for higher drywell temperatures.
At 1200° F the median failure pressure was as-
sessed to be 45 psig as opposed to 150 psig at low
temperatures.

Failure location in the Mark I design can be as
important as failure time. In the RSS, the most
likely failure location was assessed to be at the up-
per portion of the torcidal suppression pool. It
was assumed that, following containment failure,
the pool would no longer be effective in scrubbing
radioactive material. In the current analyses,
other mechanisms of containment failure, such as
direct attack of the drywell wall by molten core
debris, were found to be more important than
overpressure failure. The dominant location of
overpressure failure is assessed to be the lifting of
the drywell head by stretching the head bolts.
Gases leaking past the head enter the refueling
bay where limited radionuclide retention is ex-
pected rather than into the reactor building where
more extensive retention could occur. (However,
the leakage into the reactor building can also re-
sult in severe environments that can cause equip-
ment failure.) Another structural failure from
overpressure identified as likely in this study is at
the bellows in the downcomer, which would result
in leakage from the wetwell vapor space to the re-
actor building. Thus, although the estimated fail-
ure pressures identified in this study and in the
RSS are quite similar, the modes and locations of
failure are quite different.

Comparison of Surry Results

Risk in the RSS is dominated by a few key se-
quences for each plant. Containment performance
in these sequences was a major aspect of their risk
significance. The three key sequences for Surry
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were station blackout, an interfacing-system
LOCA, and the failure of an instrumentation line
penetrating the lower head. Figure 9.8 illustrates
the range of early failure probability for station
blackout in the current analyses and provides the
point estimate from the RSS as a comparison. The
RSS estimate of early failure likelihood is substan-
tially higher than the present analysis even though
the phenomenon of direct containment heating
had not been identified at the time of the RSS. In
addition to the lower assumed failure pressure of
the containment, the RSS prediction of the rate of
containment pressurization was unrealistically
high.

The current perspective on the behavior of the
interfacing-system LOCA in which the break oc-
curs outside the containment resulting in bypass is
essentially the same as in the RSS. The RSS did
not identify the potential for rupture of a steam
generator tube as a potentially important initiator
of a severe accident.

The third important sequence in the RSS, invoiv-
ing an instrumentation line rupture, is no longer
considered a core meltdown sequence. In the RSS
analyses, if the containment spray injection pumps
were to fail, damage was assumed to occur to the
spray recirculation pumps resulting in loss of con-
tainment heat removal, containment failure, and
consequent loss of emergency coolant makeup
water to the vessel. More detailed analyses (Ref.
9.8) indicate, however, that condensed steam
would provide sufficient water in the containment
sump to prevent damage to the recirculation spray
pumps, avoiding conditions resulting in contain-
ment failure and core meltdown.

Comparison of Peach Bottom Results

In the RSS analyses for the Peach Bottom plant,

two sequences dominated the risk: a transient

event with loss of long-term heat removal from the

suppression pool and an anticipated transient
without scram (ATWS). Loss of long-term heat

removal is an extended accident in which heating

of the suppression pool leads to overpressure fail- -
ure of the containment and consequent loss of

makeup water to the vessel. With the procedures

now available to vent the Peach Bottom contain-

ment to outside the reactor building, the likeli-

hood of loss of long-term heat removal leading to

core meltdown has been reduced to the point

where it is no longer a substantial contributor to

core damage frequency or risk.

In the RSS analyses, early containment failure was
considered a certainty in the ATWS sequence.
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Figure 9.8 Comparison of containment performance results with Reactor Safety Study

(Surry and Peach Bottom).

Figure 9.8 indicates that early failure is still
considered quite likely for this sequence. The
mechanisms resulting in failure and location of
failure are different, however.

In summary, changes have occurred in predicting
containment performance for the two plants ana-
lyzed in the RSS. There have been substantial im-
provements in the ability to model severe accident
phenomena and system behavior in severe acci-
dents. For Surry, the high likelihood of maintain-
ing containment integrity indicated in the present
study is the most significant difference in perspec-
tive between the two studies.

9.4 Perspectives

9.4.1 State of Analysis Methods

The analysis of severe accident loads and contain-
ment response involves substantial uncertainty be-
cause of the complexity of core meltdown proc-
esses. After a decade of research into severe
accident phenomena subsequent to the TMI-2 ac-
cident, methods of analysis have been developed
that are capable of addressing nearly every aspect
of containment loads, including hydrogen defla-

gration and detonation and core-concrete interac-
tions. In some instances, such as direct attack of
the Mark I containment shell by molten material
and direct containment heating, research is still
being pursued (Ref. 9.9). Although the residual
uncertainties are in some instances great, the
methods are adequate to support meaningful
Level 2 PRA analyses.

The accident progression event tree analysis tech-
niques developed for this study involve a very de-
tailed consideration of threats to containment in-
tegrity. A number of large computer analyses were
required to support the quantification of event
probabilities at each branch of the event tree. The
analysis team for this study had the considerable
advantage of access to researchers involved in the
development and application of computer codes
used in the analysis of core melt progression,
core-concrete  attack, containment behavior,
radionuclide release and transport, and hydrogen
combustion.

Computer analyses cannot, in general, be used di-
rectly and alone to calculate branching probabili-
ties in the accident progression event tree. Since
the greatest source of uncertainty is typically
associated with the modeling of severe accident
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phenomena, the results of a single computer run
(which uses a specific model) do not characterize
the branching uncertainty. It is therefore neces-
sary to use sensitivity studies, uncertainty studies,
and expert judgment to characterize the likeli-
hood of alternative events that affect the course of
an accident. The effort undertaken in this study to
elicit expert opinion was substantial. The expense
of the overall accident progression analysis tech-
niques {expert elicitation and computer analysis to
support event tree quantification) employed in
this study is currently a drawback to their wide-
spread use. However, methods to apply the mod-
els, the distributions, and the computer codes to
other plants at a reasonable cost are under study.

9.4.2 Important Mechanisms That Defeat
Containment Function During Severe
Accidents

The challenges to containment integrity that
would occur in a severe accident depend on the
nature of the accident sequence, as well as the
design of the plant. The various containment de-
signs analyzed in this study responded differently
to different severe accident challenges.

Containment Bypass and Isolation Failure

When an accident occurs, a number of valves
must close to isolate the containment from the en-
vironment. On the basis of absolute frequency,
failure to isolate the containment was not found to
be a likely source of containment failure for any
of the plants analyzed. Primarily because of the
low frequency of early containment failure by
other means, containment isolation failure is a
relatively important contributor to early failure at
Zion. The subatmospheric containment and
nitrogen-inerted Mark I containments are particu-
larly reliable in this regard since it is highly likely

that leakage would be identified during operation.

Containment bypass is an important contributor to
large early releases of radionuclides for the Surry
(subatmospheric), Sequoyah (ice condenser), and
Zion (large, dry) containment designs. The princi-
pal contributors are accidents initiated by interfac-
ing-system LOCAs and by steam generator tube
ruptures. The predicted frequency of these events
is quite small, however, and their dominance of
risk is the result of the relatively lower frequency
of other means to obtain large early releases.

Gas Combustion

Hydrogen and carbon monoxide are the two com-
bustible gases potentially produced in large quanti-
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ties in severe accidents. The principal source of
hydrogen is the reduction of steam by chemical
reaction of metals, particularly zirconium and
iron. Carbon monoxide would only be produced
in the later stages of an accident involving the at-
tack of concrete by molten core debris. Because
of the timing of carbon monoxide release, its pro-
duction does not represent a threat of early failure -
to the containment but can contribute to delayed
failure.

Rapid gas combustion was not found to be a sub-
stantial threat to containment for the Surry (sub-
atmospheric), Zion (large, dry), or Peach Bottom
(Mark I) containments. The Surry and Zion de-
signs are sufficiently robust to survive deflagrations
(rapid burning). At Surry and Zion, the likeli-
hood of global detonations that could fail the con-
tainment (by impulsive loads) was assessed to be
small. The contribution of hydrogen combustion
to the pressure rise in the containment at the time
of vessel failure in the event of high-pressure melt
ejection of molten fuel was considered, but the
likelihood of early failure of containment was also
assessed to be small.

Hydrogen combustion is not a threat to the Mark
I design because it normally operates with a nitro-
gen-inerted containment and thus has insufficient
oxygen concentration to support combustion.

Hydrogen combustion was found to be a substan-
tial threat to the integrity of the Sequoyah (ice
condenser) and Grand Gulf (Mark III) designs. A
very small contribution, about 1 percent, to early
failure from hydrogen combustion prior to vessel
breach is predicted for the station blackout se-
quences in Sequoyah. In arrested sequences, the
containment failure probability is increased 5 per-
cent because of ignition sources from the recovery
of ac power. Approximately 12 percent mean
early containment failure probability arises at the
time of vessel breach, largely as the result of hy-
drogen combustion.

For the Grand Gulf plant, there is a substantial
likelihood of containment failure before vessel
breach in the short-term station blackout se-
quence because of the unavailability of igniters. At
the time of vessel breach, hydrogen combustion
loads can again occur, which can fail the contain-
ment (the percentages of containment failure be-
fore and at vessel breach are similar). Two addi-
tional reasons combine to make hydrogen events
extremely important at Grand Gulf: (1) the BWR
core contains an extremely large amount of zirco-
nium that is available for hydrogen production,
and (2) the suppression pool is subcooled in the
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short-term station blackout sequences resulting in
condensation of the steam from the drywell or the
vessel and leading to hydrogen-rich mixtures in
the containment that are readily ignited.

Loads at Vessel Failure

The increase in containment pressure that could
occur at vessel failure represents an important
challenge to containment for each of the five de-
signs (see Appendix C). In the Zion (large, dry)
and Surry (subatmospheric) designs, loads at ves-
sel breach from high-pressure melt ejections
(rapid transfer of heat from dispersed core debris
accompanied by chemical reactions with unoxi-
dized metals in the debris) represent 2 mechanism
that can result in containment loads high enough
to fail containment. The predicted likelihood of
failure for these scenarios in the Surry and Zion
designs was found to be small, in part because
most high-pressure sequences were predicted to
depressurize by one or more means prior to vessel
failure and because the overlap between the con-
tainment load distribution and the containment
faiture distribution was small.

Although loads at vessel breach have been studied
more extensively for PWR containments, they
were found to be an important contributor to early
containment failure in the Sequoyah (ice con-
denser) and Peach Bottom (Mark I) plants and to
early drywell failure in Grand Gulf (Mark III). In
the Sequoyah and Grand Gulf analyses, hydrogen
combustion is also a principal contributor to early
containment failure from the loads at vessel
breach. At Grand Gulf, pedestal failure, due to
dynamic loads from ex-vessel steam explosions or
subcompartment pressure differential, can also re-
sult in drywell failure at this stage of the accident.

Direct attack of the drywell shell is the dominant
failure mechanism at vessel breach in the Peach
Bottom plant. Overpressurization can also lead to
leakage failure in the drywell by lifting the drywell
head or to failure in the wetwell.

Direct Attack by Molten Debris

Direct attack of the drywell wall by molten debris
in the Peach Bottom (Mark I) design has been the
subject of considerable controversy among severe
accident experts (see Section C.7 of Appendix
C). Essentially half the experts whose opinions
were elicited believed that containment failure
would occur, and half believed that it would not
occur. The numerical aggregation of these diverse
views led to a mean likelihood of failure in the
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present analysis of approximately 30 percent when
the pedestal region is wet and 80 percent when
the pedestal region is dry (Ref. 9.3).

Molten debris attack was also predicted to be a
threat to the Sequoyah (ice condenser contain-
ment) in high-pressure sequences in which molten
debris could be dispersed into the seal table room,
which is outside the crane wall and adjacent to the
steel wall of the containment. The likelihood of
failure was considerably less than for Peach Bot-
tom, however.

Steam Explosions

When molten core material contacts water, the
potential exists for rapid transfer of heat, produc-
tion of steam, and transfer of thermal energy to
mechanical work. Considerable research has been
undertaken to determine the conditions under
which steam explosions can occur and their ener-
getics. At pressures near atmospheric, it is gener-
ally concluded that steam explosions would be
likely if molten core material drops into a pool of
water. However, the energetics and coherence of
the molten fuel-coolant interaction are very un-
certain. At high steam pressure, steam explosions
are found to be more difficult to initiate.

Steam explosions represent a variety of potential
challenges to the containment. If the interaction
were to occur in the reactor vessel at the time
when molten core material slumps into the lower
plenum, the possibility exists of tearing loose the
upper head of the vessel, which could impact and
fail the containment (this has been called the “al-
pha mode” of containment failure since the issu-
ance of the RSS). The analyses in this study indi-
cate that the potential for this type of event to
result in early containment failure is less than 1
percent for each of the plants. For Surry and
Zion, steam explosions represent a significant
fraction of the early failure probability, but only
because the overall likelihood of early failure is
small.

When molten core material drops into water out-
side the vessel, the potential failure mechanisms
are different. In the Grand Gulf plant, a shock
wave could propagate through water and impact
the concrete structure that provides support to the
reactor vessel. Substantial motion of the vessel
could then lead to the tearout of penetrations
through the drywell wall. Because of the shallow
water pool at Peach Bottom, dynamic loads from
steam explosions do not represent a similar
mechanism for failures.
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