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Table 13.1 Utility of NUREG-1150 PRA process fo othey plant studies.

Example Resulfs

Applicability

Class of Plants Flant Population

1. Methods {e.g., uncertainty, elicitation, event tree/ high high

fault tree)

2. General perspectives (e.g., principal contributors to

core damage frequency and rislk)

3, Supporting data base on design features, operational high

medium low

medium

characteristics, and phenomenology (e.g., hydrogen

generation in core damage accidents, operational

data) ‘

4, Quantitative results {e.g., core damage fraguency,

containment performance, risk)

low low

Site-specilic requirements and difforing utility re-
quirements often lead to significant differences in
support system designs (e.g., ac power, d¢ power,
service water) that can significantly influence the
response of the plant to various potential acci-
dent-initiating events. Further, different opera-~
tlonal practices, including maintenance activitles
and techniques for monitering the operational re-
llability of components or gystems can have a sig-
nificant influence on the likelihood or severity of
an accident.

13.2.2 Guidance for Accident Managemené
Strategies

Cert{ain preparatory and recovery measures can be
taken by the plant operating and technical staff
that could prevent or significantly mitigate the
consequences of a severs accident. Broadly de-
fined, such “accident management” inciudes the
measures taken by the plant staff to (1) prevent
core damage, (2) terminate the progress of core
damage if it begins and retain the core within the
reactor vessel, (3) maintain containment integrity

as long as possible, and finally (4) minimize the -

consequonces of offsite releases. In addition, acci-
dent management includes certain measures taken
before the oecurrence of an event (8.g., improved
training for severe accidents, hardware or proce-
dure modifications) to facilitate implementation of
accident management stravegies, With all these
factors taken topgether, accident management is
viewed as an impottant means of aclieving-and
mapintaining a low risk from severe accidents,

Under the staff program, accident management
programs will be developed and implemented by

licensees. The NRC will focus on developing the
regulatory framework under which the industry
programs wiil be developed and implemented, as
well as providing an independent assessment of
licensee-proposed accident management capa-
bilities and strategies. NUREG~1150 has been
used by the NRC staff to support the development
of the accident management program. NUREG-
1150 methods provide a methodological frame-
work that can be used to evaluate particular
strategies, and the current results provide some in-
sights into the efficacy of strategies in place or that
might be considered at the NUREG-1150 plants.
Thus, the NUREG-1150 methods and results will

" support & staff review of licensee accident man-

agement submittals.

PRA information has been used in the past to in-
fluence accident management strategies; however,
the methods used in NUREG-1150 can bring
added depth and brendth to the process, along
with a detailed, explicit treatment of uncertaintios.
The integrated nature of the methods is particu-
larly important, since actions taken during early
pans of an accident can affect Iater accident pro-
gression and offsite consequences. For example,
an accident management strategy at a BWR may
involve opening a containment vent. This action
can affect such things as the system response and
core damage frequency, the retention of radicac-
tive material within the containment, and the tim-
ing of radicnuclide releases (which impacts evacu-
ation strategies), It is possible that actions to
reduce the core damage frequency can yield
accident sequences of lower frequency but with
much higher consequences. All these factors need
to be considered in concert when developing

NUREG-1150
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appropriate venting strategies, The treatment of
uncertainties is another key aspsct of accident
management. Generally, procedures are devel-
oped based on “most likely” or “expected” out-
comes, For severe accidents, the outcomes are
particularly uncertain. PRA models and results,
such as those produced in the accident progres-
sion event trees, can identify possible alternative
outcomes for important accident sequences. By
making this information available to operators and
response teams, unexpected events can be recop-
nized when they occur, and a more flexible ap-
proach to severe accidents can be developed. The
recent trend toward symptom-based, as opposed
to event-based, procedures is consistent with this
need for flexibility.

To demonsirate the potential benefits of an acci-
dent management program, some ekample calcu-
lations were performed, as documented in Refer-
ence 13,20. For this initial demonstration, these
calculations were limited to the internal-event ac-
cident sequence portion of the analysis. Further,
the numerical results presented are “point esti-
mates” of the core damage frequency as opposed
to mean frequency estimates. Selected examples
from the initial analysis are presented below.

Effect of Firewater System at Grand Gulf

The first NUREG-1150 analysis of the Grand
Gulf plant (Ref. 13.21) did not credit use of the
firewater system for emergency coolant injection
because of the unavailability of operating proce-
dures for its use in this mode and the difficulties
in physically configuring its operation. However,
since that time, the licensee has made significant
system and procedural modifications. As a result,
the firewaler system at Grand Gulf can now be
used as a backup source of low-pressure coolant
injection to the reactor vessel. The system would
be used for long-term accident sequences, i.e.,
where makeup water was provided by other injec-

ton systems for several hours before thelr subse- .

quent fajlure, The firewater system primarlly aids
the plant during station blackout conditions and is
considered a last resort effort.

An examination has been made of the benefit of
these licensee modifications to the Grand Gulf
plant. As shown in Figure 13.1, these analyses
showed that the total core damage frequency was
reduced from 4B-6 1o 2E~G per reactor year be-
cause of these changes.

NUREG-1150

Tffect of Feed and Bleed on Core Damage
T'requency at Surry

The NUREG-1150 analysis for Surry includes the
use of feed and bleed cooling for those sequences
in which all feedwater to the steam penerators is
lost (thus causing their loss as heat removal sys-
tems). Feed and bleed cooling restores heat re-
moval from the core using high-pressure injection
(HPI) to inject into the reactor vessel and the
power-operated relief valves (PORVs) on the
pressurizer to release steam and regulate reactor
coolant BYEt6mM pressure,

An examination has been made to determine to
what extent feed and bleed cooling decreases core
damage frequency at Surry. The current Sutry
model includes two basic events representing fail-
ure modes for feed and bleed cooling In the event
of a loss of all feedwater. These modes are; opera-
tor failure to initiate high-pressure injection and
operator failure to properly operate the FORVs.
In order to examine the impact of feed and bleed
cooling, both basic events were assumed to always
occur. As shown in Fipure 13.1, the resuiting total
core damage frequency for Swry (if feed and
bleed cooling were not available) then increases
by roughly a factor of 1.3. That is, the availability
of the feed and bleed core cooling option in the
Surry design and operation is estimated to reduce
core damage frequency from 4E-5 to 3E~5 per
reactor year.

Gas Turbine Generafor Recovery Action at
Surey

The present NUREG-1150 modeling and analysis
of the Surry plant have not considered the bene-
fits of using onsite pas turbine penerators for re-
covery in the event of station blackout accidents.
Both a 25 MW and a 16 MW gas turbine genera-
tor are available to provide emergency ac power to

. safety-related and non-safety-related equipment.

These generators were not ittcluded in tie analysis
because, as cutrently confipured, they would not
be available to mitigate important accident se-
quences.

An examination has been made-of the effect on
core damage frequency at Surry of including the
gas turbine generators as a means of recovery
from station blackout sequences. To give credit
for the addition of one generator for emergency
ac power, it i5 assumed that Surry plant personnel
have the authority to start the pas turbines when
required and that 1 hour is required 1o start the
gas turbines and enerpize the safety buses. In the
analysis, the gas turbines were assumed to be
available 90 percent. of the time,
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'The use of the onsite pas turbine was estimated to
retluce core damage frequency from 3E-5 to
2E~5 per reactor year.

High-Pressure Injectiorn and Auxiliary Feed-
water Crosscannects at Surry

‘The Surry Unit 1 plant is configured toc recover
from loss of either the high-pressure injection
(HPI) system or the auxlliary feedwater (ABW)
system by operator-initiated crossconrnection to
the analopous systemn at Unit 2. While these ac-
tions provide added redundancy to these systems,
new failure mades (e.g., flow diversion pathways)
that were included in the modeling process for
Surry have been created. The alignment of the
Unit 1 and Unit 2 HPI and AFW systems for
crossconnect injection is modeled as a recovery
action.,

Analysis of the importance of crossconnect injec-
tlon at Surry includes two parts. Rirst, credit for
crossconnect injection was removed from all ap-
plicable dominant sequences, which were then ro-
quantified. Second, sequonces that were previ-
ously screened out of the analysis werg checked 1o
determine if they would become dominant in the
absence of crossconnect injection. As shown in
Figure 13.1, the point estimate of the total core
damage frequency without crossconnects is 1E-4,
compared to the value of 3E~5 for internally iniu-
ated events in the base case.

Primary Containment Venting at Peach
Bottom

The primary containment venting (PCV) system at
Peach Bottom iz used to prevent primary contain-
ment overpressurization during accident se-
quences in which all containment heat removal is
lost. Most sequences of this type involve failure of
the residual heat removal systems. Because of the
existence of this venting capability, no such acci-
dent sequences appeared as dominant in the
NUREG-1150 analysis for Peach Bottom.

The effect of the PCV system on the core damage
frequency at Peach Bottom was determined by ex-
amining the sequences screened out in the
NUREG-1150 anplysis that included the PCV gys-
tem ag an event {primarily the sequences involving
loss of containment heat removal). Credit for the
PCV system was removed from these sequences,
which were then summed and added to the cur-
rent point estimate of the core damage frequency.
Ag shown in Figure 13.1, this results in a point
estimate of the Peach Bottom core damage fre-

NUREG-1150

quency withow containment venting of 9E-6,
about a factor of 2.6, increase over the
NUREG-1150 value of 4E-6.

13.2.3 Impxoving Containment Performance

The NRC has performed an assessment of the
need to improve the capabilitics of containment
structures to withstand severe accidents (Ref.
13,1). Staff efforts focused initially on BWR
plants with a Mark I containment, followed by the
review of other containment types. This program
was intended to examine potential enhanced plant
and containment capabilities and procedures with
repard to severe accldent mitigation. NUREG-
1150 provided informntion that ssrved to focus at-
tention on areas where potentlal containment per-
formance improvements might be realized,
NUREG-1150 as well as other recent risk studies
indicare that BWR Mark I risk {s dominated by
station blackouit and anticipated transient without
scram (ATWS) accident sequences, NUREG-
1150 further provided a model for and shewed
the benefit of a hardened vent for Peach Bottom
(discussed above and displayed in Figure 13.1).
The staff is currently pursuing regulatory actions
to require hardened vents in all Mark I plants,
using NUREG-1150 and other PRAs in the cost-
benefit analysis.

The NUREG-1150 accident progression analysis
models were used by the staff and its contractors
in the evaluation of possible containment im-
prevements for the PWR ice condenser and BWR
Mark IIT designs. The result of the staff reviews of
these designs (and all others except the Mark I)
was that potential improvements would best be
pursued as part of the individual plant examina-
tion process (discussed in Section 13.2.1).

13.2.4 Determining Important Plant
Operational Features

NUREG-1150 will provide a source of informa-
tion for investipating the importance of opera-
tonal safety issuas that may arise during day-to-
day plant operations. The NUREG-115( models,
methods, and results have alrendy been used to
analyze the importance of venting of the suppres-
sion pool, the importance of keeping the PORVs
and atmospheric dump valves unblocked, the im-
portance of oporational characteristics of the ice
condenser containment design, the imporiance of
operntor recovery during an accident sequence,
and the importance of crossties between systems.
These operational and system characteristics, as
well as many others, are described in detail in
Chapters 3 through 7, For example, characteris-
tics of the Surry plant design and operation that



8. PERSPECTIVES ON FREQUENCY OF CORE DAMAGE

8.1 Imtroduciion

Chapters 3 through 7 have summarized the core
damage frequencies individually for the five plants
assessecd in this study. Significant differences
among the plants can be seen in the results, both
in terms of the core damage frequencies and the
particulnr 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 plont-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 15 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 Blustrated
graphically in Bigure 8.1 (Refs. 8.1 through 8.5).
The Tfpure does not include the contributions of
external events, which are discussed in Section
8.4. -

In Figure 8,1 the lower and upper exiremities of
the bars represent the 5th and 95th percentiles of
the distributions, with the mean ond 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 magnitide
for the five plants. There i 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
principa] types of accidents to the mean core
damage frequency for each plant. Figure 8.4 also
presants this breakdown, but on a relative scale.
These figures show that some iypes 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
cxternal-event analyses, and Figures 8.9 through
8.12 glve the breakdown of these analyses accord-
ing to the principal types of accident sequences.

8.3 Comparison with Reactor Safely .
Study

Fipures 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
Surty and Peach Bottom. The Reactor Safety
Study presented results in terms of medians but
not means, It can be seen that the medians are
Tower 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-
mentec] hardware modifications and procedural
improvements with the stated purpose of increas-
ing snfety, 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-
tationat 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 analydcal conser-
vatlsms, However, new types of failures have aiso
been discovered. For example, the years of expe-
rience with probabilistic analyses and plant opera-
tion have uncovered the reactor coolant pump
seai failure scenario as well as intersystem depend-
encies, common-mode failure mechanisms, and
other itemns 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

NUREG-1150
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recovery of ac power, the Reactor Salety 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-
ape 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 oceurred 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 Hes in plant
modifications made since the Reactor Safety
Study was completed, These modificatlons allow
for the crossconnection of the high-pressure sofety
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 themn 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 cocling after containment
failure has considerably reduced the significance
of the long-term loss of decay heat removal acci-
dentg. In addition, the plant has implemented
some ATWS improvements, although ATWS
events remain among the dominant accident se-
quence types. Moreover, more modein 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 damape frequency from internal
events.

NUREG-1150 8~10

In summary, there have been reductions in the
core damage Irequencies 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
Probabhility 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 piven point, which trans-
lates into a measure of the probability that the
point has not been exceeded. For example, if the
median were exactly 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 damape 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 hiph
confidence that the internal-event core damage
frequency for Grand Guif is Jower than that of
Sequoyah or Surry. Conversely, it can readily be
seen that the differences in core damage



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 limitatlons in the scope of the
study that could lead to actual core damage fre-
queneies higher than those estimated. In addition,
the uncertainties in the sequences included in the
study tond 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 distributlon in the range of
1E-6 per reactor year. FHowever, it is incomplete
1o 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
contral 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 Irequency

In Section B.4.3, anolyset 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 uncertzinty, More detail con-
ceming the contributions of various parameters to
the uncertainty in core damage frequency may be
found in References 8.1 through 8.5. Perspectlves
on the contributions of accident frequency issues
to the uncertainty in rsk moy be found in Chapter
12.

8.4.3 Dominant Accident Sequence Types

The various accident sequences that ¢ontribute 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, Cuwrrent
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),

§. Core Damage Frequency

1t should be noted that the selection of categories
is not unique in a mathematical sense, Lut instead
is a convenient way to group the results. If the
coroe 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 imporiance of the
highest frequency accident sequences should be
considered in relationship to the total core dam-
age frequency. The cxistence 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 dormi-
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 contribure to those
sequences that provides undetstanding 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 B8.4. 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 Renctor 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 frequencios than PWRs,
it is useful to consider why the core damage fre-
quencies are Iower for these partcular BWRs.

The LOCA sequences, often dominant in the
PWR core damage Irequencies, 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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directly into the renctor coolant system to provide
makeup. For BWRsg, thiz includes two Iow-
pressure emerpency core cooling (BCC) systems
(low-pressure coolant injection and low-pressure
core spray), each of which is multitrain; two high-
pressure injection systems (reactor core isolatfon
cooling and either hiph-pressure coolant injection
or high-pressure core spray); and usually severnl
other alternative injection systems, such as the
control rod drive hydraulic system, condensate,
service water, firewater, etc, In contrast, PWRg
generally have one high-pressure znd one low-
pressure BCC 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-
puments also hold. BWRSs 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, nilow-
ing maore time for mitigative action.

In spite of this historical perspoctive 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 meodified
over the past several years, and operator training
specifically for these events has improved slgnifi-
cantly, Second, the ability to model and analyze
ATWS events has improved. More modern
neutronic and thermal-hydraulic simulations of
the ATWS sequences have calenlated lower core
power levels during the aevent than predicted in
the past, Further, these calculations indicate that
low-pressure injection systems can be used without
resulting in significant power osciilations, thus al-
Jowing more opportunity for mitigation. Note that
for both BWRs and PWRs the frequency of reac-
tor protection system fallure remains highly un-
certain. Therefore, all comparisons concerning
ATWS should be made with caution.
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Station blackout accidents contribute a high pes-
centage of the core damage frequency for the
BWRs. However, when viewed on an absolute
scale, statton blackout has a higher frequency at
the PWRs than at the BWRg, To some extent this
is due to deslgn differences between BWRs and
PWRs leading to different susceptibilities. For ex-
ample, in station blackout accidents, PWRs ave
potentially vulnerable to reactor coolant pump
seal LOCAs following logs of seat cooling, leading
to loss of inventory with no method for providing
makeup. BWRs, on the other hand, have at Jeast
one injectlon system that does. not regquire ac
power, While important, it would be incorrect to
imply that the differences noted above are the
only considerations that drive the varintions 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 diasels
that can be shared between units and a mainte-
nance program that led to an order of magnitude
reduction In the diese! generator failure rates.
Grand Guif 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 characterlsucs 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
biackout-induced core damage frequency than a
PWR with an above average electric powey system.

For both BWRs and PWRs, the annlyses Indicate
that, along with electric power, other support sys-
tems, such as service water, are quite impottant,
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 dampge frequency of both types of
plants. Beth types of plants have sufficient redun-
dancy and diversity so 25 to make muitiple inde-
pendent fatlures unlikely. Support system failures
introduce dependencies among the systems and
thus can become dominant.

Boiling Water Reactor Observations

As shown in Fipure 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



failure events can be identifiod, 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 1BE-3, it is possible that other
events outside the scope of these internal-event
analyses are the ones that actunlly 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 ¢an
be expected to have low frequencies at BWRs be-
cause of the numerous aystems available to pro-
vide coolant injection. Whils 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 desipn 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 imporntantly, can operate over
the entire range of pressures experienced in a
LOCA sequence,

It is evident from Figures B.2 and 8.4 that station
blackout plays a major role in the internal-event
core damage frequencies for Peach Bottom and
QGrand Gulf. Bach 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 planis, 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 removai, the extra diesel
also provides diversity, based on a different diesel
design and plant lécation 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 unilkely 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 50 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 i5 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, piven that gppropriate 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 penerators., Subtleties in the
design are guch 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 diese! 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 powcr system is con-
siderabie, .

While there is redundancy in the ac power system
design at Peach Bottom, the most significant fac-
tor in the Jow estimated station blackout fre-
guency relates to the plant-specific data analysis.
The plant-specific analysis determined that, be-
cause of a high-quality maintenance program, the
diesel penerators 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 dlesel generators do fail. With
two steam-driven systerms to provide coolant injec~
tion and several hours to recover nc power prior
to battery depletion, the station blackout fre-

_quency Js 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
conditlons can affect coolant injectlon 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 logs of net
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8. Core Damage Frequency

positive suction head in the suppregsion 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 descrlbed in the previous
poragraph, 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 6G-inch diameter steel pipe, thup reducing the
containment pressure without subjecling 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 freguency
of many other sequences. The second important
feature at Pench 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 problemms 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 iz de-
sipned 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 benipgn as far as systom 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.

Por LOCA sequences, the frequency is signifi-

cantly lower at Surry than at the othor twvo PWRs,
A major porticn of this difference is directly tied

“The staff is presenily undertaking regulalory aciion to
require hard pipe vents in all BWR Mark 1 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 trosstie 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 certaln
groups of translents involving stuck-open relief
valves,

In addition, at Sequoyah there is a particularly
noteworthy emergency core cooling interaction
with containment engineered safery features in
loss-of-coolant accidents. In thig (ice condenser)
containment design, the contalnment sprays are
automatically actuated at a very low pressure get-
point, which would be exceeded for virtually all
small LOCA events, This spray aciuation, if not
terminated by the operator can lead'to a rapid de-
pletion of the refuellng water storags 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-
tlons, leads to a significant human error probabil-
ity. Thus, LOCA-type sequences are the domlnant
accident sequence type at Sequoyah.

Station blackout-type sequences have relatively
similar frequencies at all thres PWRs, Statlon,
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 soals is lost
and there is a significant probability that they will
ultimately fail, Jeading to an induced LOCA and
loss of inventory. Because PWEs 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 froquency.
New seals have been proposed for Westinghouse
PWRs and could reduce the core damage fre-
quency if implemented, although thoy 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 detalled
discussion of reactor coolant seal performance.)

Apart from the generic reactor coolant pump Eeal
guestion, station blackout frequencies at R
are determined by the plant-specific electric
power system desipn and the desipn 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





