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ABSTRACT

A methodology has been developed to extract generic risk-6ased information from probabilistic
risk assessments (PRAs) of Westinghouse and Combustion Engir_eering (CE) pressurized water reactors
(PWRs) and apply the insights gained to Westinghouse and CE plants that have not been subjected to
a PRA. The available PRAs (five Westinghouse plants and one CE plant) were examined to identify the
most probable, i.e., dominant accident sequences at each plant. The goal was to include ali sequences
which represenled at least 80% of core damage frequency. If the same plant specific dominant accident
sequence appeared within this lxmndary in at least two plant PR, ks, the sequence was considered to be
a representative sequence. Eleven sequences met this definition. From these sequences, the most
important component failures and human errors th,'.t contributed to each sequence have been prioritized.
Guidance is provided to prioritize the representative sequences and modify selected basic events that
have been shown to be sensitive to the plant specific design or operating variations of the contributing
PRAs. This risk-based guidance can be used for utility and NRC activities including operator training,
maintenance, design review, and inspections.
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EXECUTIVE SUMMARY

Background

In this document, a methodology is presented in which generic risk-based information has been
extracted from probabilistic risk assessments (PRAs) for pressurized water reactors (PWRs) whose
nuclear steam supply systems (NSSS) were desigr_ed by Westinghouse or Combustion Engineering (CE).
The insights gained have been organized into a matrix format which can be applied to various NRC and
utility activities, including inspection, operator training, maintenance and design review, at Westinghouse
or CE plants which have not been subjected to a PRA. The relative importance of the insights for each
individual plant can be assessed by applying plant-specific modifiers (weighting factors) which vary in
degree based on the plant specific design or operating characteristics.

This information can be integrated into various plant programs and activities. Some of the
applications include prioritization of maintenance activities, evaluation of plant modifications, operator
training, plant configuration controls, and inspections of important contributors to plant risk.

At the time when this methodology was formulated, five PRAs for Westinghouse plants, and one
PRA for a CE plant were available in a format suitable for evaluation, lt was decided to integrate the
results of the six PRAs because the two types of plants, CE and Westinghouse, respond to plant
transients in a reasonably similar manner. PRAs for plants with Babcock & Wilcox-designed NSSS were
excluded because ot the marked differences in plant transient response arising from the relatively small
watcr inventory of the steam generators and from the design characteristics of the integrated control
system (ICS).

The NRC has mandated that nuclear power plant licensees develop individual plant evaluations
(1PEs) via Generic Letter 88-20. At the present time, it has been reported that 100% of the licensees
will respond to the requirements of the generic letter by performing full scope PRAs at least to the level
of calculating core damage frequency and containment failure. The methodology presented herein can
be used as a check on the completeness of the IPE PRAs.

Mcthodolo_ Details

The insights gained from this methodology result from the identification of accident sequences
which are considered to be representative of the most risk-significant accident sequences of
Wcstinghouse and CE PWRs. These accident sequences are grouped into three categories:

• Loss of coolant accident (LOCA) sequences
• Transient sequences
• Anticipated transient without scram (ATWS) sequences

Thc six available PRAs were examined to identify the most probable, i.e., dominant, accident
sequences at each plant. If a sequence was dominant in two or more plants, it was considered to be a
representative accident sequence. Eleven generic accident sequences met this definition.



The core damage frequency distribution among the representative sequences shows marked
differences from plant to plant. Such differences are attributable to the design and operational variations.
The available PRAs were reviewed to identify the characteristics that determine plant specific
vulnerabilities, both with respect to the overall susceptibilities to the particular accident sequences, and
to the important basic events. These risk significant features can be used to prioritize both the
representative accident sequences and the important basic events.

A summa_ of the methodology to assess the relative importance of the representative accident
sequences and their underlying basic events (component failures and human errors) is provided for
Westinghouse or CE plants. For each representative accident sequence, certain of the underlying
component failures or human errors are cross-referenced to plant specific modifiers, which are weighting
factors used to evaluate the importance of the particular event for the plant in question. The
information or insights gained can then be applied to various utility or NRC activities such as operator
training, maintenance design review and inspections, with the overall objective of focussing on the most
risk-significant areas.

In order to translate the insights of the plant specific evaluation process into a user-friendly format
suitable for NRC inspection personnel, a matrix is provided in which the insights from the evaluation of
ali of the representative accident sequences are reorganized to extract common information as it applies
generally to systems. For example, ali of the insights applicable to the Auxiliary Feedwater System which
happen to arise solely from four representative sequences, are listed under a single heading of "Auxiliary
Feedwater System." For each of those insights, which are essentially component failure modes or human
errors, the representative sequences in which they occur are listed, as well as the baseline importance
estimate for each event. For events which are sensitive to variations in plant design or operating
condilions, appropriate plant specific modifiers are cross-referenced. This allows estimation of the plant
specific relative importances of components and systems.

The inspection matrix itself consists of columns with the following headings:

(1) Operations
(2) Surveillance
(3) Maintenance
(4) Inservice Inspection/Testing
(5) Calibration
(6) Licensed Operator Training/Emergency Operating Procedures

For each event, the most appropriate areas for inspection focus, e.g., operations or maintenance,
are identified.

Risk-Siznificant, .Plant...Specific Design Factors

Risk significant, plant specific design factors which caL have a significant influence on relative
importances ,0f tbc sequences, ,:,)_tems or components are the following:

• For small break LOCAs, a design which provides automatic switchover from the high
pressure injection mode to the recirculation mode is significantly more reliable than a
design requiring manual switchover.
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• In Westinghouse plants, high pressure recirculation cannot occur directly from the
containment sump. The low pressure recirculation system pump(s) must be operational,
drawing suction from the containment sump, and discharging to the suction side of the high
pressure recirculation pump(s). In CE plants, the high pressure recirculation pumps can
draw suction directly from the containment sump.

• For ice condenser containment designs, the smaller free volume results in a faster
containment pressurization, as well as earlier spray initiation and depletion of the refueling
water storage tank (RWST). The early need for high pressure recirculation eliminates the
closed cycle cooling option for the smaller LOCAs. This forces reliance on bleed and fecal
capability.

• For large break LOCAs, a design which provides automatic switchover from the low
pressure injection mode to the recirculation mode is significantly more reliable than a
design requiring manual switchover (analogous to the small break LOCA case).

• For LOCAs outside containment, important preventive plant design features arc nc:_rmally
closed motor-operated valves in the injection lines to the reactor coolant system, and
residual heat removal (RHR) suction line motor-operated isolation valves which are closed
and interlocked with RCS pressure for all modes of plant operation excepl shutdown. (In
at least one plant, the interlock is bypassed once the plant is above startup conditions.) An
important preventive operating practice is periodic surveillance testing of high to low
pressure interfacing check valves upon repressurization of the RCS or after valve
movement.

• The importance of the component cooling water (CCW) system is highly dependent upon
the assessed integrity of the reactor coolant pump seals for the loss of cooling conditions.
In some plants, only the charging pump seals are cooled by 2CW while the bearing and
motor lubrication systems are cooled by service water (SW). Therefore, the charging
pumps would remain operational upon loss of CCW and so RCP seal cooling could be
maintained via the normal RCP seal injection flowpaths. Also, in some multi-unit sites,
CCW flow can be provided from the other unit upon loss of CCW in one unit.

• The probability of successful decay heat removal is directly dependent upon the divcrsity
and redundancy of the auxiliary feedwater (AFW) system and the feasibility of bleed and
feed. Some AFW designs can be severely disabled by the initiating event iJself, such as a
loss of a 125V DC bus or the loss of the power conversion systems (PCS), such as main
feedwater or condensate.

• The degree of redundancy in the emergency AC (EAC) power system is very influential in
reducing the probability of Station Blackout (SBO) scenarios. At multi-unit sites, the ability
to provide cross-tie power from one unit to the other also has a major impact in reducing
SBO probability.
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1. INTRODUCTION

1.1 Objective

The objective of this study was to extract generic risk-based information from available
probabilistic risk assessments (PRAs) for Westinghouse and Combustion Engineering (CE) pressurized
water reactors (PWRs) for application to plants that have not been subjected to plant specific PRAs.
This information is presented in the form of representative (or "typical") accident sequences, and
associated basic events, (i.e., component failures, human actions) which can be prioritized by
approximating their importance to the frequency of core damage. The accident sequences identified are
those representing at least 80% of the total core damage frequency of the plant specific PRAs from
which they were derived 1.

1.2 Background

The development of representative accident sequencr_ and the associated PRA design and
operating insights was originally proposed for NRC inspection purposes. The intent was to identify
typical dominant accident sequences and genet,,te a risk-based ranking of the contributing component
failures and human actions. This is intended to provide a rational allocation of inspection resources at
Westinghouse or CE plants without PRAs.

This methodology is an outgrowth of a successful plant specific inspection methodology first
proposed and implemented by the NRC at Region I. That methodology utilized the plant specific PRA
insights to focus on risk important equipment and human actions, and to assess plant response to
dominant accident sequences. The principal probabilistic elements included: accident initiators,
component failure modes, and human actions which can reduce or exacerbate the accident consequences.
These elements are integrated into an inspection matrix format which is used to plan and implement
inspections and to evaluate plant performance. The emphasis was placed on relative risk importances
of plant equipment and human actions, and the collective _ntr_ation of important events to risk of core
damage.

1.3 Scooe and Limitations

This methodology focuses on core damage for simplicity and ease of application. The scope is
generally limited to those systems that are important for the prevention of reactor core damage. The
containment and its associated systems are not addressed because not ali PRAs calculate the probability
of containment failure. Ali PRAs, by definition, do calculate core damage frequency.

There is a certain degree of design uniformity which can be exploited to provide a generic risk-
based overview. However, the plant specific design and operating variations can be a significant
influence on both total plant risk and the distribution among the contributing accident sequences.

1 For readers not intimately familiar with PRA terminology, a more detailed explanation
of the terms used in this report is provided irl Section 5, page 5-,.

1-1
,I



This application is limited to the Westinghouse and Combustion Engineering PWR designs.
These two types of plants respond reasonably similarly tc plant transients. Babcock and Wilcox (B&W)
PWRs are not addressed because the plant transient response differs significantly from the
aforementioned NSSS designs because of the comparatively small s_eam generator inventory and the
inherent design features of the integrated control system.

Any usable generic application of PRA insights almost by definition, will not address every
circumstance likely to be encountered. However, the pertinent methodological details to enable a user
to make an informed decision are provided. The acciden', sequence emphasis allows the key failures and
significant plant variations to be presented in a sequence context. This enables understanding of the
plant system's design and operational interrelationships that can increase or decrease risk.

1.4 Report Structure and Logic

This risk-based information has many plant applications, as summarized in Section 2. The
generation of PRA insights for inspection activities is a major consideration of this program and is the
focus of the appendices. Other applications include prioritization of maintenance activities, evaluation
of plant modifications, operator training and plant configuration controls. The results of a trial
inspect!on at the Fort Calhoun Station are presented, as well as the major overall insights arising from
this effort.

The report then presents the eleven representative accident sequences for Westinghouse or CE
PWRs (Section 3) that were developed from the PRAs of six PWRs (see Table 3.1). The representative
accident sequences are used as the framework for a discussion of the plant specific design or operating
variations that can influence sequence importance. The risk significant plant features are presented for
each accident sequence in Section 4 with a qualitative assessment of their impact on sequence
importance. The methodology for calculating the contribution of each basic event (component failures
and human actions) to the accident sequence frequency is di.;cussed in Section 5.

The overall result is an accident sequence based application of risk insights to Westinghouse and
CE PWRs that do not have plant specific PRAs. The methodology is generic. However, risk significant
parameters can be incorporated to develop a plant specific ranking of the representative accident
sequences and the associated basic events by taking into account plant design and operational variations.
These are provided in Table 5.1.

Appendix A presents an inspection matrix which is a composite, ranked listing of the basic events
with recommended areas of inspection. Unlike the preceding sections, the matrix is system based
because it is more amenable to certain inspection activities. Appendix B provides general guidance on
the preparation for a PRA-based inspection and developing the matrix for a particular plant.
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2. POTENTIAL APPLICATIONS OF TIIE METIIODOLOGY

Although a plant specific 1Pi,.L4,is certainly preferable, this methodology can be used for the
inspection of plant activities and ope.rations. The risk significant design and operating features, as well
as ol_erating experiences, can be imegrated into the representative accident sequences and associated
important events to develop plant specific sequences. This, in tm n, will provide site-specific risk insights
thr_ can be used to prioritize planJi ::,ctivities.

The following summa,'izes areas of potential applications of the ,n_ hodology.

2.1 Applications to Plant OpeL_!tl_._s.

2.1.1 Training

This methudoiogy i'.rovide_, plant risk insights and _nformation related to plant strengths and
weakm._ses in term_ of potential core damage accident sequence._ aria associated important contributors
or accident initiatc_ _. They may consisl of failures of plant components or human actions or
combination of sucL events, These. ilnsig,hts can bc factored int_; d,e training program of plant personnel
in,.luding licensed control room ope.rotors.

Simulation of dominant a:cident sequences on a sir_,,_lator can provide the plant operators
valuable training to cope with the most ,_robable accidents. Such exercises in parallel with the
Emergency Operating Proccdurel_ (EOPsi will r)rovide them insights and training of the plant
vulnerability, beyond single failure c_:'iteria,so as to mitigate and/or to recover from the event situatk_ns.
The objective is to familiarize them with the potential plant vulnerability, and thus to minimize the
potential human errors _hGald such events occur.

2.1.2 Plant Cxmfiguration Co,_trol

lt is common practice in a ric,clear power l')lan'_to maintain a critical component list that cootains
the plant safety-related components and energy production-related equipment, as well as those added by
plant management. Such critical components may vary from one plant to another, even among the
plants with similar design. The plarlt critical components can be prioritizcd on the basis of the relative
risk importances for maintenance and surveillance schedules. This will minimize ',anavailability of the
critical components, and thus reduce system unavailability. Application of the risk insights for the plant
configuration control can reduce the plant risk by minimizing potential accident initiators and may
improve plant availability.

Criti':al safety systems may bc selected on the basis of risk insights for preventing plant damage
resulting from a severe accident or ex_ended plant outages. The unavailable hours of the selected safety
systems and associated components can be trended to form a basis for the plant performance indicators.
Appropriate application of the reliability concept in conjunction with the risk insights can reduce undue
extended outagez of critical componcats for maintenance or suP,,cillancc, and can provide a basis for
good predictive and preventive mainlc_nance program.
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2.1.3 Design Rrxiew and Technical Specifications

Because of the generic nature of the methodology, the insights developed from this methodology
may not be adequate to use for assessment of Surveillance Test Interval (STI) nor to evaluate
maintenance outages of the critical components or systems. However, the methodology can be used for
a comprehensive understanding and interprefation of an intent of Technical Specifications, particularly
should the wordings and conditions in the Technical Specifications need further clarification or be
ambiguous.

Another application is a review process of plant modifications and back-fit issues. A relative
change !n risk may be evaluated qualitatively due to changes in plant conditions.

[

2.1.4 Plant Inspectians

The objective of a plant inspection is to evaluate the plant programs and their implementation
to verify that the plant is operating and maintained at an acceptable level of risk. However, inspection
_csources and sample sizes are usually limiting factors for inspection a_._ivities. L

The inspection items and activities can be prescribed on the basi'., of the risk _n.,',ights -
prioritization of important plant events and probable failure modes of the important events. The
prioritization of inspection items and development of an inspection plan are discussed in Appendices
A and B.

2.2 Trial Application of the Methodology at the Fort Calhoun Station

This methodology was used to perform a Risk-Based Operational Safety and Performance
Assessment (ROSPA) at the Fort Calhoun Station in October, 1989 (Refs. 1 and 2). The generic
inr rmation was revised to reflect the Fort Calhoun design and operating practice.s, gleaned from a
technical specification and FSAR review. The representative accident sequences were prioritizcd.
Generally, unless there was some information to the contrary, the sequences were considered highly
important. One sequence was eliminated because the plant does not utilize low pressure recirculaiion.
Other sequences were downgradcd in importance. These actions were taken because of the relatively
greater integrity of the reactor coolant pump seals upon loss of cooling and a high to low pressure
interface dc,sign that features normally closed motor operated valves. Ali sequences with AFW input
were considered highly important because the plant .de_;gn consists of only two AFW pumps. As part of
this inspection, two of the "high importance" sequences were chosen for control room simulations using
an off duty crew. In addition to the sequence level input, the generic inspection matrix was modified to
reflect the Fort Cadhoun design. Inappropriate systems components or human actions (such as the low
pressure recirculation mode or manual switchover to high pressure recirculation) were deleted.
Additional plant specific system interactions, design features, or operator actions that could prove useful
to prevent or mitigate the representative accident sequences were added to the scope of the inspection
including:

• temperature indication to monitor the AFW pump diacharge piping for back leakage
from main feedwater

• the use of the Raw Water Cx_oling System as a manually aligned backup to CCW for
ECCS pump cooling
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• ECCS non-dependency on pump room cooling

• the plant specific bleed and feed capability

The m i:pection cycle included two weeks of on site inspection. There were two distinct efforts.
The majority of the team was associated with the system/component based inspection effort, using an
inspection matrix (see 6,ppendlx A) to prioritize their inspection efforts. As with other team inspections,
the inspect,;rs used the NRC inspection manual (Ref. 2), past plant/industry history and their own
experience to develop their own avenues of inquiry, for the selected items.

The second effort was more operations oriented and consisted of a control room simulation of
two representative accident sequences that were assessed to be of high importance. The team included
a Region IV license examiner who prepared t:lant specific accident scenarios. The scenarios simulated
the two sequences, including plant specific timing considerations and operator cues to provide plant
information that would normally be available in the control room. This phase of the inspection provided
va_aable insights on operator training and procedural adequacy that are not obvious in a system oriented
inspection. By concentrating on tile important component failures oi"unavailabilities, and the operator
actions in response to those failures or unavailabilities, the plant operational readincsa and safety
pcrform:.'nce was evaluated.

"l'h,zapplication of the methodology was considered successful. The other participants in the
_,,,pection provided valuable teedback, and their overall assessment, to the authors of the methodology
such as:

• The PRA-based prioritizaton of the plant's systems and components enabled the
inspection effort to focus on risk significant items.

• The control room simulation of two representative accident sequences uncovered
ur_expected procedural weakaesses.

The PWR inspection matrix, which provides a prioritization of the important PRA events, is
presented in Appendix A. The development of a risk-based inspection plan is discussed in Appendix B.

2.3 Major Risk Significant Insights

The re:,ults of this study indicate that the insights which have the greatest risk significance are
the following:

• A high pressure injection (HPl) design that provides automatic realignment to the
recirculation mode, as compared to one requiring manual changeover, results in greater
resistance to a small break LOCA with loss of high pressure recirculation.

• The Westinghouse design uses low pressure ECCS as a support system for high pressure
recirculation (HPR). This dependency is not present in the CE design.

• For ice condenser containment designs, the smaller free w_lume results in faster
containment pressurization, ,.:arlier spray initiation and a quicker RWST depletion. The
early need for HPR eliminates the closed cycle cooling option for smaller LOCA
initiators.
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• A low pressure ECCS design that provides automatic realignment to the recirculation
mode (LPR) results in greater resistance to a large LOCA with failure of LPR.

• The plant specific contribution to the LOCA outside containment sequence is influenced
by design (normally closed injection line MOVs, full time sh_,'-'.own cooling pressure
interlock) and operating practices such as a requirement far testing the interface check
valves at RCS repressurizations or after valve movement.

• The importance ef the componen! cooling water (CCW) system is highly depel:dent upon
the assessed integrity of the reactor coolant pump seals for loss of cooling conditions.
in some plants, only the charging pump seals are cooled by CCW while the bearing and
motor lubrication systems are cooled by service water (SW). Therefore, the charging
pumps would _'emain operational upon loss of CCW and so RCP seal cooling could be
maintained via the normal RCP seal injection flowpaths. Also, in some multi-unit sites,
CCW flow can be provided from the other unit upon lost of CCW in one unit.

• The probability of successful decay heat removal is directly dependent upon the diversity
and redundancy of the auxiliary feedwater (AFW) system and the feasibility of bleed and
feed. Some AFW designs can be severely disabled by the initiating event itself, i.e., the
loss of 125V DC bus.

• The degree of redundancy in the emergency AC (EAC) power system is very influential
in reducing the probability of Station Blackout (SBO) scenarios. At multi-unit sites, the
ability to provide cross-tie power from one unit to the other also has a major impact in
reducing SBO probability.

When these features are incorporated into the methodology, a plant specific ranking of
representative accident sequences, component failures, and human actions can be developed. This
information can be integrated into ongoL,g plant activities, including operator training, maintenance,
design review and inspections. This helps to emphasize the risk significant areas accordingly.
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3. DEVELOPMENT OF REPRESENTATIVE ACCIDENT SEQUENCES FOR WESTINGIIOUSE
AND CE PWRs WITIIOUT PLANT RISK ASSESSMENTS

This section presents the first phase of the methodology. Risk insights from PRAs of
Westinghouse and CE PWRs that were available were extracted for application to other PWRs not
already subjected to a PRA..As explained in Section 1, risk assessments were used as a data base to
develop eleven PWR representative accident sequences. These sequences form the basis of a generic
PRA application that will examine plant specific influences on sequences importance and basic event
prioritization, as described later in this report.

3.1 Establishment of the PRA Data Base

The initial objective was to focus on Combustion Engineering Plants. However, the extent of the
risk assessment material that was available for these plants (specifically, accident sequence cutsets) was
very limited. Therefore, Westinghouse PWRs were included in the PRA data base as the two designs
are very similar. Since 6ominant accident sequence descriptions were readily available for six plants, their
respective PRAs form the data base, as listed in Table 3.1, used to develop the representative accident
sequences for this program.

3.2 The Representative PWR Accident Sequences

Each risk a_sessment was reviewed to develop a set of plant specific dominant accident sequences.
As shown in Table 3.2, at least 10 sequences with the highest contribution to core damage were specified
in an attempt to capture 80% (minimum) oi the plant core damage frequency. If the accident sequence
makeup precluded the attainment of the 80% goal with a reasonable number of sequences, the plant
specific dominant accident set was truncated when the last sequence contributed approximately 1E-
6/reactor year to the plant core damage frequency. The six sets of plant specific dominant accident
sequences were compared. If a sequence was present in two or more plant specific listings, it was
designat_'_ as n representative accident sequence. This criterion resulted in the exclusion of accident
sequences associated with the loss of service water, steam generator tube rupture and the loss of
instrument air initiators. The six sets of plant specific dominant accident sequences did not contain any
of these sequences. Two sequences (LOCA outside containment and loss of PCS) barely satisfied the
critcrion and some consideration was given to eliminating them from the list of representative accident
sequences. They were retained as discussed i_eiow.

For simplicity and ease of application, this program utilizes core damage frequency a" the
measure of risk. In general, accident sequences that are dominant with respect to a core &,mage
frequency risk measure also appear if a health effects measure is employed, with one major exception.
From a core damage perspective the LOCA outside containment is not a significant contributor.
However, when a health effects measure is employed, the bypassing of the containment plays a key role
with respect to offsite consequences. Hence, this sequence becomes significantly more important. In an
attempt to envelope both risk measures with a single set of representative accident sequences, the LOCA
outside containment sequence has been retained. Table 3.3 presents the representative PWR accident
sequences.
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Table 3.4 shows the fraction of core damage frequen ,cy that is accounted for by the representative
sequences. The fraction in Table 3.4 is typically less than that of the plant specific dominant accident
sequences, _cause not ali can be correlated with a representative accident sequence. However, these
representative sequences generally capture a significant portion of the plant core damage frequency.
The results tend to be understated as the methodology also addresses other non-dominant sequences.
This is noted in Table 3.4 by the "+" which indicates those representative sequences that capture a small
fraction of the core damage frequency attributable to plant specific non-dominant sequences which are
similar to the dominant sequences.

For example, the Surry PRA (Ref. 4) analyzes the top 20 sequences representing 99% of the total
core damage frequency (CDF). As previously stated in Table 3.2, this Methodology utilized the top
eleven sequences (81% of the Surry CDF) to develop the representative sequences. Since three of the
eleven Surry dominant seouences are not addressed by the representative sequences, Table 3.4 shows a
lower fraction of core damage frequency (62%) than is captured by the representative sequences.

However, the representative sequences also address similar, non-dominant sequences.
Representative sequence number 2 envelopes the Surr_ number 12 and 18 accident sequences. Non-
dominant sequences also provide significant contributions to representative sequences 1, 3, and 11.
Hence, the "+" sign is inserted for those sequences in Table 3.4 The fraction of CDF that is captured
by the representative sequences, based on the top twenty Surry accident sequences, is 78%.

The contribution of the non-dominant accident sequences is especially important for Millstone.
The Millstone 3 Probabilistic Safety Study (PSS) (Ref. 5) is characterized by a large number of
sequences. No single sequence makes a major contribution to the core damage probability; the leading
sequence contributes only 8.5% to the total. Other similar sequences contribute to the "12+" shown in
Table 3.4 for Representative Sequence No. 1. The top ten represent only 43% of the total. This can
be attributed, in part, to the large number of specific initiators that were used. For example, instead of
a generalized small LOCA event tree, the Millstone PSS also includes a separate event tree with in-core
instrument tube rupture as the initiating event. Representative sequence 1, Small LOCA with Failure
of High Pressure Recirculation, addresses both of these Millstone sequences. The NUREG/CR-4142
(Ref. 6) event trees were reviewed to estimate the total core damage fraction that could be accounted
for by the methodology. Ali sequences with a contribution of lE-7 or greater were reviewed.
Approximately 63% of core damage frequency would be addressed by the methodology.

t

Table ,.4 also provides the distribution of the six plant specific core damage frequencies among the
representative accident sequences. The distribution is consistent with the risk assessments that were
used as the data base since it reflects the range of core damage contributors. This resulted in the
specification of a larger number of representative sequences to ensure that the methodology is applicable
to a typical Westinghouse or CE plant.

Section 4 expands the representative accident sequence descriptions and provides an assessment of
features that can influence plant specific sequence importance.
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Table 3.1 PRA Data Base Used to Develop the Representative Accident Sequence List

Plant NSSS Vendor s PRA Documents

1. Calvert Cliffs Unit 1" CE Interim Reliability Evaluation
Program: Analysis of the
Calvert Cliffs Unit 1 Nuclear
Power Planl, NUREG/CR-
3511, March 1984.

2. Sequoyah, Unit 1" W Analysis of Core Damage
Frequency from Internal
Events: Sequoyah, Unit,
NUREG/CR-4550, Vol. 5,

February 1987.

3. Surry, Unit 1" W Analysis of Core Damage
Frequency from Internal
Events: Surry, Unit 1,
NUREG/CR-4550, Vol. 3,
November 1986.

4. Zion, Unit 1' W System Analysis and Risk
Assessment System, (SARA)
User's Manual (Draft)
Version 3.0, NUREG/CR-
5022, September 1987.

Analysis of Core Damage
Frequency from Internal
Events: Zion Unit 1,
NUREG/CR-4550, Vol. 7,
October 1986.

5. Indian Point, Unit 3 W Review and Evaluation of the
Indian Point Probabilistic

Safety Study, NUREG/CR-
2934, December 1982.

6. Millstone, Unit 3 W A Review and Evaluation of
the Millstone 3 PSS,

NUREG/CR-4142, April 1986.

Probabilistic Risk Assessment

(PRA) Insights, NUREG/CR-
4550, Jar_,lary 1986.

* Also used to formulate system and basic event importances.
s CE = Combustion Engineering

W = Westinghouse
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Table 3.3 Representative PWR Accident Sequences

Loss of Coolant Accident Sequences

1. Small or medium LOCA with failure of high pressure injection or recirculation.

2. Medium or large LOCA with failure of low pressure recirculation.

3. Medium or large LOCA vith failure of low pressure injection.

4. LOCA outside containment.*

Transient Sequences

5. Loss of ali CCW with a subsequent RCP seal LOCA.

6. Loss of 125V dc bus with failure of the Auxiliary Feedwater System (AFW).

7. Loss of offsite power (LOOP) with failure of AFW and bleed and feed.

8. Station blackout with loss of the AFW system.

9. Station blackout with a subsequent RCP seal LOCA.

10. Loss of PCS (or a general transient with loss of PCS) followed by loss of AFW.**

Anticipated Transient Without Scram (ATWS) Sequences

11. Transient with failure to automatically and manually scram followed by failure of timely
emergency boration.

* Specified because of serious consequences.

** Specified based on a review of the studies that established precursors to potential severe core
damage accidents (NUREG/CR-2497, 3591, 4674).
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Table 3.4 Plant Specific Core Damage Distribution

Percent of Core Damage Frequency (CDF)
Represent.
Sequence .....
# (from Sequoyah Surry Calvert Zion Indian Pt. Millstone

'l'able 3.3) Unit 1 Unit 1 Cliffs Unit 1 Unit 3 Unit 3
Unit 1

1 56 14+ _9+ 11 8 12+
1

2 1 + 7 28 3-t-

3 <1 + 1 3 +

4 + 4 + + 4

5 31'* 79 50
J

6 2 16 + 5+

7 4 4+ 4+

8 1 19 3 2 4+

9 3 26 1 +
, ,,

10 11+ 1 +

11 + 4+ 27+ 9 +

Dominant
Accident 94 62 &9 >99 >99 32
Total*

* The core damage frequency accounted for by the representative accident sequences is a
significant portion of the plant total. The dominant accident total understates the
methodology effectiveness. As indicated above by a "+", the representative sequences also
capture a portion of the CDF attributable to similar non-dominant sequences. This is
especially significant for Millstone 3, which has a large number of similar accident sequences.
Based on a review of the NUREG/CR-4142 event trees, approximately 63% of the total CDF
is addressed by the methodology, not just the apparent 32%.

** When this methodology was originally prepared in 1988, the Sequoyah PRA, NUREG/CR-
4550, Vol. 5, indicated that loss of the CCW system led to the total failure of the chemical and
Volume Cx_ntrol System charging pumps, which provide injection flow and cooling to the
reactor coolant pump seals. Since CCW also cools the RCP thermal barrier heat exchangers,
it was assumed that loss of CCW would lead directly to a RCP seal LOCA. Subsequently, it
was determined that only the charging pump seals are cooled by CCW. The bearings are
cooled by service water so the pumps could remain functional and a RCP seal LOCA would
not necessarily occur. The contribution of this sequence is consequently reduced significantly
from the 31% shown.
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,i. PLANT SPECIFIC DESIGN AND OPERATING INSIGI_TS

As previously discussed, Table 3.4 provides the core damage frequency (CDF) distribution of the
surrogate plants among the representative accident sequences. For any given sequence there is a
significant variation in CDF contribution from plant to plant. Again, the objective is to canture at least
80% of the plant's core damage frequency by considering the eleven representative sequ_nces.

The major plant _pecific design and operating variations are discussed within the context of each
representative accident sequence. In 'Table 4.1, the representative accident sequences are qualitatively
prioritized by the assessed availability of key systems. The Indian Point 3 and Millstone 3 PRAs did not
provide detailed dominant accident sequence failure modes (cutsets) sc no specific system assessments
could be made for those plants and they do not appear in Table 4.1.

4.1 Representative Accident Sequence 1: Small or Medium LOCA with Failure of High Pressure
Injection or Recirculation

S_e..quenceDescription

Representative Accident Sequence 1 is initiated by a small or medium LOCA which does not
depressurize the Reactor Coolant System (RCS) below the shutoff head of the low pressure ECCS.
RPS successfully scrams the reactor. The sequence postulates high pressure ECCS failLre to provide
adequate RCS makeup either in th; injection or the recirculation phases, resulting in core damage. The
PRA initiator is a small or intermediate prima .rysystem pressure boundary failute less than six inches in
diameter. Commercial nuclear power plant pressure boundary failures have been limited to small
LOCAs with equivalent rupture diameters less than two inches and consist of stuck open PORVs and,
to a lesser extent, RCP seal failures.

The failure to provide adequate core makeup in the high pressure injection (HPl) phase is a
significant contributor to this sequence. This contributor is dominated by valve failures in the HPl
common discharge or suction lines.

Failures in the high pressure recirculation (HPR) mode dominate this sequence. These can occur
in the HPR system or in any of the support systems required for long term LOCA mitigation. The HPR
failures are dominated by operator failure to correctly realign the system from the injection mode (for
manual systems) or valve failures in the common discharge or suction lines on the mini flow line for
those configurations with automatic realignment to the HPR mode. The Westinghouse HPR
configuration takes suction from the low pressure recirculation (LPR) pump discharge. LPR
malfunctions that disable HPR are the second major contributor to HPR failures. The primary faults ar_
LPR suction (containment sump) valve and pump m: '_'unctions.

HPR room cooling failures are the last major contributor. These are attributable to electrical
component failures that disable room cooler fans or service water valve failures that disable the coolers
themselves. Refueling water storage tank (RWST) common mode level sensor miscalibration and

service water/component cooling water malfunctions that disable the HPR pump coolers are less
important failures.
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Plant Specific Design and Operating Insights

The plant specific core damage frequency contributions to replesentative accittent Sequence 1
range from 56% (Sequoyah) to 8% (Indian Point 3). Although the other plant contributions to this
sequence are not insignificant, Sequoyah is relatively vulnerable to the small/medium LOCA initiator.
As previously discussed, the critical recovery action is successful high prc.::_ure ECCS, both HPl and
HPR.

The four reference plants (Sequoyah, Surry, Calvert Cliffs and Zion) with accident sequence
information were reviewed to assess the contribution of plant specific design and operating variations to
this sequence.

The major design features that can influence risk are:

• Manual (Sequoyah) or automatic (Surry, Calvert Cliffs, Zion) realignment to high pressure
recirculation. The need for early operator action to ensure continued HP ECCS is the key
contributor to Sequoyah's large contribuiion to Sequence 1. Thus timing is critical for ice
condenser containments, as discussed below.

• Limited, automatic HPl injection paths in conjunction with normally closed MOVs (Surry)
as opposed to normally open MOVs and/or multiple RCS injection pathways.

• A common RWST suction line for HPl (Surry) has higher assessed unavailability due to
suction valve failures. Plants with multiple suction lines (i.e., separatecharging and safety

' injection suction configurations) reduce this failure contribution.

• The use of the low pressure ECCS in the recirculation mode as a support system for the
I Westinghouse high pressure recirculation design. Unlike Combustion Engineering designs

(Calvert Cliffs), continued LPR operability is essential for small LOCA mitigation.

• Among the Westinghouse units, low pressure recirculation is even more important for
plants with ice condenser containments. The free volume is smaller than in large dry
containments causing faster pressurization which, in conjunction ;,,ith a lower spray setpoint,
activates the sprays earlier. The relatively lower containment design pressure requires
earlier actuation of the spray ,_-ystem. Also, the spray system flow rate is higher than that
in a large, dry containment. This in turn, results in an earlier need for recirculation, lt has
been estimated that a small LOCA at Sequoyah could require a switchover to the
recirculation mode in about 80 minutes from the beginning of the accident or about 20
minutes after containment spray actuation. For the same size break, a large dry
containment would not require recirculation switchover for several hours, giving the
operator time to lower the RCS temperature, depressurize and transfer to closed cycle
shutdown cooling. The accelerated timing for the smaller ice condenser containment design
does not allow this.

• Normally closed LP ECCS miniflow valves can contribute to LPR failure due to pump
overheating during the injection phase. A design that features normally open miniflow
valves with out of position annunciation in the control room eliminates this concern.
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Qualitative Estimate of Sequence Importance

The foregoing assessment of the plant specific ECCS design variations, in conjunction with the
CDF contributions of Table 3.4, indicates that representative accident sequence 1 is generally highly
important. At Sequoyah this sequence is of "very high" importance, primarily because of the lower
assessed success rate of the manual realignment to high pressure recirculation. Table 4.1 presents the
importance estimates for all eleven representative accklent sequences resulting from the assessed
availability of key functions and systems.

' 4.2 Representative Accident Sequence 2: Medium or Large LOCA with Failure of Low Pressure
Recirculation

Sequence Description

Representative accident sequence 2 is initiated by a medium or a large LOCA, which rapidly
depressurizes the reacter coolant system. A scram occurs, followed by successful operation of the Low
Pressure Injection (LPI) system. When the refueling water storage tank (RWST) is depleted, an
automatic or manual realignment of the LP pump suction to the containment sump must occur.

This sequence postulates low pressure recirc_:lation (LPR)system failure. Due to the loss of
primary system injection, core damage occurs. The _RA initiator is a medium (effective break diameter
of 2 to 6 inches) or a !arge (effective break diameter of 6 to 29 inches) primary system pressure
boundary failure. No actual industry failures of this magnitude have occurred. Commercial nuclear
power plant pressure boundary failures have been limited to small LOCAs with equivalent rupture
diameters less than two inches. The major contributor to core, da,nage for this sequence is the failure
of the low pressure ECCS in the recirculation mode. LPR system failure is evenly divided between
human errors and hardware failures. The dominant human error contributor is the failure to initiate

LPR by manual realignment of the pump suction from the RWST to the containment surnp. This failure

dominates those plants with non-automatic pump suction realignment. A second operator error is the
failure to manually switch the LPR pump discharge from cold leg to hot leg injection.

Hardware failures are the dominant contributors to LPR system failure for those ph._ntswith an
automatic pump suction changeover featu"..:. Important valve malfunctions include failures of LPR
containment sump valves to open or RWST suction valves to close, including common cause failures.
The failure of the low pressure pumps to continue to run (including common cause) is the remaining
LPR hardware failure. The common cause miscalibration of the RWST level sensors is the only major
failure not directly associated with the low pressure (LP) ECCS.

Plant Specific Design and Operating Insights

The CDF contributions associated with representative sequence 2 arc generally small, reflecting
the lower likelihood of a large LOCA. Although modest, the plant spccific contributions of Tablc 3.4
do vary, from 7% for Zion to approximately 1% for Sequoyah, to vcry small for Surry. The scqucncc
is not applicable to Calvert Cliffs since the CE design uses the high pressure ECCS for the mitigation
of ali LOCAs. The LP ECCS is generally locked out by the same low RWST signal thal automatically
realigns the HPl to the recirculation mode.
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The major design element that influences the sequence importance is the automatic low pressure
ECCS alignment to the containment sump. The Zion system requires manual alignment of recirculation;
Sequoyah has partially automatic switchover. In general, manual non-routine actions under high stress
conditions have a lower assessed success rate than the equivalent automat, ic function. This is the primary
difference between the Zion and Sequoyah CDF contributions.

Qualitative Estimate of Sequence Importance

As stated above, the assessed availability of the low pressure recirculation (LPR) mode determines
the importance of this 7,equence. Representative accident sequence 2, is generally of medium
importance in Table 4.1, reflecting the "average" success estimate for the fully automatic LPR design.
Zion, however, requires operator action to align LPR, resulting in a somcwhat nigher sequence
importance estimate. Since the high pressure ECCS is utilized for all LOCA sizes, the sequence is not
applicable to Calvert Cliffs.

4.3 ,Representative Accident Sequence 3: Medium or Large LOCA with Failure of Low Pressure
Injection

S_equence Description

This sequence is initiated by a medium or a large LOCA which depressurizes the reactor coolant
system. A scram occurs, followed by a failure to provide core makeup via the low pressure injection
system or the accumulators. Core damage ensues.

The initiator is a medium or a large primary system pressure boundary failure in the reactor
coolant system 2 inches and larger in diameter. Although failures of this magnitude have been commonly
postulated in risk assessments, no medium or large LOCAs have occurred in the domestic commercial
nuclear power industry.

The major contributor to core damage for this sequence is the failure !o provide short term core
injection i.e., due to failures of accumulator or low pressure injection. The success criteria to prevent
core damage is usually that one out of two RHR pumps and three out of four accumulators deliver flow
to the RCS. For a large LOCA the flow from the accumulator on the ruptured loop would be
ineffective. A second accumulator failure, resulting in core damage, is' attributed to discharge line
failures, primarily check valve failures to open ,_r MOV plugging. The Low Pressure Injection (LPI)
system failure is dominated by pump failure to start or run, including common cause. Human error
contributors are the failure to restore the system to operable status after testing and the failure to stop
the pumps if the mini flow valve fails to open.

Plant Specific Design and Operating Insights

The plant specific core damage frequency contributions associated with sequence 3 are small. As
shown in Table 3.4, only one plant design comributes more than 1% of its total CDF to this sequence,
(i.e., Indian Point 3 at 3%). The assessed low pressure injection unavailability, although comparatively
low, can be influenced by the following plant design features:

• Redundant accumulator level and pressure instrumentation on the accumulators helps
ensure that injection failures are not due to loss of inventory or nitrogen pressure.
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• Accumulator and lc,w pres._ure injection MOV misposition alarms and/or automatic opening
on a safety injection signal reduce the failure contribution due to system misalignment. In
lieu of these design attributes, system valve positioning could be periodically verified by an
operator.

• The normal position of the LP ECCS miniflow valves can be important for RCS failures at
the low end of the medium LOCA spectrum. These failures will depressurize the RCS more
slowly and LPI pump deadheading is a concern. Normally closed miniflow valves
(Sequoyah) must open to preclude pump damage; normally open valves perform Lhis
function passively.

Qualitative Estimate of Sequence Importance

Although the surrogate plants exhibit several low pressure ECCS design variations, these features
do not appear to significantly affect risk. Based on the plant specific core damage frequency (CDF)
contributions, sequence 3 is of medium importance for ali plants.

4.4 Representative Accident Sequence 4: LOCA Outside Containment (or Interfacing Systems LOCA-
ISLOCA)

Sequence Description

The ISLOCA is initiated by either a failure of any one of the pairs of series high to low pressure
interface check valves or MOVs that isolate the high pressure Reactor Coolant System (RCS) from the
Low Pressure Injection (LPI) system, or by the inadvertent opening of the shutdown cooling suction line.
The resultant flow into the low pressure system is assumed to rupture the piping or components outside
the containment boundary. Although core inventory makeup by the high pressure systems is initially
available, the inability to switch to the recirculation mode eventually leads to core damage.

The NRC is currentJy evaluating certain previous and current event reports at both domestic and
foreign plants to determine if they ._;hotahJbe categorized as ISLOCA precursors. PWR check valve and
MOV test procedures should be examined carefully to ensure the potential for a test induced LOCA
outside containment is minimized. !A similar LOCA outside containment scenario can occur in boiling
water reactors (BWRs). Several 'JE3WRshave experier_,',_d pressurizations of the low pressure piping,
primarily due to testing errors.]

The discharge of the LPI syt_tem generally consists of one or two low pressure injection lines with
a normally operl MOV. Downstre_r,a of this MOV (toward the RCS) the piping is rated for primary loop
conditions. The discharge line(s) divides to connect to each RCS cold leg. Each of these individual lines
has two check valves in series. Small leakages through t!]ese valves can be accommodated without system
overpressure. The failure modes of h_terest produce sudden, large back leakages through a pair of these
interface check valves. The LPI fai[_re is postulated to occur in three ways:

• The dominant LPI initiator mode is the rup,'ure of one check valve with the previously
undetected opening of the second valve. If one valve is holding pressure, the other valve
can drift open and fail in the open position.

• The second initiator mode is the failure of one check valve to close upon repressurization,
followed by a rupture of the second valve.
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• The third initiator type is the random rupture of the valve internals for both check valves.
The gross failure of one valve could go undetected until the rupture of the second valve
Occurs.

A second initiator is the overpressurization and failure of the shutdown coolint, suction line. The
two, suction line MOVs, which are normally closed, are postulated to rupture or the dov,,_stream check
valve oscillates open with a subsequent rupture of the upstream valve.

Plant ,Specific Design and Operating Insights

With the possible exception of Calvert Cliffs, ali of the plant PRAs indicate some risk associated
with the containment b_as_ LOCA sequence. The primary determinant of each plant specific
contribution is the es'.imated initiator frequen_ which, in turn, is influenced by the high to low pressure
configuration and plant procedures. Specific design and operating considerations are:

LPI Interface

• The high to low pressure interface design of Calvert Cliffs features several check valves in
series with a normally closed MOV. The check valves are periodically leak tested and the
MOV is tested only when the RCS is depressurized. Other CE plants may have similar
features.

• The placement of the accumulator discharge relative to the high/low pressure interface can
influence the check vatve failure order. For example, Sequoyah's accumulators connect
between the two check valves. If the upstream check valve (forthest from the RC.S) fails
first, the accumulz':or will discharge into the LPI system and alert the operator. If the
iaterface check valves can fail in any order (i.e., Surry) this initiator is more likely.

• Failure of a check valve to close upon RCS reprt_ssurization is not a concern if plant
operating procedures require the testing of the interface check valves during every RCS
repressurizztion or if the valves change position.

Shutdown Cooling Interface

• The shutdown cooling configuration generally features two normally closed MOVs in series
with a relief valve in between. The intervening relief valve makes it necessary that the
downstream MOV (furthest from the RCS) fail first. Otherwise, the relief valve discharge
would alert the operator and plant shutdown would commence.

• The shutdown cooling line initiator can be neglected if the MOVs have a high pressure
interlock to prevent downstream piping overpressurization and the MOVs are key locked
with administratively controlled keys (Calvert Cliffs).
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Recovery

A potential recovery action has been included to account for operator action to isolate the
ISLOCA by manual closure of 're LPI discharge MOV. The successful mitigation of this event is plant
specific and is dependent on:

• The existence of two isolable LPI discharge headers to enable the use of the other LPI
loop, or the ability to use another system for RCS makeup.

• LPI pump separation to minimize the environmental impact of RCS blowdown on the
sex.9nd train.

• The capability of the, LPI discharge MOV to isolate the ISLOCA. The value may not be
designed to clo_seagair:_t such a high differential pressure.

Qualitative Estimate of Sequence Importance

Representative Sequence 4 is generally considered to be a low importance sequence from a core
damage perspective. However, from a health effects perspective this sequence is significantly more
important because the containment is bypassed. The limited response measures to a LOCA c.utside
containment make the LPI and SDC interface design the determinant of sequence importance. As
summarized in Table 4.1, the SDC interface integrity is generally considered to be average, with the
exception of Zion where an interface valve in.erlock is bypassed during power operation. The low
pressure injection interface integrity is considered to be average if the check valves fail in a particular
order due to the placement of the accumulator discharge. Calvert Cliffs has been assigned a high
estimated integrity since the normally closed LPI MOVs are tested only when the RCS is depressurized.

4.5 Representative Accident Sequence 5: Loss of ali CCW Initiator

Sequence Description
i

Representative Sequence 5 is initiated by a complete loss of the Cx_mponent Cooling Water
• (CCW) system which results in a reactor coolant pump (RCP) seal LOCA and also disables the high and

low pressure ECCS. This happens because the CCWS cools the RCP seals thermal barrier heat
exchanger and also cools both the CVCS charging pump bearings and seals. If CCWS is lost, the
charging pumps would ultimately fail, thereby preventing the normal RCP seal injection llow which also
cools the RCP seals. The joint failure of the RCP seal ;njection flow and the charging pumps, which
also provide high pressure makeup flow :'a the HPl mode, (i.e., the high pressure ECCS) fails the RCP
seals. The inability to provide high pressure makeup results in core damage. One major contribution to
the loss of CCW initiator is a pipe rupture that drains the system inventory before the break can be
located and isolated. The second contribution is the common cause failure of ali operating CCW pumps,

• compounded by a failure of the standby pump(s) to start and run. The RCP seal LOCA and subsequent
core damage is postulated to occur before CCW recovery actions can be completed.
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Plant Specific Design and Operating Insights

This sequence dominates the Zion core damage estimate, is a significant contributor to the
Sequoyah frequency 1, yet does not appear in the Surry or Calvert Cliffs risk assessments. The disparity
in plant specific contributions (Table 3.4) although somewhat attributable to PRA assumptions regarding
the onset of a seal LOCA, indicates major differences in plant response to this initiator. The major
variations that influence plant specific contribution to this sequence are:

• This sequence is illustrative of a relative design weakness for some Westinghouse plants. A
single cooling system (CCW) provides or supports both reactor coolant pump (RCP) seal
cooling modes (thermal barrier cooling and seal injection) and provides essential cooling for
the ECCS pumps, which in turn are required for seal LOCA mitigation.

• The Byron Jackson reactor coolant pumps used in the CE plants have a seal configuration
(three full pressure seals and a controlled leakoff or a fourth full pressure seal) that
provides additional resistance to loss of cooling induced failures beyond that of the typical
Westinghouse RCP seal configuration.

• Surry has a cross-connect between the units that enables the second unit's charging pumps
to supply seal injection to the Unit 1 RCPs in the event of a loss of CCW. This is limited
by the Unit 2 RWST capacity and requires makeup from the Unit 1 RWST. Long term
mitigation involves RCS depressurization by secondary steaming and LPI/R for injection
and long term decay heat removal. At Surry, LPI/R operation is not dependent on CCW for
either pump seal or room cooling.

Qualitative Estimate of Sequence Importance

The critical functions for sequence 5 are continued reactor coolant pump (RCP) seal cooling and
RCP seal integrity upon loss of ali cooling. The former function is generally considered average. Only
Surry has a higher assessed RCP seal cooling availability because of the ability to provide seal injection
from the other unit's charging pumps. RCP seal integrity is considered average for the Westinghouse
plants; Calvert Cliffs has higher assessed RCP seal integrity, as discussed above.

On the basis of the CDF contributions and the relative success estimates for the critical functions,

sequence 5 is considered to be highly important (Sequoyah, Zion) unless the aforementioned design
features are presen t. Table 4.1 provides a summary of the assessed importance for sequence 5.

See the ** footnote to Table 3.4 which discusses the fact that the Sequoyah PRA was later revised
to indicate that the CVCS charging pump bearings are cooled by Service Water, not CCW, so that
the pumps could remain operational following loss of CCW.
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4.6 Representative Accident Sequence 6: Loss of One 125V DC Bus Initiator

This sequence is initiated by a non-recoverable loss of a 125V DC bus. The DC power system
provides control power to various systems. Several precursor studies indicate that there have been
several partial losses of DC power at operating nuclear power plants. Approximately one-third of these
incidents were caused by the misalignment of breakers during or after system maintenance or
surveillances. The remainder of the precursors are due to equipment failures. A loss of one DC bus will
typically disable the main feedwater system_ a portion of the auxiliary feedwater system and various DC
dependent valves, possibly including a power operated relief valve (PORV). This sequence postulates the
failure of the remainder of the AFW system and the bleed and feed mode. The failure of secondary heat
removal results in core inventory losses due to PORV cycling and subsequent core damage.

The major contributor to this sequence is the failure of the remainder of the AFW system to
supply sufficient flow to the steam generators. This typically involves the failure of two additional AFW
trains. The major cause is system hardware failures, including pump failure to start, and discharge line
faults for both the turbine and motor driven trains. A secondary contributor is the failure to manually
start a pump which is procedurally locked out or unable to start due to a malfunction of the autostart
logic.

The bleed and feed mode is the decay heat remowd method of last resort. Its availability is plant
specific, as discussed below.

Plant Specific Design and Operating Insights

The plant specific contributions to representative sequence 6 range from 16% (Calvert Cliffs) lo
negligible (Surry). The high Calvert Cliffs contribution is indicative ef a less diverse decay heat removal
capability of CE designs. The Westinghouse plants, by comparison, have a greater assessed AFW
availability and also consider the bleed and feed mode. Specific plant design and operating features that
contribute to this sequence are:

• The AFW design with regard to the DC power sources is a major determinant of plant
• vulnerability to sequence 6. Calvert Cliffs, although a 2 unit site, utilizes only two DC trains

to support each plant's AFW system. Sequoyah uses ali four available DC buses to support
AFW. Thus, the Sequoyah contribution is only 2%. Surry's turbine steam inlet valves fail
open on loss of DC power. However, although this starts the TDP, if DC power is required
for control, it could be tripped due to a high or low steam generator level. Less DC
reAundancy results in a greater loss of system function due to the initiator alone.

• The Calvert Cliffs AFW system consists of two trains with two turbine driven pumps (one
of which is locked out) and a motor driven pump. The sir_gle motor driven pump is disabled
by the initiating event, which is a loss of its 125V DC bus.

• At Calvert Cliffs, a portion of the AFW discharge line is shared by two pumps. Certain
valves can only be disassembled if both pumps are disabled. This results in a higher
assessed maintenance unavailability than would normally occur in a system with three
separate AFW trains.
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• Calvert Cliffs has an AFW pump that is normally locked out and requires a manual start,
given that the other two pumps fail to start automatically. A system that requires manual
action to perform its function is usually less successful than its automatic counterpart.

• At Calvert Cliffs, the unavailability of one steam generator requires manual adjustment of
the AFW flow control valve to increase flow to the remaining steam generator(s) for
successful decay heat removal.

Some multiple unit sites have AF_ crossties which, although beneficial, have the potential for
flow diversion. The concern is a single valve (or multiple valves in parallel) that separates the two units
FW systems. The postulated failure is that the valve is open when indicating closed.

• Main feedwater back leakage causing AFW pump steam binding is a potential common
cause failure. Design contributors are normally open pump discharge MOVs, insulated
AFW discharge lines and leaking pump discharge check valves. Remedial actions include
check valve rework, the removal of the discharge line insulation 0o promote steam
condensation) and periodic checks of the Ab'aN pump discharge piping temperature.

• The availability of bleed and feed is plant specific. Calvert Cliffs (Ref. 11) does not take
credit for this option due to the comparatively low head of the safety injection pumps. The
Sequoyah and Surry PRAs (Ref. 4, 12) assume 2 PORVs are required for success. For
those plants with DC controlled PORVs, the loss of one 125V DC bus fails one valve,
disabling the bleed and feed mode (Sequoyah). The Surry PORVs use AC control power
with a DC backup and, hence, do not have this dependency. In the Zion risk assessment
(Ref. 13) the plant's bleed and feed capability was re-evaluated and it was concluded that
a single PORV is sufficient for success.

• In general, the relatively high availability of the Westinghouse AFW system is responsible
for the low Sequoyah contribution to this sequence. The poter.tial availability of feed and
bleed at Surry and Zion further reduces plant exposure to the loss of DC bus initiator.

Qualitative Estimate of Sequence Importance

The importance of this sequence is directly related to the assessed availability of the emergency
decay heat removal function. The less redundant and diverse designs have higher contributions to
representative sequence 6.

If the Westinghouse AFW design represents the average assessed availability, the availability of the
Calvert Cliffs AFWS must be lower due to the limited redundancy and the need for manual actions to
ensure mission success. The second component of the sequence decay heat removal function is the
bleed and feed mode. The Surry design, which requires both PORVs is considered the average. Since
the bleed and feed success criteria only require one operable PORV for Zion, the relative availability is
higher than average. Bleed and feed is not applicable for Sequoyah or Calvert Cliffs, as discussed above.

The assessed importance for this sequence, as summarized in Table 4.1, is generally low. The
sequence is of medium importance for Sequoyah because the loss of one 125V DC bus disables bleed
and feed. lt is a major contributor to the Calvert Cliffs CDF due to the relatively limited AFW
availability and the lack of a bleed and feed capability.
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4.7 .Representative Accident Sequence 7: Loss of Offsite Pow_;c Initiator with Fa'lure of AFW and
Bleed and Feed

.Sequence Description

Representative accident sequence 7 is initiated by a loss of offsite power (LOOP) with successful
operation of at least one source 3f emergency AC power. Main feedwater is unavailable due to the loss
of off'site power. The Auxiliary Feedwater (AFW) system fails due to common mode failures or because
of random failures, in concert with the partial system unavailability due to AC power failures. The bleed
and feed mode is not successful, generally because of system failures. Since secondary heat removal is
not available, the resultant boiloff of primary coolant leads to core damage.

The LOOP initiator is one of the more common operating transients, comprising approximately
21% of ali precursors to potential core damage (Refs. 7-10). Although some of these transients are
weather or grid related, about 50% of the LOOP precursors are due to human error such as:
maintenance errors on the main generator or switchyard breakers, breaker misalignment during or
post-maintenance, and equipment operator errors related to breaker operation. In addition, several
initiators were caused by station transformer faults.

The subsequent failure of one or more sources of emergency AC power is important because it
disables a portion of the Auxiliary Feedwater (AFW) system. The major contributor to this sequence
is the failure of the AFW system to provide sufficient flow to the steam generators. Part of the system
unavailability is due to the failure of one or more (but not all) EDGs. The remainder of the system fails
due to a combination of unrelated faults, such as local failures (primarily valve related) of the AFW
turbine steam inlet line or the AFW pump discharge lines and local faults of the turbine driven (TD)
pump.

The bleed and feed mode is the option of last resort. The PORV failures can be attributed to
failure of a PORV to open on demand or prior closure of the block valve, given a loss of the EDG. The
block valve requires AC power to reopen.

.Plant Specific Design and Operating Insights

Representative sequence 7 is a loss of the decay heat removal function which is similar to the
previous sequence. Once again, Calvert Cliffs is the major contributor due to the limited diversity of the
emergency decay heat removal function, as assessed by the PRA. The reason for the Surry contribution
is not straightforward and appears to be related to a PRA assumption (assessed PORV availability) in
conjunction with postulated common mode failures of the AFW system. The plant specific contributions
to the loss of decay heat removal sequences have been presented previously in representative accident
sequence 6.

Qualitative Estimate of Sequence Importance

With the exception of the initiator, this sequence is very similar to the previous one. Therefore,
it is also of generally low importance, lt also is driven by the estimated availability of the decay heat
removal function. The estimated availability of the decay heat removal systems is the same with one
exception, namely, Sequoyah has been upgraded to an average availability for the bleed and feed mode.
In contrast to sequence 6, the LOOP initiator does not prevent the bleed and feed operation.
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The estimated importance of sequence 7 is generally low. However, as previously stated, Calvert
Cliffs is relatively vulnerable to loss of decay heat removal sequences due to the relatively lower AFW
availability and lack of bleed and feed capability. Thus, it has a somewhat higher exposure to
representative accident sequence 7.

4,8 ..R.epresentative Accident Sequence 8: Station Blackout with Loss of AFW

.S..equence Description

Sequence 8 is initiated by a loss of offsite power (LOOP), followed by a failure of ali emergency
diesel generators (EDGs) resulting in a station blackout. Several station blackouts have occurred, but
they have been of limited duration, One was during a loss of turbine generator and offsite power startup
tesi. This was caused by an inadvertent isolation of the diesel generator start relays due to a failure tc)
follow the test procedure. The second occurred more recently, during a refueling outage. A truck
accident disabled the station transformer. One emergency diesel generator was unavailable due to
maintenance and the second failed to start. Sequence 7 provides a discussion of the LOOP initiator. The
loss of ali AC power results in an immediate failure of ali decay heat removal systems except the turbine
driven portion of the auxiliary feedwater system. The AFW system subsequently fails resulting in core
damage,

The major contributor to this sequence is the failure of emergency AC power. This is dominated
by the failures to start or run of ali emergency diesel generators (EDGs) or the unavailability of an EDG
due to test or maintenance activities with the failure of the remainder to start/run.

The AFW system failures can occur in either the long or short term. Long term failures of AFWS
are attributable to station battery depletion, which results in the loss of instrumentation and control
power. Short term failures of the AFWS are turbine driven pump or AFW discharge valve failures or the
failure to manually open the pump discharge air operated valves.

Plant Specific Design and Operating Insights

Ali reference plants contribute to this sequence, however, there are CDF variations in Table 3.4
that are attributable to plant design features in the following systems:

Emergency AC Power

• The Zion site has five EDGs, two dedicated diesels per unit plus a fifth swing diesel. A
single diesel at each unit is sufficient to avert a blackout.

• Sequoyah has the capability to supply emergency power between units via a shuldown utility
bus.

• In contrast the Surry site has 3 EDGs (one dedicated per unit, one swing EDG). Each unit
requires at least one out of the three EDGs to prevent SBO. Multiple EDGs do not
necessarily reduce the common mode failure potential. However, more EDGs means that
random diesel faults or maintenance unavailability becomes less critical, leading to a higher
success rate. Calvert Cliffs has a similar design configuration with 3 EDGs for the two
units.
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DC Power

• The Sequoyah DC power configuration consists of four independent trains with multiple
hard wired cross feeds. A fifth battery can be connected to any bus in about ten rninutes.
In addition, the DC power for the Unit 1 AFW system is normally supplied by the Unit 2
DC buses. These are likely to remain operable unless there is a simultaneous SBO at both
units.

• Calvert Cliffs has a DC power design that enables the dedicated Unit 2 EDG to charge two
of the four shared DC buses without operator action.

• The DC power buses appear to be completely independent between tile two Surry units.
There does not appear to be a simple mechanism to allow the dedicated EDG at Unit 2 to
charge a Unit 1 DC bus.

AFW

• The AFW design insights are the same as discussed previously for sequence 6.

Qualitative Estimate of Sequence Importance

Sequence 8 presents a complex interaction between the decay heat removal function (AFW) and
the supporting emergency power systems (AC and DC). The AFW system can fail in the short term due
to intra-system faults or in the long term as a consequence of station battery depletion. The estimated
availability of the AFW system has been discussed in sequence 6.

The Emergency AC (EAC) power system availability is deemed "average" if more than two diesel
generators must fail to start to cause a station blackout. At Surry and Calvert Cliffs, there are a total of
three EDGs for both units. One is shared between units (swing diesel). If a LOOP occurs and two
EDGs are unavailable at the time, one unit will not have AC power available.

At Sequoyah, there are four EDGs for two units. If two EDGs fail at a single unit, AC power
from the opposite unit can be supplied through a shutdown utility bus.

Zion has a total of five EDGs for both units. One is a shared swing diesel. In order for a loss of
AC power (station blackout) to occur at any one unit, both of the EDGs dedicated to that unit must fail,
and the swing diesel must fail as well.

The reference design for the DC power system is a single unit plant site, or a multi-unit site
without hardwired cross feeds between units (Surry, Zion). Sequoyah and Calvert Cliffs have system
cross-ties between units, resulting in a higher estimated availability.

Representative sequence 8 is of medium importance, except at Surry where it is highly important.
This sequence shows the impact that support systems can have. Despite a relatively good AFW
availability, the sequence contribution is higher than normal due to limitations in the emergency power
systems.
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4.9 Representative Accident Sequence 9: Station Blackout with Reactor Coolant Pump Seal LOCA

Sequence Description

Seqaence 9 is also initiated by a station blackout. The loss of ali AC power disables ali primary
system injection, as well as reactor coolant pump (RCP) seal cooling. Unlike sequence 8, the AFW
system provides decay heat removal. An RCP seal LOCA occurs, resulting in the loss of the primary
system inventory and the onset of core damage.

The major contributor to this sequence is the failure of ali emergency AC power. This is
dominated by the failure to start/run of ali emergency diesel generators (EDGs) or the unavailability of
one EDG due to test or' maintenance, coincident with the failure of the remaining units.

The loss of ali AC power results in a loss of cooling to the RCP seals. The RCP LOCA
accelerates the loss of primary coolant and limits recovery measures to approximately one hour. Major
recovery actions are the recovery of AC power and successful restoration of HPl component cooling.

Plant Specific Design and Operating Insights

As shown in Table 3.4, the plant specific vulnerability can vary greatly depending on certain design
features. The major influences on sequence importance are the degree of failure resistance of the RCP
seals under loss of cooling conditions (see sequence 5), the emergency AC powcr availability to support
scal cooling (sequence 8), and the seal cooling configuration for multi-unit sites, discussed below.

• The Zion CCW and Service Water (SW) systems are shared between the units. In addition,
ali five EDGs can power both a CCW and a SW pump. This configuration permits the
continued operation of the CCW system at both units, despite the loss of ali AC power (3
EDGs) at one unit. This capability is why Zion does not contribute to sequence 9.

• Sequoyah also has a shared CCW system. However, the thermal barrier booster pumps arc
powered by the same Unit's EDGs (i.e., no crossfeeds). Although the CCW system could
be available during an SBO, RCP seal cooling would not be maintained due to a loss of
power to the booster pumps.

Qualitative Estimate of Sequence Importance

The plant specific resistance to representative accident sequence 9 depends upon the awiilability
of emergcncy AC (EAC) powcr. Surry, although similar to Scquoyah and Zion in the other critical
functions, has less EAC redundancy. This is the primary reason for the high Surry contribution to this
sequence.

Calvert Cliffs has a similar EAC configuration, but, its higher degree of resistance to RCP seal
failures results in a low contribution to this sequence. Table 4.1 provides a summary of the estimated
importance tbr representative accident sequence 9.
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4.10 Representative Accident Sequence 10: Loss of PCS Iniliator (or Transient Followed by L_ss of
.pcs) with Loss of AFW

Sequence Description

Sequence 10 is a loss of the Power Conversion System (PCS) initiator (or a transient followed by
a loss of PCS) with the subsequent failure of the AFW system. As a result of the loss of decay heat
removal, the primary system overheats. The associated system pressuriTa_tion causes PORV cycling, a loss
of system inventory and subsequeut core damage.

The precursor (Refs. 7-10) studies were reviewed to determine major sources of PCS failures in
operating nuclear power plants. Main feed pump trips comprised over 25% of the total number of PCS
failures. These included valid, spurious or operator induced low suction pressure trips, feed pump
turbine controller failures and gradual losses of condenser vacuum or hotwell level in which the
operators did not believe the instrument readings. Steam dump valve closure failures, primarily due to
positioner linkage problems, contributed approximately 15%. The remainder of the loss of PCS
precursors is fairly evenly divided among condensate pump trips, feedwater recirculation, control and
bypass valve malfunctions, feedwater controller failures and miscelhmeous contributors, including
multiple stuck open relief valves and main turbine tripswhich induced PCS isolations.

The loss of the Auxiliary Feedwater (AFW) system is the main contributor to this sequcnce. The
majority of the system unavailability is due to operator failures to manually start either a locked out
pump or a pump with a disabled auto start circuit. Hardware failures include steam admission suction
valve and pump local faults. The unavailability of a pump or a pump discharge wdve due to maintenance
activities is also a contributor.

Although the plant specific input used tO develop this representative sequence did not consider it,
the bleed and feed mode could also be used for decay heat removal. The major contributors to the
failure of feed and bleed are PORV or block valve faults and human error.

Plant Specific Input and Sequence Ranking

This sequence postulates a failure of the decay heat removal function and is gene rally considered
to be of relatively low risk importance at most plants, as depicted in Table 3.4. Calvert Cliffs is the
exception, for a variety of reasons. The lower assessed availability of the AFW system and the lack of
bleed and feed has been previously discussed in sequence 6. An additional relative susceptibility is that
the two major decay heat removal systems (main and auxiliary feedwater) have a total or partial
dependence on a single vital AC power inverter. This dependency essentially doubles the C_flvert Cliffs
core damage frequency contribution due to loss of main feedwater.

The Westinghouse plant PRAs examined do not indicate any significant contributions to this
sequence because of the relatively high availability of AFW and bleed and fccd. In addition, motor
driven main feedwater pumps reduce plant vulnerability to sequence 10 even further.
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Qualitative Estimate of Sequence Importance

This sequence postulates a loss of decay heat removal and is similar in progression to sequence
7. The plant specific availability estimates for AFW and bleed and feed are the same. As previously
indicated, the Westinghouse plants have a relatively lower exposure to loss of decay heat removal
sequences. The Calvert Cliffs design contribution to this sequence type i_ relatively more significant, for

the reasons previously discussed.

4.11 R__epresentative Accident Sequence 11: ATWS with Failure of Emergency Boration

Sequence Description

This sequence is initiated by a transient from high i_ower followed by an RPS failure to
automatically scram the reactor. The attempts to manually scram are not successful and emergency
boration also fails.

The initiator is a transient such as an MSIV closure, partial loss of feedwater, feedwater flow
increase or a loss of reactor coolant system (RCS) flow that results in a turbine trip and PCS runback.
The mismatch between core power production and secondary loop heat removal results in RCS coolant
loss through the PORVs. Core uncovery and damage occur in forty minutes or less. The Salem nuclear
power plant experienced two RPS failures to trip on the automatic trip signals, but manual trip was
successful. The failures were caused by malfunctions of the reactor trip breaker undervoltage
attachments.

The failure to manually scram the reactor is caused by operator error or hardware failures of the
control rods or drives that prevent insertion. The failure of emergency boration is dominated by
operator failure to initiate injection, while system hardware faults have a smaller contribution.

Plant Specific Design and Operating Insights

Table 3.4 includes depicts plant specific contributions to sequence 11 that vary from 27% (Calvert
Cliffs) to less than 1% for Sequoyah. No ATWS sequence information was available for Zion in
References 13 or 14. The Calvert Cliffs contribution is driven by the decision not to credit manual
scram in the risk assessment. When this conservatism is eliminated, the sequence contribution is
comparable to Sequoyah or Surry.

Given the high reliability of RPS, with credit for manual scram, the design differences of the
emergency boration function appear to have a modest influence on the plant specific contributions to
sequence 11.

The operator actions required to initiate boric acid injection are dependent on system design.
Some plants have an in-line boric acid injection tank with redundant vaMng that is an integral part of
the charging system/high pressure injection lineup. The hardware failure for this configuration is
negligible. Injection failure is attributa! le to the failure to manually activate the system.
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Other plants utilize one or two boric acid pumps discharging through a common, normally closed,
high flow line to the charging pump suction header. Operator action is required to start a second pump
(or switch a single operating pump to fast speed operation) and open the normally closed MOV. This
configuration is more vulnerable to hardware failures re,lated to the use of a single, normally closed
MOV and/or the system success criteria that require two out of two boric acid pumps to operate.

Qualitative Estimate of Sequence Importance

From the foregoing discussion, the reference plants (for which accident sequence information is
available) have an estimated medium importance for representative accident sequence 11.

Section 4 has provided a discussion of the representative accident sequences and, in particular, the
effect of design and operating features on reference plant vulnerability. The next section prioritizes the
individual component failures and human actions that comprise each sequence and also examines the
impact of plant specific design and operating variations on that ranking.
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5. IDENTIFICATION OF RISK IMPORTANT SYSTEMS, COMPONENTS, AND itUMAN ACTIONS

In a PRA, plausible accident scenarios are chosen for analysis. The accident scenario begins with
an initiating event such as loss of offsite power, which is then referred to as the initiator. Subsequent
system failures such as failure of the emergency diesel generators to function can occm due to
component failures or unavailabilities due to test or maintenance outages, or due to human errors.
These individual failures are referred to as basle events. The scenario proceeds with additional failures
occurring until core damage occurs. The overall accident scenario leading to core damage is then
referred to as an accident sequence.

Each accident sequence is evaluated by assigning a probability of occurrence to each basic event,
which is then referred to as the basic event probability. The result is that each accident sequence has
a frequency of occurrence which represents its contribution to the total frequency of core damage.
Hence, the logical sum of ali the accident sequence frequencies represents the total core damage
frequency. The number of plausible accident scenarios can be 100 or more. However, only a portion
of these scenarios, or accident sequences, account for the bulk of core damage frequency. The latter
sequences are referred to as the dominant accident sequences.

The term logical sum refers to the need to avoid multiple counting of accident sequence failure
combinations, referred to as cutsets in PRA terminology, which appear more than once in the core
damage frequency summations. Only the min;mum number of failure combinations, or minimal cutsets,
should be accounted for.

The term risk can vary in application. That is, one can calculate the risk of core damage, which
may have no adverse effects on human beings, or the Hsk of containment failure, which again may or
may not affect human beings. Ideally, one is interested in the r_sk of radioactivity releases to the
environment affecting the short term or long term health of human beings. Hence, the term risk of
health effects is also used. The complexity and uncertainty of the calculational models, as well as the
need for detailed site specific information, greatly increase as containment failure modes and health
effects are considered. For the purposes of the me 5odology presented in this report, the detailed risk
insights that would be so developed would have limited generic applicability. This report focuses on core
damage frequency as an approximation of risk. (In a stric sense, only the frequency of core damage is
considered in this report, not the risk of core damage, because ,isk implies the probability of health
effects on human beings or other parts of the environment.) b

In the discussion which follows, the method by which the contributing basic event._ that comprise
the accident sequence cutsets are prioritized is explained. This prioritization process results in a
numerical value, or Importance measure, for the basic events. The basic event importance measure
calculations can be organized in a different fashion so that plant system Importance measures can be
generated.
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5.1 Calculation of Average System and Basic Event Importances

A single accident sequence can be composed of several hundred cutsets. To maintain the desired
importance measure calculations at a reasonable level, only the cutsets that appeared in the top 80% of
a plant specific sequence's probability of core damage (its CDF contribution) were considered. If this
was still not practical, only those cutsets greater than, or equal to, 1% of the scquence's CDF
contribution were considered. For each plant specific dominant accident sequence, either the Inspection
Importance or the Fussell-Vesely Importance was calculated for ali of the basic events appearing within
the sequence boundaries defined above.

The Inspection Importance of a given basic event is the summation of the CDF contributions of ali
the cutsets in which the basic event appears, either within a particular accident sequence or among ali

of the plants accident sequences upon which the total CDF is calculated. The FusseiI-Vesely Importance
may be defined as the Inspection Importance divided by a constant value, usually the total CDF, or else
the CDF contribution of the particular accident sequence. The importance measures which were
obtained in this manner were normalized, so that the summation of these normalized basic event

importances cquals 100% for each sequence.

In reality, each of the representative sequences encompasses more than one plant specific accident
sequence. That is, there are multiple plant specific accident sequences associated with a representative
accident sequence. As a result, an average basic event importance was calculated for each basic event
by taking the summation of ali the normalized basic event values for that same event, and then dividing
by the total number of contributing sequences.

Mathematically, the above discussion can be represented as foI!ows:

- I', (s-:l)
_ l*(i)
i.l

where

Ii_ = the Inspection Importance of the 0 component for a plant specific sequence

m = the number of basic events in a plant specific sequence

= I_ = the normalized importance for basic event Qof a plant specific sequence

_lch ot' the normalized basic event importances, It_' , are then substituted into the following
- equation
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where I_ the average basic event importance for event ! of a representative accident sequence.

n = the number of plant specific sequences associated with a representative accident sequence.

For example, refer to Table 5.1, Representative Sequence 1, the human error of High Pressure
Injection/Recirculation "Failure to switch from RWST to the containment sump via the LPR system
including failure to stop pumps on RWST lo-lo alarm."

The plant specific contributors to Representative Sequence 1 are:

Plant Specific Sequence No. Total No. of Sexmences

Sequoyah 1,3,4,6 4
Calvert Cliffs 3,4,15 3

Surry 2,10,13,14,19 5
Zion 2 1

n=13

The basic event Inspection Importance for the particular human error, event Q,is:

Normalized Inspection
Importance for Event

Plant Specific Sequence No. (10r)
Containing Event _ .

Sequoyah 1 42
6 44

Calvert C!_Ts 4 1
Zion 2 15

I_l_ = 102

The average basic event importance, I_, is then:
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lt should be noted that the Surry, Sequoyah (Ref. 4, 12), and Calvert Clifl_s(Ref. 11) PRAs were
selected for the system and event importance calculations for each representative sequence, l.x)cating
an additional risk assessment that contained dominant accident sequence outsets was difficult. After
evaluation of alternatives, it was decided to include the NRC-developed System Analysis and Risk
Assessment (SARA) system (Ref. 14) for Zion. The SARA sequence probabilities showed good
correlation to the values published in NUREG/CR-4550, Vol. 7 (Ref. 13), for the sequences of interest.

5.2 Development of Plant Specific Modifiers

In the example in Section 5.1 above, it was shown how the average basic event importances
provided in Table 5.1 were calculated. The next step is to illustrate how the average event importances
should be adjusted for application to plants. The adjustment factors are referred to as Plant Specific
Modifiers (PSM).

A total of 65 modifiers are provided in Table 5.1. They are intended to accommodate the wlrious
differences in design and level of redundancy in Westinghouse and CE plants not subjected to a PRA.
The events in Table 5.1 are cross-referenced to the applicable modifiers. Plant specific basic eve¢_t
importances for plants not subjected to a PRA can be derived using these modifiers. These modifiers
reflect, in an approximate manner, the deviations from the four reference plants (Sequoyah, Surry,
Calvert Cliffs and Zion).

As an example, for the same basic event mentioned in Section 5.1, PSM No. 8 is cross-referenced
in Table 5.1 The factor of 3 (PSM No. 8) was developed in the following way. In the Sequoyah PRA,
there were four contributing sequences to Representative Sequence No. 1., i.e., Nos. 1, 3, 4, and 6. Of
these, only sequence Nos. 1 and 6 contained the basic event. The Normalized Inspection Importance for
the basic event in each of those two sequences was 42 and 44, respectively. Hence, the Average
Inspection Importance for this event, considering only Sequoyah is:

42.44

I_= 4 s_ces "21

versus lhc average for ali plants, IA = 8. The intent of the plant specific modifier (PSM) is to
approximate the contribution this basic event would make in a plant with a design configuraticm of its
HPl and HPR systems similar to Sequoyah's. Hence, the applicable PSM (No. 8) is:

21
PSM= _ ,,, 3

8

PSMs have only been provided for basic events in which plant design or operational variations have
a strong influence, either positively or negatively, on the CDF contribution of a representative sequence,
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To summarize, Table 5.1 presents the basic events for each representative accident sequence,
including the associated average importance estimates. These importance values can be used to rank the
sequence contribotors on a relative basis only. For example, a value of eight is considcred to be more
risk significant than an e_timate of two, but not necessarily four times as important. In addition, small
differences are not considered to be significant.

The average importance values are just that, a composite of the plant specific accident sequence
information. As such, the accident contributors are identified, but the prioritization, based on average
importance, may de-emphasize the risk significance of certain plant specific variations, hence, the use of
the PSMs.

5.3 Ranking of the Basic Events

Thus far, the methodology has had an accident sequence emphasis, meaning that failure descriptions
and basic event rankings were presented within the framework of a sequence. From a PRA perspective,
the accident sequence approach provides the context for the examination of componeni failures, human
actions, and their interrelationships. However, it is more convenient to organize the important events
by plant activities. Appendix A presents an inspection matrix which is a plant activily based organiz_tion
of the basic events associated with ali elevenrepresentative accident sequences. As before, risk
significant design and operating variations can be incorporated to provide a plant specific prioritization
of systems, components, and human actions.
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Table 5.1

Representative Accident Sequence Importance Summary

Representative Accident Sequence 1:

Small or Medium LOCA with Failure of High Pressure Injection or Recirculation

Plant Specific
Event Description Average Importance I'2 Modifier

Initiator

Small/Medium LOCA Initiator 43

High Pressure Injection/Recirculation 7
o Human Error

Failure to switch from RWST to the containment sump via
the LPR system including failure to stop pumps on RWST
lo-lo alarm 8 8

• Valves

Failure of common HPl discharge valve(s) to open
(including common cause) 8 9

Failure of common HPl suction valve (from RWST) to

open, including check valves 2
Plugging of manual valve in the common HPl suction line 2
Failure of mini flow valve to open 4

Failure of l-lPR suction valve(s) (including common cause) 5
Safety injection mini flow valve fails to close. Interlock fails

pump suction valves from LPR. <1
Valve subtotal = 21

• Pumps

Local fault of pump(s) (incl. common cause) 2
Failure of control cable to pump <1
Failure of pump breaker to close < I
Pump in maintenance <1

Pump subtotal = 2

HRI/R total = 31

Low Pressure Recirculation 11,12,13

• Human Error

Failure to stop LP/pumps if mini flow valve doesn't
open/failure to restart pump for recirculation 1 14

• Pumps

Pump(s) fail to start (incl. common cause) 4 15
Pump fails to run 1

• Valves

LPI mini flow valve(s) fail to open (incl. common cause) 4 14

Failure of LPR suction valve(s) to open 4 15
Failure of LPI suction valve to close (from RWST) 1 15

Valve subtotal = 9

Containment surnp plugging 1 21

LPR total = 16

1'2See General notes I and 2, repectively in the listing of Plant Specific Modifiers which accompanies this table.
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Table 5.1

Representative Accident Sequence Importance Summary (Cont'd)

Sequence !: (Cont'd)

Plant Specific

Event Description Average Importance 1'2 Modifier

Component Cooling Water 60

• Human Error

Failure to manually align standby train after failure of
operating loop 1

• Pumps
CCW pump(s) fails to run (incl. common cause) < 1 62

• Valves

Local fault of any CCW valve that disables ali Eccs pump
coolers < 1

Local fault of standby HX bypass valve 1
Local fault of standby HX outlet valve < 1

CCW total = 2

Service Water 60

• Valves

Failure of any SW valve which stops SW flow to CCW HX 1 61

• P_amps

Common cause failure of SW pumps that ultimately cool the
HPl pumps < 1

Common cause failure of HPI cooling water strainers (lube

oil cooling/seal injection) 1

SW total = 2

Room Cooling

Electrical failures (power cable/breaker) disable HPR pump
room cooling 3 65

Failure of SW valve disables HPR pump room cooling 1 65

Room Cooling total = 4

RWST

• Human Error

Miscalibration of RWST level sensors due to common cause

fails manual or auto realignment of high pressure ECCS 3
Operator fails to remove refuel drain plugs after refuel

outage 1 22

RWST total = 4

l'2see General notes 1 and 2, repectively in the listing of Plant Specific Modifiers which accompanies this table.
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Table 5.1

Representative Accident Sequence Importance Summary (Cont'd)

Representative Accident Sequence 2:

Medium or Large LOCA with Failure of Low Pressure Recirculation

Plant Specific

Event Description Average Importance j'2 Modifier

Initiator

Medium/Large LOCA 51

Low Pressure Recirculation 11,16

• Human Error

Failure to switch from cold to hot leg LPR 3

Failure to successfully switch from LPI to LPR
including valve alignment errors 20 17

Human Error subtotal = 23

• Valves

LP hot leg recirc, disch, valve fails to open 1
LPR sump suction valve(s) fail to open 7 15
Failure of RWST pump suction valve to close 7 15
Pump discharge crossover valve fails to close <1
Cold leg isolation valve(s) fail to close 4

Valve subtotal = 19

, Pumps
Low pressure pump(s) fail to run (inel, common

cause) 4 15
Pump subtotal = 4

LPR total = 46
RWST

• I&C
Common cause miscalibration of the RWST level

sensors 4

1'2See General notes 1 and 2, repectively in the listing of Plant Specific Modifiers which accompanies this table.
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Table 5.1

Representative Accident Sequence Importance Summary (Cont'd)

Representative Accident Sequence 3:

Medium or Large LOCA with Failure of Low Pressure Injection

Plant Specific
Event Description Average Importance 1'2 Modifier

Initiator

Medium/large LOCA 51

Low Pressure Injection 10

• Human Err ,t

Failure to stop pumps if mini flow valve fails to open 1 18
Failure to realign system after testing 5 19

• Valves

LPI mini flow valve(s) fail to open (incl. common
cause) 2 18

• Pumps
LPI pump(s)fails to start (incl. common cause) 11
LPI pump(s) fails to mn (incl. common cause) 3

Pump subtotal = 14

LPI total = 22
Accumulators 20

• Injection Failure (including check valve failure to
open/MOV plugging) 27

1'2See Generalnotes 1and 2, repectively in the listing of Plant Specific Modifiers which accompanies this table.
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Table 5.1

Representative Accident Sequence Importance Summary (Cont'd)

Representative Accident Sequence 4:

LOCA Outside Containment (ISLOCA)

Plant Specific

Event Description Average Importance 1'2 Modifier

Initiators

Low Pressure Coolant Injection Lines 23, 24, 25

• Transfer open of 1 check valve followed by a rupture
of the second interface valve 47

• Failure of one valve to close on repressufization fol-

lowed by rupture of the second 2 26

• Rupture of interface valves 1

Shutdown Cooling Lines including 34 27, 28

• Both interface valves rupture '
• Downstream valve transfers open, upstream valve

ruptures

Recovery Action

• Operator failure to isolate LPI interfacing LOCA 16 29

l'2see General notes 1 and 2, repectively in the !isti:_g of Plant Specific Modifiers which accompanies this table.
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Table 5.1

Representative Accident Sequence Importance Sumnlary (Cont'd)

Representative Accident Sequence 5:

Loss of ali CCW Initiator

, Plant Specific
Event Description Average Importance l'z Modifier

Initiators 30, 31, 32

• Failure of CCW due to a pipe rupture 49
• Common cause failure of running CCW pumps 25 62

CCW System 62

• Pumps
Standby pump(s) in maintenance <1
Standby pump(s) ftdl to start 18 62
Standby pump(s) fail to run 7 62

l'2see General notes 1and 2, repectively in the listing of Plant Specific Modifiers which accompanies this table.
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Table 5.1

Representative Accident Sequence Importance Summary (Cont'd)

Representative Accident Sequence 6:

Loss of One 125V DC Bus Initiator

Plant Specific

Event Description Average Importance 1'2 Modifier

Initiator

Loss of a 125V DC bus 31

AFW System 33

• Human Error

Operator fails to manually start locked out pump 7 34
Operator fails to manually start pump, given auto

start failure 3

Operator fails to restore turbine driven pump from
test < 1

Failure to crossfeed AFW from another unit of a

multiple unit site 3
Operator fails to increase flow to SG given

unavailability of the other SG I 35
Failure to restore AFW turbine driven pump

discharge valve after test <1
Human Error subtotal = 14

• Pumps
Motor driven (MD) AFW pump fails to start 15 36

MD pump fails to run 1 36
Turbine driven (TD) pump fails to start/run 17

TD pump in maintenance 3
TD pump in test <1

Pump subtotal = 36

• Valves

Thro',Le/Trip valve fails to open (valve faults in
steam admission line) 2

AFW FW valve in maintenance that disables two

AFW pumps 1 37
Local fault of valve in MD pump disch, to SG 12 36
Local fault of valve in TD pump disch, to SG 2

Valve subtotal = 17

AFW total = 67

Safeguards Actuation Signals

Failure of AFW auto actuation 3

Feed and Bleed Mode 42

PORV fails to open 43
43Bleed and feed human error

l'2see General notes 1 and 2, repectively in the listing of Plant Specific Modifiers which accompanies this table.
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Table 5.1

Representative Accident Sequence Importance Summary (Cont'd)

Representative Accident Sequence 7:

Loss of Offsite Power Initiator with EDGs Operable, Loss of AFW

Plant Specific
Event Description Average Importance 1'2 Modifier

Initiator

Loss of offsite power 26

AFW System 33

• Human Error

Undetected flow diversion 4 38

Operator fails to start locked out pump 12 34
Operator fails to manually start given auto start failure <1

Human Error subtotal = 16
• Valves

Undetected FW back leakage through pump
discharge check valves causes steam binding 3 39

Local fault of AFW suction valve from the CST fails

ali operating AFW pumps 2 40
Local fault of valve in turbine driven (TD) AFW

pump steam admission line 3
Maintenance of valve in an AFW pump feedwater

line disables two PUmps 5 37
Failure to provide AFW feedwater flow due to faults

in motor driven (MD) discharge line pipe segment
(local faults in the pump discharge valves) <1

Failure to provide AFW flow due to faults in turbine

driven discharge line pipe segment (local faults in
the pump disch, valves) <1

Valve subtotal = 15

• Pumps

Local fault of AFW TD pump 6
Local fault of MD pump 2
Locai fault of MD pump power breaker <1
TD pump undergoing maintenance 4

Pump subtotal = 12

AFW total "-43

Emergency AC Power

EDG fails to start on demand 17
EDG unavailabledue to maintenance 2
EDG fails to continue to run 6
EDG not returned to service from test <1

Emergency AC Power
subtotal = 25

1'2See General notes 1 and 2, repectively in the listing of Plant Specific Modifiers which accompanies this table.
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Table 5.1

Representative Accident Sequence Importance Summary (Cont'd)

Sequence 7: (Cont'd)

Plant Specific

Event Description Average Importance _'2 Modifier

Bleed and Feed Mode 42

Failure of a PORV to open on demand 6 44
PORV block valve closed 1 45

Bleed and Feed subtotal = 7

Vital Brses/Inverters

Local fault of inver,*,r fails auto actuation AFW pump 1

l'2see General notes 1 and 2. repectively in the listing of Plant Specific Modifiers which accompanies this table.
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Table 5.1

Representative Accident Sequence Importance Summary (Cont'd)

Representative Accident Sequence 8:

Station Blackout with Loss of AFW

Plant Specific

Event D'.scription Average Importance 1'2 Modifier

Loss of Offsite Power Initiator 22

AFW System

• Human Error

Failure to manually open TD pump discharge valves 1 41

• Pumps
FW TD pump fails 15

• Valves

Fault in turbine driven discharge pipe segment,

primarily due to valve failure 1
AFW subtotal = 17

Emergency AC Power

EDG(s) fails to start (incl. common cause) 16
EDG(s) fails to continue to run (incl. common cause) 12
EDG unavailable due to test or maint. 8

Emergency AC Power
Total = 36

Recovery Action

Failure to recover AC power 25 46

l'2see General notes 1 and 2, repectively in the listing of Plant Specific Modifiers which accompanies this table.



Table 5.1

Representative Accident Sequence Importance Summary (Cont'd)

Representative Accident Sequence 9:

Station Blackout with RCP Seal LOCA

Plant Specific
Event Description Average Importance la Modifier

Loss of Offsite Power Initiator 26

Emergency AC Power

EDG(s) fails to sta_ (incl. common cause) 27
EDG(s) fails to continue to run (incl. common cause) 13

Test & Maint. unavailability of EDG 9
Emergency AC Power

Subtotal = 49

Recovery Actions

• Failure to recover AC power 27 46

l'2see General notes 1 and 2, repectively in the listing of Plant Specific Modifiers which accompanies this table.
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Table 5.1

Representative Accident Sequence Importance Summary (Cont'd)

Representative Accident Sequence 10:

Loss of PCS Initiator (or Transient Followed by Loss of PCS) with Loss of AFW

Plant Specific

Event Description Average Importance l'z Modifier

Initiator

Loss of PCS transient (or general transient followed
by loss of PCS) 27

AFW System 33

• Human Errors

Failure to manually start locked out turbine driven
(TD) pump 9 34

Failure to manually start motor driven (MD) pump,

given auto start failure 17 47
Failure to restore TD pump disch, valve from test <1

Human Error subtotal = 26

• Valves

Local fault of AFW suction valve 5
Local fault of steam admission valve 6
Maint. of steam admission valve <1

Maint. of pump disch, valve fails multiple pumps 1 37
Valve subtotal = 12

• Pumps
AFW TD pump local fault 7
AFW TD pump in maintenance 5
AF'W TD pump in test 1
AFW MD pump local fault 2
AF'W MD pump in maintenance <1
AFW MD pump circuit breaker fault 2 '

Pump subtotal = 17

• FW Logic
• Local fault of AFW logic system fails to actuate MD

pump and/or one TD pump steam valve 1

AFW total = 56

Vital AC Power

Loss of vital AC bus fails AFW TD pump steam

admission valve and MD pump 17 47

Safeguards Actuation Signals

Fault in ESFAS sequencer fail auto actuation of MD
pump <!

Feed.and Bleed Mode 42, 43

l'2see General notes 1 and 2, repectively in the listing of Plant Specific Modifiers which accompanies this table.
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Table 5. I

Representative Accident Sequence Importance Summary (Cont'd)

Representative Accident Sequence 11:

ATWS with Failure of Emergency Boration

Plant Specific

Event Description Average Importance t'2 Modifier

Transient Event Requiring a SCRAM 28

Failure of RPS 28

Failure of Manual SCRAM 17

Emergency Boration

• Human Error

Failure to perform (initiate) emergency boration 23

Hardware

Failure of boric acid transfer pump to provide
sufficient flow 2 57, 58

Maintenance of charging pumps 2 56

Valves

Local fault of one valve results in system failure

Control circuit fault of one valve disables system I 3 59Power cable to one valve fails disabling system

l'2see General notes ! and 2, repectively in the listing of Plant Specific Modifiers which accompanies this table.
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Plant Specific Modifier (PSM) Notes for Table 5.1

General

1. The average importance is a composite of the input PRAs. These values can be used to prioritize
the failure modes on a relative basis. Small differences in importance values are not significant.

2. The average importance estimates should be used unless, as indicated elsewhere in these notes,
plant specific design or operating features exist that can significantly alter the average importance
estimates. In that case, the appropriate note will provide guidance to revise the average importance
value to reflect a plant specific attribute.

3. The estimated importance for sequence 7 has been revised to "low"based on the conservative
PORV availability assumption used in the Surry PRA.

4. Surry has motor driven main feedwater pumps which, unlike turbine driven pumps, are expected to
be available after MSIV closure, loss of turbine bypass etc. This reduces the importance of
sequence 10 still further.

5. No ATWS information is available for Zion in NUREG/CR-4550 vol. 7 or the SARA Code for

sequence 11.

6. The Calvert Cliffs PRA (NUREG/CR-3511) did not credit manual scram. When this conservatism
is eliminated, the relative importance of sequence 11 is similar to Surry or Sequoyah.

High Pressure Injection/Recirculation

7. High pressure injection/recirculation (HPl/R) success criteria for a small or intermediate LOCA is
generally the continued flow from one of four (or three) high pressure pumps to the RCS given
successful low pressure system operation (if required).

8. This is an average importance value, based on input from the surrogate PRAs. If the plant HPI/R
design is known it can be modified as follows:

• For an ECCS design that requires operator action to manually realign the high pressure or low
pressure injection system from the injection mode to the recirculation configuration. In
conjunction with a large dry containment, multiply the average importance value by a factor
of 2.

° For a similar ECCS design, but with an ice condenser containment, multiply the average
importance value by a factor of 3.

• This failure mode is not critical for ECCS designs that automatically align to the high pressure
recirculation mode. Replace the average importance value with a value of 1.0 to reflect manual
realignment after the automatic function fails.

9. The importance of this failure mode is directly related to the number of RCS injection pathways
and if the injection valves are required to open for system success. The configuration under
consideration (Surry) has a single system (charging) for HPl and two normally closed MOVs in
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parallel, which are automatically opened by a safety injection signal. As a rccovery, another
injection pathway could be remote manually opened. But in general, this HPl dcsign is more
susceptible to injection valve failures. To reflect this, quadruple the average importance value for
discharge configurations that resemble Surry. In contrast, the Calvert Cliffs configuration has eight
injection MOVs with only one required for successful mitigation. Although thcse valves are
normally closed, failure of ali 8 is unlikely and this failure mode can be neglected.

Low Pressure ECCS

10. Successful low pressure injection generally requires the operation of one out of two trains. Room
cooling is not required during the injection phase, but pump seal and iubc oil cooling are usually
necessary.

11. Low pressure recirculation (LPR) success criteria are generally one out of two) trains supplying
makeup to the high pressure ECCS (small LOCA) or to the RCS (large LOCA). Pump room
cooling and pump cooling are usually required, making component coo)ling water and service water
vital for successful LPR.

12. For small and medium LOCAs, Low Pressure Injection/Recirculation (LPI/R) is a support system
for HPR at Westinghouse plants. As such, the failure of the low pressure recirculation carl result
in core damage even for small pressure boundary failures. The Combustion Engineering (C_dvert
Cliffs) design does not exhibit this dependency, and LPR failures should be omitted.

13. Among the Westinghouse units, low pressure recirculation is even more important for plants with
ice condenser containments. The free volume is smaller than in large dry containments causing
faster pressurization which, in conjunction with a lower spray setpoint, activates the sprays earlier.
This in turn, results in an earlier need for recirculation, lt has been estimated that a small LOCA

at Sequoyah could require a switchover to the recirculation mode in about 80 minutes following
accident initiation or 20 minutes following containment spray actuation. For the same size break,
a large dry containment would not require recirculation switchovcr for several hours. This could
give the operator time to lower the RCS temperature, depressurize and transfer to closed cycle
shutdown cooling. The accelerated timing for the smaller ice condenser containment design does
not allow this.

14. This importance estimate (sequence 1) is based on normally closed low pressure ECCS minimum
flow valves. Neglect for normally open valves with out of position annunciation in the control room.

15. Multiply by a factor of two for ice condenser containments. See also note 13.

16. This sequence is not applicable to Calvert Cliffs. The CE design uses high pressure rccirculation to
mitigate ali break sizes. The RWST low level signal causes high pressure ECCS switchover and
stops the low pressure ECCS injection which is gencrally locked out by the recirculation signal.

17. If manual realignment of the LP ECCS pump suction from the RWST to the containment sump is
required, multiply this average importance value by a factor of 2. If thc plant design has automatic
switchover, reduce the importance estimate tc) 1 tc) account for the need for manual realignment,
only if the automatic function fails.

5-20



18. Multiply this importance value by a factor of three (sequence 3) if the plant has a normally closed
mini flow valve configuration where the valves must open on system initiation to prevent pump
damage at high RCS pressures. Not applicable for normally open mini flow valves unless wllve
mispositioning is unlikely to be detected.

19. If there is no provision for the detection of system misalignments, multiply this average import_nce
value by three. If discharge valve mispositioning is alarmed in the control room or if valve positions
are checked regularly (i,e., once per shift, once per day), this failure can be neglected.

20. The accumulators quickly reflood the reactor core following a large LOCA. Each primary loop
generally has one accumulator. For successful mitigation of a large LOCA ali of the accumulators
on the intact loops must inject.

RWST/Containment Sump

21. The containment sump plugging concern can be exacerbated by suction piping design. If a plugged
strainer can disable a train of high or low pressure SCCS, multiply the average importance by a
factor of 2. Leave importance unchanged if each recirculation train can take suction via multiple
sump strainers.

22. Applies only to ice condenser containments.

LPI/RHR High to l_x_wPressure Interface Design

23. The Westinghouse high to low pressure interface design is the configuration of interest, lt features
two series check valves with a normally open MOV.

24. Thc CE design features several check valves in series with a normally closed MOV which is much
less susceptible to this initiator. If the check valves are periodically leak tested and the MOV is
tested only when the RCS is depressurized, the LPI interfacing LOCA initiator can be neglected.

25. The placement of the accumulator discharge relative to the high/low pressure interface can
influence the check valve failure order. For example, Sequoyah's accumulators connect between the
two check valves. If the upstream check valve (furthest from the RCS) fails first, the accumulator
will discharge into the LPI system and alert the operator. If either interface check valve can fail
undetected, this initiator is more likely. Multiply the average importance values by two.

26. Not applicable if the check valves arc required to be tested on every RCS repressurization or if the
valves change position. Multiply this average importance value by a factor of thrcc if these
provisions do not exist.

27. The shutdown cooling (SDC) line initiator appears to be more significant than the LPI interfacing
LOCA. The shutdown cooling configuration generally features two normally closed MOVs in series
with a relief valve in between. The intervening relief valve makes it necessary that the downstream
(furthest from the RCS) fail first. Otherwise, the relief valve discharge would alert the operator
and plant shutdown would commcnce.
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28. The shutdown cooling line initiator can be neglected if the MOVs have a high pressure interlock
to prevent downstream piping overpressurization and the MOVs are keylocked with administratively
controlled keys. Multiply by a factor of three if the pressure interlock is not functional post-startup
(Zion).

29. A potential recovery action has been included to account for operator action to isolate the
interfacing LOCA by manual closure of the LPI discharge MOV. The successful mitigation of this
event is plant specific and is dependent on:

• The existence of two isolable LPI discharge headers to enable the use of the other LPI loop,
or the ability to use another system for RCS makeup.

• LPI pump separation to minimize the environmental impact of RCS blowdown on the second
train.

• The capability of the LPI discharge MOV to isolate the interfacing LOCA The valve may not
be designed to close against the high differential pressure.

Reactor Coolant Pump Seals

30. Sequence 5 is illustrative of a relative design weakness for certain Westinghouse plants. A single
cooling system (CCW) supports reactor coolant pump (RCP) seal cooling modes (thermal barrier
cooling and seal injection) and provides essential cooling for the ECCS pumps. The HPl ECCS
pumps, i.e., the CVCS charging pumps, provide RCP seal injection and are required to mitigate a
RCP seal LOCA failure. However, the pumps are cooled by CCW.

31. The Byron Jackson reactor coolant pumps used in CE plants have a seal configuration (three full
pressure seals and a controlled leakoff or a fourth full pressure seal) different t'rom the RCP seals
used in Westinghouse plants that provides a greater level of resistance to loss of cooling induced
failures.

32. Surry has a cross connect between the units that enables the second unit's charging pumps to supply
seal injection to the Unit 1 RCPs in the event of a loss of CCW. This is limited by the Unit 2
RWST capacity and requires makeup from the Unit 1 RWST. Long term mitigation involves RCS
depressurization by secondary steaming and LPI/R for injection and long term decay heat removal.
At Surry LPI/R operation is not dependent on CCW for either seal or room cooling.

Auxiliary Feedwater System

33. AFW system success criteria vary among the reference plants. Generally, AFW flow from one pump
to one steam generator is sufficient for decay heat removal. Sequoyah requires flow to two of its
four steam generators and Calvert Cliffs requires operator action to increase AFW flow, if only one
steam generator is available.

34. The Calvert Cliffs plant has a pump that is normally locked out and requires manual start. If an
AFW pump normally requires operator action to start, increase the average importance value by a
factor of four (sequence 6), a factor of 2 (sequence 7) and keep unchanged for sequence 10. If the
AFW system has auto start provisions for all pumps, this human error is not applicable.
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35. Increase this average importance value bya factor of two if, like Calvert Cliffs, the unavailability of
one steam generator requires manual adjustment of tht_ AFW flow control valve to incre_se flow
to the remaining steam generator(s) for successful decay heat removal.

36. If the AFW piping has a common portion of the discharge line, shareo by two pumps and selected
valves can only be disassembled if both pumps are disabled, multiply by a factor of 3 (sequences 6
and 7). Leave as is for sequence 10.

37. One motor driven AFW pump is usually unavailable as a result of the initiator. Neglect this event
if the AFW system has only one motor driven pump.

38. Undetected AFW flow diversion to another unit of a multiple unit site. Based on a single MOV or
multiple valves in parallel that isolate an AFW crosstie and the failure of valve position indication.
If candidate plant geometry is similar, multiply importance by a factor of 31

39. The Surry design originally consisted of normally open AFW pump discharge MOVs, in,;ulated
discharge lines and check valves that failed to prevent back leakage. After a steam binding incident
occurred, check valves were reworked, insulation removed and pump discharge piping temperature
was checked every 8 hours. Multiply by a factor of 3 if the design resembles Surry and no
compensating measures have been taken.

40. Calvert Cliffs has a common suction header from the CST. For configurations similar to Calvert
Cliffs, multiply by a factor of 3.

41. The Sequoyah AFW discharge lineconfiguration utilizes normally open air operated valves that fail
closed on loss of air.

Bleed and Feed

42. The availability of bleed and feed is plant specific. Some plant PRAs do not take credit for this
option due to the comparatively low head of the safety injection pumps (Calvert Cliffs,
NUREG/CR-3511). Other PRAs assume 2 PORVs are required for success (Sequoyah and Surry,
NUREG/CR-4550), For those plants with DC controlled PORVs, the sequence 6 initiator (loss of
one 125V DC bus), fails one valve and eliminates the bleed and feed mode (Sequoyah). Tile Surry
PORVs use AC control power (with DC backup) and do not have this dependency. The Zion risk
assessment (NUREG/CR-4550) has re-evaluated the plant's bleed and feed capability and concluded
that a single PORV is sufficient for success.

43. If the bleed and feed success criterion is one out of two PORVs (or if one PORV is not disabled
by the initiator), then the PORV operability and human error importances developed from the Zion
input (i.e., 23 and 2, respectively) can be used for sequences 6 and 10.

44. If the bleed and feed success criterion requires two PORVs, multiply importance by a factor of 3.

45. The importance value assumes a block valve is closed 20 to 30% of the time. If plant specific
experience is higher, this sequence becomes more important, and the reasons for the higher
incidence of potential PORV unavailability should be examined.
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Emergency Power
,,

46. Some multi-unit sites can supply emergency AC power fit, m one unit to the other. If the Unit 2
EDGs can be readily used to power Unit 1 vital equipment, multiply this importance by a factor of
two (sequence 8). This provision is the basis of the average importance estimate for sequence 9 and
need not be modified,

47. An inverter fault fails auto actuation of the AFW motor driven pump, and an AFW turbine steam
admission valve. One feedwater regulating valve fails closed, and one MFW bypass valve fails full
open. An MFW pump minimum flow recirculation valve fails full open and a turbine bypass valve
fails closed. These failures are expected to trip the MFW pumps on low suction pressure if the unit
of this sequence is at power.

48. Sequoyah has two dedicated EDGs per unit. One EDG is sufficient to prevent an SBO. In addition,
a 6.9 kV shutdown can be used to provide AC power from the Unit 2 EDGs.

49. The emergency AC power configuration consists of one dedicated emergency diesel generator
(EDG) and one shared EDG for a two unit site. The success criteria is two out of three EDGs to
prevent an SBO at either unit. In addition, manual realignment of the swing diesel may be required
for a LOOP when the dedicated EDG fails.

50. Zion has two dedicated EDGs per unit and a fifth swing diesel. A single EDG at each unit provides
sufficient power to mitigate this sequence.

51. DC power is important to maintain vital instrumentation and as a support system for the turbine
driven AFW train(s).

52. The Sequoyah DC power configuration consists of four independent trains with multiple hard wired
cross feeds. A fifth battery can be connected to any bus in about ten minutes. In addition, the DC
power for the Unit 1 AFW system is normally supplied by the Unit 2 DC buses which are likely to
remain operable unless there is a simultaneous SBO at both units.

53. The DC power buses appear to be completely independent between the two Surry units. There
does not appear to be a simple mechanism to allow the dedicated EDG at Unit 2 to charge a Unit
1 DC bus.

54. Calvert Cliffs has a DC power design that enables the dedicated Unit 2 EDG to charge two of the
four shared DC buses without operator action.

55. Generally, the emergency boration success criteria are one of three charging pumps injecting boron
into the RCS with an operable BIT tank or one out of two boric acid transfer pumps supplying
sufficient boron to the charging pump suction header. Manual initiation is assumed.

56. The Calvert Cliffs emergency boration success criteria require two charging pumps for boron
injection. Most plants require only one pump which is normally running. If multiple charging pumps
are required for successful emergency boration, multiply the importance value by a factor of three.
If a single pump will suffice, neglect this failure mode.
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Emergency Boration

57. The Surry boric acid transfer (BAT) configuration consists of two 100% capacity pumps. Under
ATWS conditions, the operator switches the operating BAT pump to its high speed setting. The
failure mode is the inability of the operating pump to provide sufficient boron. Since the stan,lby
pump must be manually aligned, this recovery was not credited. Multiply importance value by three
if the emergency boration configuration resembles Surry.

58. This failure is not applicable for plants that have BIT tanks.

59. Unlike most systems that have multiple injection pathways, Calvert Cliffs has a single normally
closed MOV that can fail ali boration. Surry has a similar configuration. However, successful
emergency boration can also be accomplished through the normal charging path.

Service Water, Component Cooling Water, Room Cooling

60. ECCS injection is usually dependent on the Service Water (SW) and Closed Cooling Water (CCW)
systems for cooling. In general, CCW/SW is necessary for high and low pressure ECCS pump seal
and lube oil cooling in both the injection and recirculation phases. In addition, room cooling (by
SW) is generally required for the recirculation mode.

61. This assessment is based on a CCW success criteria of one out of 3 pumps and one out oftwo heat
exchangers per unit. If the cooling system that supports the ECCS is less redundant, revise the
importance value to a 2 (sequence 1) or multiply by a factor of 2 (sequence 5).

62. Calvert Cliffs has a pinch point in the SW system serving the CCW heat exchangers. The closure
of an open manual valve in this common line will disable ali SW flow to the CCW heat exchangers
and ultimately fail. For similar designs, multiply the average importance by a factor of 6.

63. The CCW system is shared between units and is functional during an SBO at one unit. However,
the thermal barrier booster heat exchanger pumps are powered by the Unit 1 EDGs, which are
unavailable. Therefore, an SBO fails RCP cooling.

64. CCW system is a shared system, and is operable during an SBO at orle unit. RCP seal cooling is
maintained.

65. This is based on a monthly surveillance. If pump room cooling is tested at six month intervals,
multiply by a factor of 6.
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API'ENI)IX A

PWR INSI,_ECTION MATRIX I)EVELOPMENT

Unlike the accident sequence focus presented earlier, the inspection matrix approach has a
system and component emphasis, which is generally more compatible with the bulk of the NRC
inspections. The primary purpose of the matrix is to help prioritize and reorganize the inspection items
into a user friendly format. PRA insights are included where available, but the inspzctor should also
develop individual avenues of inquiry, on the basis of plant history and his/her own experience.

"l"able A-1 is derived from the representative accident sequences. _lch "basic event" (i.e.,
component failure oi human error) is listed including originating sequence(s), an importance estimate
for ranking purposes and an inspection matrix that provides recommended areas of inspection derived
from PRA insights and NRC inspection modules.

As discussed in detail in Section 5, for each event, the "importance estimate" is generally the
summation of the average importance estimates for ali contributing sequences. This value is usually
provided, unless the event importance is sensitive to plant specific design or operating variation'_. In that
case, the average importance value is shown in parenthesis and the "comments" provide the necessary
guidance to revise the event importance tbr each contributing sequence as follows:

R

It` = _ (I^(R) . P(R))

where

1 = basic event importance estimate

R = representative aecl,tent sequence number

I^ = average importance estimate for an event "A" of a representative accident sequence

P = adjustment factor to revise the average importance estimate to incorporate risk
significant plant specific design and operating features. This adjustment factor is the
same as the Plant Specific Modifiers which accompany Table 5.1.

After the plant specific importance values have been de,,eloped, system importances (and
rankings) tan be determined by summing the appropriate basic event importances in a similar fashion
to Table 5.1.
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APPENDIX B

PREPARATION OF A PLANT SPECIFIC INSPECTION PLAN

The focus of the inspection should be determined at the outset of the preparation. The team
leader should decide if the inspection should be conducted using an accident sequence basis, a
system/component approach or a combination of both, Each has inherent strengths and weaknesses.
The accident sequence approach is an in-depth review with a relativc, ly narrow focus that requires
extensive preparation, a detailed plant specific knowledge and operationally oriented inspectors that are
also familiar with risk-based techniques. However, the accident sequence context can provide
operational insights that might otherwise be overlooked, The system/component framework generally
provides a broader scope of inspection items and requires less specialized personnel. The PRA input
is usually limited to basic event rankings. The inspectors develop their own lines of inquiry using the
Chapter 2515 inspection procedures (Ref. 2), ,heir experience, plant/industry history and previ¢)us
inspection coverage. Findings are primarily related to hardware.

Tables B.I and 2 summarize the development process of the accident sequence and component
oriented approaches; respectively. The accident sequence basis inw)lves a simulation of selected
sequences, either in the control room at a simulator or in the plant for remote actions, using an ¢_ff-duty,
licensed crew. The sclection of the accident sequences can be based on previous inspection coverage,
operatkmal history and/or the plant-specific sequence importance rankings. Within each sequence, the
contributing component failures or human actions are ranked base'd on imp{manet values derived from
the contributing PRAs and plant specific input. These basic events are examined witfiin the context of
the accident sequence. For example:

• Are human actions proceduralized, tirnely and effective? Is the operat¢)r familiar with
_he success criteria fl)r the mitigating or recovery t'unctitms? For example, is the
operator aware of any time limitations for the initiation of bleed and feed? Arc tlmre
combinations of PORVs and HPSI pumps that will result in successt'ul decay heat
removal?

• ts there a reasonable assurance of ,,/stem/component c)perability under accident
conditions? For example, if the POR¥; are not bench tested at rated c_mditions, the
viability of bleed and feed is suspect, an 1there is a concern thai a P()RV may nc_treset
(small LOCA initiator).

• Do degraded plant conditions permi,: access lo rome)rely operated equipment? Are
recovery actions feasible?

Sections 4 and 5 provide detailed guidance, including plant spccil'ic accident sequence iankings
(for inspection seeping purposes), accident sequence descriptions (l't_r lhc ttevehqmlenl _)t" the
simulations), and basic event importance values (for inspection prioriti:a_tion).

The system/component focus is the more traditional inspection approach. As berl)rc, the
inspection scope can be based on plant operating history, previous inspection c_wcragc and/or PR.A-
based system or component rankings. Although the representative accident sequences can be reviewed
and prioritized fl)r background, the risk-based information is primarily used as at screening t_)c)ltc_rank
the inspection items. "Fhc.inspection plan is generally less prescriptive avid dt.'.fcrs, to a large extent, tc_
the inspection expertise of the team.
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Appendix A prcvides the necessary information to develop plant specific system/comp_ncnt
based inspection guidance for Westinghouse or Combustion Engineering PWRs. Table A.L is an
inspection matrix that combines the failures of the eleven representative sequences. Guidanc'e is
provided for the development of plant specific importance estimates for plant features that arc risk
sensitive. Recommended areas of inspection are also included, derived from the PRA failure modes _nd
the Cha" er 2515 inspection procedures.

The accident sequence and component oriented approaches can also be combined. The hybrid
inspection combines the accident sequence and component oriented approaches. As illustrated by the
Fort Calhoun Station inspection (Section 2.2), selected accident sequences are simulated in conjunction
wilh a component oriented inspection and provide a balance between the narrow focus scquctlce
oriented approach, and the broad, less PRA-intensive, component-based inspection.

The findings and obseJ ations developed during the course of a PRA-based inspection sh_)uld be
referenced to the existing body uf NRC regulations, if possible. This should be straightforward f_r lhc
system/component approach, but may b,:.,less so for an accident sequence oricnled inspection.

The importance of a particular NRC concern may not be obvious to the licensee and should he
put in context. ']'he utility management should be provided with the necessary background inform_tic)n
to allow them to assess the relevance of lhc fin_ting to their plant. This is especially important if the
utility does not have any in-house PRA expertise.
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Table B.1

The Formulation of an Accident Sequence Based Inspection Plan

lH Develop Plant Specific Ranking of the Representative Accident Sequences

- Use Appendix A (Table A.1) and plant specific design and operat' _ginformation
- If no information is available, leave sequence ranking as highly it portant k
- Cull inappropria_te sequences

- Include additional plant features that can prevent or mitigate the sequence t,

2. Formulate Inspection Scope

Choose the accident sequences of interest based on:
• plant specific importance ranking
• previous plant/industry experience
• previous inspection coverage and findings

3. Develop Plant Specific Basic Event (Component Failure/Human Error) Rankings

- Use Appendix A (Table A.1) and detailed plant specific information

4. Develop Simulations fer the Selected Sequences

- Use the accident sequence descriptions of Appendix ,4.and plant specific
design/operating information

- Emphasize the risk important events of step 3, above
- Examine events in the context of the accident sequence

• human actions - timely?
- proceduralized?
- effective'?.

• component availability-reasonable assurance of success*

* For example, 1) can an MOV, Iosed under interfacing system LOCA conditions, or 2) is there
adequate DC voltage for MOV operation under station blackout conditions?
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Table B,2
The Formulation of an Event Based Inspection Plan

(Component Failures and Human Errors)

1. Develop Plailt Specific Ranking of Systems, Components and Human Errors

Use Appendix A (Table A.1) and plant specific design/operating information
If no plant specific information is available, use the average importance value, as listed
Cull inappropriate systems, components and human errors

2. Formulate Inspection Scope

- Select important systems or basic events (i.e., pumps, valves, human errors)
- Plant specific system or basic even_' importance rankings
- Previous plant/industry experience (including precursor studies and NPRDS)
- Previous inspection coverage and findings

3. Use Basic Event Importance to Prioritize Inspection Items

- lnsr, ection matrix (Table A.1) provides ranking and general areas for inspection
- Detailed inspection activities primarily based on the inspector's experience, plant history, nuclear

industry events and generic NRC concerns

Table B.3

Sources of Plant Specific Design and Operating Information:

P&ID drawings
System Description or training manuals
Technical specifications
FSAR secti_:n._

Operations procedures (normal, abnormal and cmergency)
Maintenance/surveillance procedures

Records of system mt.xlifications
Records of system maintenance

The systems and/or procedures of interest are dependent on the inspection basis (accident
sequence or component) as well as the proposed scope.
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