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19. SEVERE ACCIDENTS
19.0.1 Background

Title 10, Part 1, of the Code of Federal Regulations (10 CFR Part 1) defines the Federal
regulations for the design, construction, licensing, and operation of commercial nuclear power
plants. The U.S. Nuclear Regulatory Commission (NRC) evaluated the design of the AP1000
against these regulations, as documented in this report. Compliance with the Commission’s
regulations ensures adequate protection of the public health and safety during the operation of
a nuclear power plant. In previous applications, the final safety analysis report (FSAR)
demonstrated compliance with these regulations and established the design basis of the plant.
The Commission has developed guidance and goals for resolving those safety issues related to
reactor accidents more severe than the design-basis accidents (DBAs). These “severe
accidents” are those in which substantial damage is done to the reactor core, regardless of
whether serious offsite consequences occur.

Following the 1979 accident at the Three Mile Island (TMI) Nuclear Plant, Unit 2, it was
recognized that severe accidents needed further attention. The NRC evaluated, generically,
the capability of existing plants to tolerate a severe accident. The NRC found that the
design-basis approach contained significant safety margins for the analyzed events. These
margins permitted operating plants to accommodate a large spectrum of severe accidents.
Based on this information, the Commission, in the Severe Accident Policy Statement, “Policy
Statement on Severe Accidents Regarding Future Designs and Existing Plants,” (50 ER 32138,
August 8, 1985), concluded that existing plants posed no undue risk to public health and safety,
and that no basis existed for immediate action on generic rulemaking or other regulatory
changes affecting these plants because of the risk posed by a severe accident. To address this
issue for operating plants in the long term, the NRC issued SECY-88-147, “Integration Plan for
Closure of Severe Accident Issues,” in May 1988. This document identified the following
necessary elements for closure of severe accidents:

. performance of an individual plant examination

. assessment of generic containment performance improvements (CPIs)
. improved plant operations

. a severe accident research program

. an external events program

. an accident management program

Progress continues in these areas for operating plants.

The Commission expects that new designs, like the AP1000, will achieve a higher standard of
severe accident safety performance than previous designs. In an effort to provide this
additional level of safety in the design of advanced nuclear power plants, the NRC has
developed guidance and goals to accommodate events that are beyond the design basis of the
plant. Designers should strive to meet these goals.

For advanced nuclear power plants, including both the evolutionary and passive designs, the

NRC concluded that vendors should address severe accidents during the design stage.
Designers can take full advantage of the insights gained from such input as probabilistic safety

19-1



Severe Accidents

assessments, operating experience, severe accident research, and accident analysis by
designing features to reduce the likelihood that severe accidents will occur and, in the unlikely
occurrence of a severe accident, to mitigate the consequences of such an accident.
Incorporating insights and design features during the design phase is much more cost effective
than modifying existing plants.

Requlatory Guidance

The NRC has issued requirements and guidance for addressing severe accidents in the
following documents:

. NRC Policy Statement, “Severe Reactor Accidents Regarding Future Designs and
Existing Plants” (Volume 50, page 32138, of the Federal Register (50 FR 32138) dated
August 8, 1985)

. NRC Policy Statement, “Safety Goals for the Operations of Nuclear Power Plants”
(51 FR 28044 dated August 4, 1986)

. NRC Policy Statement, “Nuclear Power Plant Standardization” (52 FR 34844 dated
September 15, 1987)

. NRC Policy Statement, “The Use of Probabilistic Risk Assessment Methods in Nuclear
Regulatory Activities” (60 FR 42622 dated August 16, 1995)

. 10 CFR Part 52, “Early Site Permits; Standard Design Certification; and Combined
Licenses for Nuclear Power Plants”

. SECY-90-016, “Evolutionary Light-Water Reactor (LWR) Certification Issues and Their
Relationship to Current Regulatory Requirements,” issued January 12, 1990, and the
corresponding staff requirements memorandum (SRM), issued June 26, 1990

. SECY-93-087, “Policy, Technical, and Licensing Issues Pertaining to Evolutionary and
Advanced Light-Water Reactor Designs,” issued April 2, 1993, and the corresponding
SRM, issued July 21, 1993

. SECY-96-128, “Policy and Key Technical Issues Pertaining to the Westinghouse AP600
Standardized Passive Reactor Design,” issued June 12, 1996, and the corresponding
SRM, issued January 15, 1997

. SECY-97-044, “Policy and Key Technical Issues Pertaining to the Westinghouse AP600
Standardized Passive Reactor Design,” issued February 18, 1997, and the
corresponding SRM, issued June 30, 1997

The first four documents provide guidance as to the appropriate course for addressing severe
accidents and the use of probabilistic risk assessment (PRA). Title 10, Part 52, of the Code of
Federal Regulations (10 CFR Part 52) contains general requirements for addressing severe
accidents (10 CFR 52.47); and the SRMs relating to SECY-90-016, SECY-93-087,
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SECY-96-128, and SECY-97-044 provide Commission-approved guidance for implementing
features in new designs to prevent severe accidents and to mitigate their effects, should they
occur.

Severe Accident Policy Statement

The Commission issued its policy statement entitled, “Severe Reactor Accidents Regarding
Future Designs and Existing Plants,” on August 8, 1985. This policy statement was prompted
by the NRC'’s judgment that severe accidents, which are beyond the traditional design-basis
events, constitute the major remaining risk to the public associated with radioactive releases
from nuclear power plant accidents. A fundamental objective of the Commission’s severe
accident policy is to take all reasonable steps to reduce the chances that a severe accident
involving substantial damage to the reactor core will occur and to mitigate the consequences of
such an accident, should one occur. This statement describes the policy that the Commission
uses to resolve safety issues related to reactor accidents more severe than DBAs. The
statement focuses on the guidance and procedures the Commission intends to use to certify
new designs for nuclear power plants. Regarding the decision process for certifying a new
standard plant design, an approach the Commission strongly encouraged for future plants, this
policy statement affirms the Commission’s belief that a new design for a nuclear power plant
can be shown to adequately address severe accident concerns if it meets the following
guidance:

. demonstration of compliance with the requirements of current Commission regulations,
including the TMI requirements for new plants, as reflected in 10 CFR 50.34(f)

. demonstration of technical resolution of all applicable unresolved safety issues (USI)
and the medium- and high-priority generic safety issues (GSl), including a special focus
on assuring the reliability of decay heat removal (DHR) systems and the reliability of
both alternating current (ac) and direct current (dc) electrical supply systems

. completion of a PRA and consideration of the severe accident vulnerabilities exposed by
the PRA, along with the insights that it may add to providing assurance of no undue risk
to public health and safety

. completion of a staff review of the design with a conclusion of safety acceptability using
an approach that stresses deterministic engineering analyses and judgment,
complemented by PRA

At the time it issued the Severe Accident Policy Statement, the Commission believed that an
adequate basis existed to establish appropriate guidance. This belief was supported by the
current operating reactor experience, ongoing severe accident research, and insights from a
variety of risk analyses. The Commission recognized the need to strike a balance between
accident prevention and consequence mitigation, and in doing so, expected vendors engaged
in designing new standard plants to achieve a higher standard of severe accident safety
performance than they achieved in previous designs.
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Safety Goals Policy Statement

The Commission issued its policy statement entitled, “Safety Goals for the Operation of Nuclear
Power Plants,” on August 4, 1986. This policy statement focused on the risks to the public from
nuclear power plant operations with the objective of establishing goals that broadly define an
acceptable level of radiological risk that might be imposed on the public as a result of nuclear
power plant operation. These risks are associated with the release of radioactive material from
the reactor to the environment during normal operations, as well as from accidents. The
Commission established the following two qualitative safety goals:

D) Individual members of the public should be provided a level of protection from the
consequences of nuclear power plant operation such that individuals bear no significant
additional risk to life and health.

2) Societal risks to life and health from nuclear power plant operation should be
comparable to or less than the risks of generating electricity by viable competing
technologies and should not be a significant addition to other societal risks.

These two qualitative objectives are supported by the following two quantitative objectives that
determine achievement of the above safety goals:

D The risk to an average individual in the vicinity of a nuclear power plant of a prompt
fatality that might result from reactor accidents should not exceed one-tenth of
one percent (0.1 percent) of the sum of prompt fatality risks resulting from other
accidents to which members of the U.S. population are generally exposed.

(2) The risk to the population in the area near a nuclear power plant of cancer fatalities that
might result from nuclear power plant operation should not exceed one-tenth of
one percent (0.1 percent) of the sum of cancer fatality risks resulting from all other
causes.

This statement of the NRC safety policy expresses the Commission’s views on the level of risk
to public health and safety that the industry should strive for in its nuclear power plants. The
Commission recognizes the importance of mitigating the consequences of a core melt accident
and continues to emphasize such features as the containment, siting in less populated areas,
and emergency planning as integral parts of the defense-in-depth concept associated with its
accident prevention and mitigation philosophy. The Commission approves the use of the
gualitative safety goals, including use of the quantitative health effects objectives, in the
regulatory decisionmaking process.

Standardization Policy Statement

The Commission issued its policy statement entitled, “Nuclear Power Plant Standardization,” on
September 15, 1987. This policy statement encourages the use of standard plant designs and
contains information concerning the certification of plant designs that are essentially complete
in terms of scope and level of detail. The intent of these actions was to improve the licensing
process and to reduce the complexity and uncertainty in the regulatory process for standardized
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plants. With respect to severe accidents, the NRC expects applicants for a design certification
to address the guidance for new plant designs provided in the Commission’s Severe Accident
Policy Statement.

Use of PRA Methods in Nuclear Requlatory Activities Policy Statement

The Commission issued its policy statement entitled, “Use of Nuclear Probabilistic Risk
Assessment Methods in Nuclear Regulatory Activities,” on August 16, 1995. This statement
outlines the policy that the NRC will follow for using PRA methods in nuclear regulatory matters.
The Commission established this policy so that the many potential applications of PRA could be
implemented in a consistent and predictable manner to promote regulatory stability and
efficiency. The Commission adopted the following policy statement regarding the expanded
NRC use of PRA:

. The use of PRA technology should be increased in all regulatory matters to the extent
supported by the state-of-the-art in PRA methods and data and in a manner that
complements the NRC'’s deterministic approach and supports the NRC's traditional
defense-in-depth philosophy.

. PRA and associated analyses (e.g., sensitivity studies, uncertainty analyses, and
importance measures) should be used in regulatory matters, where practical within the
bounds of the state-of-the-art, to reduce unnecessary conservatism associated with
current regulatory requirements, regulatory guides, license commitments, and staff
practices. Where appropriate, PRA should be used to support the proposal for
additional regulatory requirements, in accordance with 10 CFR 50.109 (Backfit Rule).
Appropriate procedures for including PRA in the process for changing regulatory
requirements should be developed and followed. It is, of course, understood that the
intent of this policy is that existing rules and regulations shall be complied with unless
these rules and regulations are revised.

. PRA evaluations in support of regulatory decisions should be as realistic as practicable
and appropriate supporting data should be publicly available for review.

. The Commission’s safety goals for nuclear power plants and subsidiary numerical
objectives are to be used with appropriate consideration of uncertainties in making
regulatory judgments on the need for proposing and backfitting new generic
requirements on nuclear power plant licensees.

10 CFR Part 52

The Commission issued 10 CFR Part 52, “Early Site Permits; Standard Design Certifications;
and Combined Licenses for Nuclear Power Plants,” on April 18, 1989. This rule provides for
issuing early site permits (ESPs), standard design certifications, and combined licenses (COLS)
with conditions for nuclear power reactors. It states the review procedures and licensing
requirements for applications for these new licenses and certifications and was intended to
achieve the early resolution of licensing issues, as well as to enhance the safety and reliability
of nuclear power plants. With regard to severe accidents, 10 CFR Part 52 codifies some parts
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of the guidance in the Severe Accident Policy Statement and the Standardization Policy
Statement. Specifically, 10 CFR 52.47 requires an application for design certification to do the
following:

. demonstrate compliance with any technically relevant portion of the TMI requirements
set forth in 10 CFR 50.34(f)

. propose technical resolutions of those USIs and medium- and high-priority GSls which
are identified in the version of NUREG-0933, “A Prioritization of Generic Safety Issues,
current on the date 6 months prior to application and which are technically relevant to

the design
. contain a design-specific PRA
SECY-90-016

On January 12, 1990, the NRC staff issued SECY-90-016 which requested Commission
approval for the staff’'s recommendations concerning proposed departures from current
regulations for the evolutionary light-water reactors (LWR). The issues in SECY-90-016 were
significant to reactor safety and fundamental to the NRC decision on the acceptability of
evolutionary LWR designs. The positions in SECY-90-016 were developed as a result of the
following activities:

. NRC reviews of current-generation reactor designs and evolutionary LWRs

. consideration of operating experience, including the TMI-2 accident

. results of PRAs of current-generation reactor designs and the evolutionary LWRs
. early efforts conducted in support of severe accident rulemaking

. research to address previously identified safety issues

The Commission approved some of the staff positions stated in SECY-90-016 and provided
additional guidance regarding others in an SRM dated June 26, 1990.

SECY-93-087

On April 2, 1993, the NRC staff issued SECY-93-087 which sought Commission approval for
the staff’s positions pertaining to evolutionary and passive LWR design certification policy
issues. This paper evolved from SECY-90-016. SECY-93-087 addresses the following
preventive feature issues relating to the AP1000:

. anticipated transient without scram (ATWS)

. midloop operation

. station blackout (SBO)

. fire protection

. intersystem loss-of-coolant accident (ISLOCA)
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SECY-93-087 addresses the following mitigative features relating to the AP1000:

. hydrogen control

core debris coolability

high-pressure core melt ejection

containment performance

dedicated containment vent penetration

equipment survivability

containment bypass potential resulting from steam generator tube ruptures (SGTRS)

The Commission approved some of the staff positions stated in SECY-93-087 and provided
additional guidance regarding others in an SRM dated July 21, 1993.

SECY-96-128

On June 12, 1996, the NRC staff issued SECY-96-128 which sought Commission approval for
the staff's position pertaining to the AP600 reactor design. The issues involving severe
accidents in this paper, which are also applicable to the AP1000, include the following:

. prevention and mitigation of severe accidents
. external reactor vessel cooling (ERVC)

The Commission provided additional guidance concerning prevention and mitigation of severe
accidents and approved the staff's position concerning ERVC in an SRM dated January 15,
1997.

SECY-97-044

On February 18, 1997, the NRC staff issued SECY-97-044 which provided the Commission
with additional information regarding prevention and mitigation of severe accidents. This paper
responded to the Commission’s SRM dated January 15, 1997. Specifically, this paper provided
additional information regarding the type of non-safety-related system that would achieve an
appropriate balance between prevention and mitigation of severe accidents for the AP600
reactor design, which is also applicable to the AP1000 design. The Commission approved the
staff's position in an SRM dated June 30, 1997.

Severe Accident Resolution

The basis for resolving the severe accident issues associated with the AP1000 design are the
requirements of 10 CFR Part 52, as well as the guidance in SECY-93-087, SECY-96-128, and
SECY-97-044, as approved by the Commission. In 10 CFR Part 52, the NRC requires the
following:

. compliance with the TMI requirements in 10 CFR 50.34(f)
. resolution of USIs

. resolution of GSls

. completion of a design-specific PRA
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The staff evaluates these issues in Sections 20.6, 20.1, 20.2, and 19.1 of this report,
respectively.

The Commission-approved guidance on the issues discussed in SECY-93-087, SECY-96-128,
and SECY-97-044 form the basis for the staff's deterministic evaluation of severe accident
performance for the AP1000. The staff evaluates the AP1000 relative to this guidance in
Section 19.2 of this report.

19.1 Probabilistic Risk Assessment

19.1.1 Introduction

As part of the AP1000 advanced design certification application, the applicant submitted a PRA
in accordance with the requirements of 10 CFR 52.47 and the Commission’s policy statement
entitled, “Severe Reactor Accidents Regarding Future Designs and Existing Plants.” The staff's
assessment of the AP1000 PRA consisted of the traditional evaluation of events that could lead
to core damage and offsite consequences, as well as an evaluation of what the PRA revealed
about the AP1000 design.

19.1.1.1 Background and NRC Review Objectives

The general objectives of the NRC review of the AP1000 design PRA include the following:

. identification of risk-informed safety insights based on systematic evaluations of risk
associated with the design

. support of the process used to determine whether regulatory treatment of non-safety
systems (RTNSS) was necessary

. determination, in a quantitative manner, as to whether the design represents a reduction
in risk over existing plants

. assessment of the balance of preventive and mitigative features of the design
. assessment of the reasonableness of the risk estimates documented in the PRA
. support of the design certification requirements, such as inspection, tests, analyses, and

acceptance criteria (ITAACs), design reliability assurance program (D-RAP), and
technical specifications (TS), as well as COL and interface requirements

In addition, the staff used the AP1000 PRA to determine how the risk associated with the
design relates to the Commission’s goals of less than 1E-4/yr for core damage frequency (CDF)
and less than 1E-6/yr for large release frequency (LRF). These goals are consistent with the
Commission’s Safety Goal Policy Statement (SECY-90-016). Also, the AP1000 PRA was used
to uncover design and operational vulnerabilities.
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The objectives are drawn from 10 CFR Part 52, the Commission’s Severe Reactor Accident
Policy Statement regarding future designs and existing plants, the Commission’s Safety Goals
Policy Statement, the Commission-approved positions concerning the analyses of external
events contained in SECY-93-087, and NRC interest in the use of PRA to help improve future
reactor designs. In general, the AP1000 PRA and the staff’s review of this analysis have
achieved these objectives.

During the construction stage, the COL applicant will be able to consider as-built information.
The Commission believes that updated PRA insights, if properly evaluated and used, could
strengthen programs and activities in areas such as training, emergency operating procedures
development, reliability assurance, maintenance, and 10 CFR 50.59 evaluations. The design-
specific PRA, developed as part of the design certification process, should be revised to
account for site-specific information, as-built (plant-specific) information refinements in the level
of design detail, TS, plant-specific emergency operating procedures, and design changes.
These updates are the responsibility of the COL applicant. This is COL Action Item 19.1.1.1-1.

As plant experience data accumulates, the COL holder will update failure rates (taken from
generic databases) and human errors assumed in the design PRA and incorporate them, as
appropriate, into the quality assurance and maintenance rule programs. This is COL Action
Iltem 19.1.1.1-2.

19.1.1.2 Evaluation of PRA Quality and Closure of Open Issues

In reviewing the AP1000 PRA, the staff relied significantly on the similarity between the AP1000
and the AP600 designs to reduce the review effort. This similarity (e.g., in system design and
overall plant layout) allowed the use of the AP600 PRA as the starting point in the development
of the AP1000 PRA. The staff completed its review of the quality and completeness of the
AP1000 PRA. These attributes are essential in using the PRA to gain insights about the
robustness of the design and its tolerance of severe accidents, and in providing risk-informed
input to pre- and post-certification activities, thus achieving the objectives itemized above in
Section 19.1.1.1 of this report. The staff reviewed the quality of the AP1000 PRA by evaluating
the applicant’s use of models, techniques, methodologies, assumptions, data, and calculational
tools. In addition, the staff checked the AP1000 PRA for completeness by engaging in the
following activities:

. comparing the AP1000 PRA with PRAs performed for current generation and advanced
pressurized-water reactor (PWR) designs to ensure that known safety-significant PWR
issues either do not apply to the AP1000 design or are appropriately modeled in the
PRA

. ensuring that the final resolution of various deterministic issues, raised by the staff
during the certification process, are appropriately incorporated into the PRA models

As with the certification of previous advanced reactor designs (e.g., the AP600 design), the
review of the quality and completeness of the AP1000 PRA included the issuance of requests
for additional information (RAIS) to the applicant, followed by the evaluation of the applicant’s
responses to the RAIs. The staff used reported PRA results, as well as results of sensitivity,
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uncertainty, and importance analyses, to focus its review. The use of PRA experience in the
design certification process also achieves a sharper focus. The staff used applicable insights
from previous PRA studies about key parameters and design features controlling risk in its
review of the AP1000.

The staff placed a special emphasis on PRA modeling of novel and passive features in the
design, as well as addressing issues related to these features, such as the issue of thermal-
hydraulic (T-H) uncertainties. The issue of T-H uncertainties arises from the “passive” nature of
the safety-related systems used for accident mitigation. Passive safety systems rely on natural
forces, such as gravity, to perform their functions. Such driving forces are small compared to
those of pumped systems, and the uncertainty in their values, as predicted by a “best-estimate”
T-H analysis, can be of comparable magnitude to the predicted values themselves. Therefore,
some accident sequences with a frequency high enough to impact results, but which are not
predicted to lead to core damage by a “best-estimate” T-H analysis, may actually lead to core
damage when T-H uncertainties are considered in the PRA models. The applicant considered
T-H uncertainties and their impact on PRA models in the certification of the AP1000 design
using the same approach used in the AP600 design certification. Section 19.1.10 of this report
includes the staff's evaluation of the approach and associated analyses performed by the
applicant to address the issue of T-H uncertainties and its impact on the PRA success criteria.

Although the AP1000 PRA review has been a continuous process, it involved two distinct
stages. The first stage of the review ended with the issuance of a draft safety evaluation report
(DSER). The DSER identified the following three classes of items which the staff believes
needed additional attention by the applicant:

(2) open items (i.e., areas in which the staff disagrees with the submittal or requires
additional supporting documentation)

(2) confirmatory items (i.e., areas in which resolution of previously open items has been
reached but has not been incorporated into the PRA and/or the AP1000 Design Control
Document (DCD))

3) COL action items (i.e., areas in which the COL applicant should factor in plant- or site-
specific information at the COL stage)

The second stage of the review involved the resolution of all DSER open items, the inclusion of
all identified confirmatory and COL action items, and the preparation of the final safety
evaluation report (FSER). The resolution (closure) of DSER open items involved close
interaction between the staff and the applicant and required the applicant’s response to
additional RAIs. Section 19.1.10 of this report provides a summary of DSER open items and
the associated resolutions.

The NRC staff concludes that the quality and completeness of the AP1000 PRA are adequate
for its intended purposes, and that the PRA satisfies the requirements of 50.47 such as
supporting the design certification processes. The applicant’s approaches for both the core
damage and containment analyses are logical and sufficient to achieve the desired goals of

19-10



Severe Accidents

describing and quantifying potential core damage scenarios and containment performance
during severe accidents. All open items reported in the DSER were resolved satisfactorily.

Section 19.1.2 of this report briefly presents the special advanced design features that were
incorporated into the AP1000 design for the purpose of preventing and mitigating accidents.
Section 19.1.3 of this report provides safety insights about the AP1000 design drawn from the
internal events risk analysis for operation at power. Section 19.1.4 of this report discusses
safety insights about the AP1000 design drawn from the internal events risk analysis for low-
power and shutdown operation. Section 19.1.5 of this report presents safety insights drawn
from the external events risk analysis (e.g., seismic, internal fires and internal floods) for both
at-power and shutdown operation. Section 19.1.6 of this report discusses representative
examples of how the applicant used PRA in the design process. Section 19.1.7 of this report
summarizes and evaluates the PRA input to the RTNSS process. Section 19.1.8 of this report
documents the PRA input, derived from PRA insights and assumptions, to the design
certification process. Finally, Section 19.1.9 of this report summarizes the staff's major
conclusions and findings about the design consistent with the objectives of the PRA and its use
in the design and certification processes.

19.1.2 Special Advanced Design Features

The AP1000 standard design, as the AP600 standard design, evolved from current PWR
technology through incorporation of several passive design features and other design changes
intended to make the plant safer, more available, and easier to operate. Insights from the
PRAs of operating reactors helped in designing such passive features, as well as in identifying
other design changes. Therefore, the AP1000 design incorporates features intended to
improve plant safety, thus reducing risk when compared to current generation nuclear power
plants.

Some of these special advanced design features are preventive in nature, while others are
mitigative. Preventive features aim to accomplish the following objectives:

. minimize the initiation of plant transients
. arrest the progression of plant transients once they start
. prevent severe accidents (core damage)

Mitigative features aim to arrest the progression of core damage and prevent a breach of the
reactor vessel and containment pressure boundary. Sections 19.1.2.1 and 19.1.2.2 of this
report describe the major preventive and mitigative special advanced design features of the
AP1000 design, respectively. In these descriptions, a brief qualitative discussion highlights the
effect that each of these features has on various elements involved in severe accident
prevention and mitigation. More details about these features can be found in the appropriate
chapters of the AP1000 DCD.

19.1.2.1 Special Advanced Design Features for Preventing Core Damage

The major features incorporated into the AP1000 design for the purpose of limiting plant
transients and preventing severe accidents are discussed in the following sections.
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19.1.2.1.1 Passive Safety-Related Systems

The AP1000 design relies on passive safety-related systems for accident prevention and
mitigation. The passive systems rely on natural forces, such as gravity and stored energy, to
perform their safety functions (once actuated and started). For such systems to actuate and
start, certain active components, such as air-operated valves (AOVSs) or check valves (CVs),
must open. Such components do not require ac power for operation (to open) or for control,
and no support systems are needed after actuation. This reduces significantly the risk
contribution from loss of offsite power (LOOP) and SBO events, as compared to operating
nuclear power plants. In addition, because of the passive systems, the AP1000 design
eliminates several important contributions to risk for operating nuclear power plants. These
risks are associated with failure of support systems (e.g., ac power and component cooling)
and failure of active components (e.g., pumps and diesel generators) to start and run. Finally,
the passive nature of the safety systems reduces the reliance on operator actions to mitigate
accidents, as compared to operating reactor designs. To fairly compare the AP1000 design to
operating and evolutionary reactor designs, using mostly active safety-related systems, the
potential impact of T-H uncertainties on the performance of passive systems must be
considered and appropriately included in the PRA models. The applicant’s analyses concluded
that the AP1000 design is robust with respect to T-H uncertainties. Section 19.1.10 of this
report includes a discussion of the staff’s review of this issue.

19.1.2.1.2 Defense-In-Depth Active Non-Safety-Related Systems

The AP1000 design incorporates several active systems that are capable of performing some
of the same functions performed by the safety-related passive systems. The availability of such
redundant systems minimizes the challenge to the safety-related passive systems by providing
core cooling during normal plant shutdowns and a first line of defense during accidents.
Operation of the non-safety-related startup feedwater (SFW) system prevents a challenge to
the passive residual heat removal heat exchanger (PRHR HX) during anticipated transients.
For accidents occurring during power operation, the non-safety-related normal residual heat
removal system (RNS) provides additional defense-in-depth to the feed portion of the feed-and-
bleed core cooling function which provides an alternate “pumped” means of low-pressure
injection from the in-containment refueling water storage tank (IRWST) and long-term
recirculation from the containment sump. The diverse actuation system (DAS) provides an
alternate means for initiating automatic and manual reactor trip and actuation of selected
engineered safety features (ESFs) which is diverse from the safety-related protection and
safety monitoring system (PMS).

19.1.2.1.3 In-Containment Refueling Water Storage Tank
The important characteristics and functions of the IRWST include the following:
. possess a large capacity

. acts as a heat sink for the PRHR system
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. provides water for low-pressure emergency core cooling (IRWST injection and RNS
injection) after reactor coolant system (RCS) depressurization

. serves as the heat sink for the first three stages of the automatic depressurization
system (ADS)

. provides debris cooling following a severe accident

The IRWST is a central feature in the AP1000 design that contributes to the simplicity and
reliability of the passive safety systems. As the heat sink for the PRHR HX, it allows reliable
core cooling at high RCS pressures when cooling through the steam generators (SGs) fails
during anticipated transients and SGTR events (i.e., the IRWST reduces the need for RCS
depressurization and use of feed-and-bleed cooling). It is a reliable source of borated water for
low-pressure emergency core cooling and eliminates the need for switching over from the
injection mode to the recirculation mode during emergency core cooling operations (a risk-
important failure at operating PWRS).

19.1.2.1.4 Redundant Decay Heat Removal Systems

Redundant DHR systems provide defense-in-depth during all possible scenarios of an accident.
The following represent alternate means of core cooling:

. main feedwater (MFW) and condensate

. startup feedwater

. automatically actuated (with manual actuation backup capability) PRHR

. automatic, with manual backup, feed-and-bleed capability using systems with adequate

redundancy and defense against common-cause failures (CCFs) throughout the RCS
depressurization range for both the feed function (two core makeup tanks (CMTs), two
accumulators, the two RNS pumps, and the two IRWST gravity injection lines) and the
bleed function (four ADS stages with two paths in each of the first three stages and four
paths in the fourth stage)

19.1.2.1.5 Automatic Depressurization System

The function of the ADS is to provide a safety-related means of reducing RCS pressure in a
controlled fashion during accidents to allow safety injection. This constitutes the bleed portion
of the feed-and-bleed means of core cooling. The ADS is actuated automatically, with manual
backup actuation capability, and has incorporated redundancy (four ADS stages with two paths
in each of the first three stages and four paths in the fourth stage) and defense against CCFs
(motor-operated valves (MOVS) in the first three stages and explosive valves in the fourth
stage).
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19.1.2.1.6 Redundant Safety Injection Systems

The AP1000 design includes redundant and diverse means of providing safety injection (i.e.,
the feed portion of the feed-and-bleed core cooling function) throughout the RCS
depressurization range. Safety injection is provided by safety-related systems (two CMTs, two
accumulators, and two IRWST gravity injection lines), as well as by non-safety-related defense-
in-depth systems (the two chemical and volume control pumps and the two RNS pumps).

19.1.2.1.7 Redundant Long-Term Recirculation Systems

RCS recirculation is required for long-term core cooling during loss-of-coolant accidents
(LOCAs) and whenever feed-and-bleed is used to cool the core during an accident. In the
AP1000, recirculation can be achieved either by gravity (through the safety-related IRWST
injection lines) or pumping (through the non-safety-related RNS) with suction from the
containment sump. There are two redundant recirculation lines (one for each of the two
redundant IRWST injection lines). Furthermore, each recirculation line has two redundant
paths.

19.1.2.1.8 Redundant Passive Containment Cooling Systems

Containment cooling, as the ultimate heat sink function for all accidents involving loss of
feedwater (main and startup) to both SGs, is very important in the AP1000 design. The
containment cooling function is performed by two highly reliable and redundant means that
remove thermal energy from the containment atmosphere to the environment via the steel
containment vessel by (1) natural external air circulation, and (2) evaporation of water drained
by gravity from an elevated tank.

19.1.2.1.9 Canned Reactor Coolant Pumps

The AP1000 uses canned reactor coolant pumps (RCPs). A canned-motor pump contains the
motor and all rotating components inside a pressure vessel. The pressure vessel consists of
the pump casing, thermal barrier, stator shell, and stator cap, which are designed for full RCS
pressure. Because the shaft for the impeller and rotor is contained within the pressure
boundary, seals are not required to restrict leakage out of the pump into containment. The use
of canned-motor RCPs in the AP1000 design eliminates the RCP seal LOCA (an important
contributor to risk for operating nuclear power plants).

19.1.2.1.10 Improved Control Room Design and Digital Instrumentation and Control Systems

The AP1000 control room is an advanced design that is expected to provide more useful
information to the operator than currently operating reactor designs. The AP1000 control room
is still being designed (see Section 7.1.4 of this report). For this reason, the PRA took no credit
for the impact of the advanced control room on normal operations (e.g., initiating event
frequency) and emergency response.
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19.1.2.1.11 Large-Pressurizer and Low-Power Density

The larger pressurizer, as compared to operating plants, reduces the frequency of reactor
scrams by increasing transient operation margins. This feature also moderates the pressure
rise during certain transient events, such as loss of MFW, thus reducing the likelihood of a
challenge to the primary safety valves. A larger pressurizer volume, as compared to operating
plants, also helps lower the peak pressure that can be reached after a postulated ATWS event.

19.1.2.1.12 Physical Separation of Safety System Redundant Trains

The AP1000 design provides physical separation of safety systems or trains of systems that
perform redundant safety-related functions. This increases the availability of systems because
of their protection from failures associated with internal fires, internal floods, and similar CCFs.
Except for support systems, such as Class 1E dc power and instrumentation and control (1&C)
systems and the passive containment cooling system (PCS), all passive safety-related systems
are located inside the containment where external events, such as fires, floods, and tornadoes,
are less likely to occur. This design feature contributes to the reduction of risk as compared to
current plant designs.

19.1.2.1.13 Highly Reliable DC Power Supply With 72-Hour Station Blackout Coping Capability

Each of the four independent and physically separated divisions of 125-V dc Class 1E vital I&C
power is provided with a separate and independent Class 1E 24-hour battery bank. In addition,
two of the four divisions are provided with a Class 1E 72-hour battery bank. This permits
operating I&C loads, which are associated with safety systems that may be required following
the loss of ac power concurrent with a DBA, for 72 hours. This feature contributes to the large
reduction of risk associated with SBO accidents as compared to current plant designs.

19.1.2.2 Special Advanced Design Features for Core Damage Conseguence Mitigation

The following design features improve the ability of the containment to accommodate the
challenges associated with severe core damage accidents. The AP1000 PRA and/or
supporting deterministic analyses model the impact of these features on severe accident
mitigation and containment performance. The staff provides its evaluation of these models and
analyses in Sections 19.1.10 and 19.2 of this report.

19.1.2.2.1 Automatic Depressurization System

In addition to providing a core damage prevention function, the ADS also serves a mitigative
function. Specifically, for core damage events in which early depressurization is not successful,
late actuation of the ADS (i.e., before significant core damage and debris relocation into the
lower plenum of the reactor vessel) can reduce or eliminate the potential for creep rupture of
the SG tubes and the reactor vessel. Prevention of reactor vessel breach precludes severe
accident phenomena associated with vessel failure (i.e., direct containment heating (DCH),
large hydrogen combustion events at vessel breach, ex-vessel steam explosions, and core-
concrete interactions (CCIs)), thereby reducing the probability of early containment failure. The
ADS also reduces the amount of fission products released to the containment atmosphere by
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routing a portion of the discharge flow (from ADS Stages 1 through 3) through a sparger
network in the IRWST. However, in many sequences, the RCS is vented to the containment
airspace (via the fourth stage of the ADS) at the time when most fission products are released,
and the potential for fission product scrubbing is not fully realized. Finally, RCS
depressurization can reduce or terminate fission product releases to the environment during
SGTR events.

19.1.2.2.2 Large, Passively Cooled Steel Containment

The AP1000 design includes a large, passively cooled steel containment. The ratio of the
containment building volume to reactor power for the AP1000 is similar to that for typical
operating PWRs with large, dry containments. The large volume to power ratio reduces the
potential for developing detonable concentrations of hydrogen under severe accident conditions
and the potential for containment overpressure from noncondensable gas buildup. The
containment pressure capacity is sufficiently large that the pressure loads associated with early
challenges (e.g., hydrogen combustion and DCH) are at or below the applicant’s Service

Level C estimate (728.8 kPa (91 psig)) and pose an insignificant threat to containment integrity
(i.e., a containment failure probability of less than 1 percent).

The PCS provides water to the external surface of the containment shell from the PCS water
storage tanks or the post-72-hour water tank. Alternative water sources can be provided via
separate connections outside containment, in accordance with accident management
guidelines to be developed by the COL applicant (see COL Action Item 19.2.5-1). Without
operation of the PCS, air cooling alone is not sufficient to maintain containment pressure below
the applicant’s Service Level C estimate in the long term, and the containment will need to be
vented after 24 hours to prevent overpressure failure of containment.

19.1.2.2.3 In-Containment Refueling Water Storage Tank

The AP1000 design incorporates an IRWST. In addition to serving the typical function of the
refueling water storage tank at operating plants, this system performs water collection, delivery,
and heat sink functions inside the containment during accident conditions. The IRWST is
important to the progression of a severe accident because of its ability to condense steam and
scrub fission products for release into the IRWST via Stages 1 through 3 of the ADS, as well as
its ability to reduce the likelihood of reactor vessel failure and CCI by enabling reactor cavity
flooding via gravity draining. The potential for hydrogen-rich mixtures to form in the vicinity of
the IRWST (e.g., as a result of steam condensation as the hydrogen-steam blowdown passes
through the IRWST) represents a unique containment challenge for the AP1000, but is
minimized by locating the IRWST pipe vents in areas where diffusion flames will not impinge on
the containment shell, and by equipping the IRWST vents along the containment wall with
louvers that will reclose following an initial release into the IRWST.

19.1.2.2.4 External Reactor Vessel Cooling
The capability to fully flood the AP1000 reactor cavity and depressurize the RCS in the majority
of core melt sequences minimizes the potential for a reactor vessel breach by molten core

debris. By maintaining reactor vessel integrity, the potential for large releases caused by
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ex-vessel severe accident phenomena is substantially reduced; however, a residual threat from
hydrogen combustion remains. The ability to flood the reactor cavity is enhanced in the
AP1000 design by the following attributes:

. A containment and reactor cavity arrangement which permits breakflow from the RCS to
drain to the cavity without significant holdup in containment.

. The inclusion of manually actuated, safety-grade valves which allow additional water
from the IRWST to be drained to the cavity.

The AP1000 emergency response guideline (ERG) AFR.C-1 specifies the operator action to
flood the cavity. It instructs the operator to flood the reactor cavity only if injection to the RCS
cannot be recovered or containment radiation reaches levels that indicate fission product
releases, as determined by a core damage assessment guideline. The operator instructions to
flood the cavity have been moved from the end of the procedure (as in the AP600) to the
beginning of the procedure to achieve the higher water depths and earlier flooding times
required to successfully cool the external reactor vessel of the AP1000. The following design
features contribute to the effectiveness of ERVC in the AP1000:

. a reactor vessel lower head that contains no in-core instrument or other penetrations

. a reactor vessel insulation system that limits thermal losses during normal operations,
but provides an engineered pathway for supplying water cooling to the vessel and
venting steam from the reactor cavity during severe accidents

. refinements in the reactor vessel insulation system design (relative to the AP600) to
increase the heat transfer capability (critical heat flux) from the reactor pressure vessel
(RPV) to the surrounding water and to accommodate the higher decay heat level in the
AP1000

19.1.2.2.5 Reactor Cavity Design

The AP1000 design relies primarily on safety-grade RCS depressurization and reactor cavity
flooding capabilities to prevent high-pressure core melt events and reactor vessel breach. In
the event that vessel breach occurs, the AP1000 reactor cavity design can accommodate the
loads associated with ex-vessel severe accident phenomena without early loss of containment
integrity. These challenges include DCH, fuel-coolant interactions (FCIs), and CCl. The
specific reactor cavity features that deal with each challenge are summarized below.

DCH: The paths from the reactor cavity to the upper containment volume in the AP1000
include the following:

. the area around the reactor vessel flange

. the area where the coolant loops penetrate through the biological shield

. a ventilation shaft from the roof of the reactor coolant drain tank room leading to the SG
compartments
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These paths are convoluted, hence a portion of the corium will be de-entrained and removed
from the atmosphere before reaching the upper containment region, thereby reducing the
pressure rise associated with DCH. The peak containment pressure for a postulated DCH
event is expected to be sufficiently low that the corresponding probability of containment failure
is negligible (less than 0.1 percent).

FCI: The deterministic evaluation of ex-vessel FCls (see Section 19.2.3.3.5.2 of this report)
indicates that the impulse loads from ex-vessel steam explosions may fail the reactor cavity
floor and wall structures, but the integrity of the embedded steel liner will be maintained. The
evaluation also indicates that containment vessel integrity will not be compromised by the
displacement of the RPV as a result of the impulse loading.

CCI: The AP1000 reactor cavity design incorporates features generally consistent with the
Electric Power Research Institute’s (EPRI) Utility Requirements Document (URD) guidance,
including the following:

. a cavity floor area and sump curb that provide for debris spreading without debris
ingression into the reactor cavity sump

. a manually actuated reactor cavity flood system that would cover the core debris with
water and maintain long-term debris coolability

. a minimum 0.85-m (2.8-ft) layer of concrete to protect the embedded containment shell,
with an additional 1.8 m (6 ft) of concrete below the liner elevation

The enhanced capability to retain a molten core in-vessel, in conjunction with these design
features, result in a low expected frequency of basemat melt-through in the AP1000 PRA.

Compared to other advanced light-water reactors (ALWRS), the AP1000 ex-vessel debris bed is
deeper and the concrete basemat is thinner. The AP1000 design does not impose any
restrictions on the type of concrete that can be used for the containment basemat and the
reactor cavity walls. Although these factors tend to increase the severity of basemat erosion,
analyses using the MELTSPREAD and Modular Accident Analysis Program (MAAP) codes
indicate that in the event of unabated CCI, containment basemat penetration or containment
overpressurization will not occur until after 2 days, regardless of concrete composition.

For a limestone basemat, which maximizes noncondensable gas generation and minimizes
concrete ablation, basemat penetration would occur after about 3 days following the onset of
core damage. Containment pressure will not reach the applicant’s Service Level C estimate
(728.8 kPa (91 psig)) until even later. Use of basaltic concrete, which maximizes concrete
ablation and minimizes noncondensable gas generation, would reduce the time of basemat
melt-through to about 2 days, but containment pressure would not reach Service Level C until
much later. Thus, in the event that core debris is not retained in vessel, the AP1000 design
provides adequate protection against early containment failure and large releases resulting
from CCls.
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19.1.2.2.6 Hydrogen Igniter System

The AP1000 design incorporates a distributed ignition system to promote combustion at lean
hydrogen concentrations and to minimize the potential for large deflagrations or detonations.
The igniter system is non-safety-related, but is subject to investment protection, short-term
availability controls, as described in DCD Tier 2, Section 16.3, “Investment Protection.” The
system uses 64 glow plug igniters powered from the non-safety-related onsite ac power system
and is manually actuated from the control room when the core exit temperature exceeds

648.9 °C (1200 °F). This action represents an initial step in the AP1000 ERG AFR.C-1.

The hydrogen igniter system is capable of being powered by either offsite ac power or onsite
nonessential diesel generators. In the event of an SBO, which represents less than 1 percent
of the CDF, the system can be powered from the non-Class 1E batteries using dc-to-ac
inverters. However, the PRA did not credit this feature. The AP1000 design also includes two
non-safety-related passive autocatalytic recombiners (PARS) located within the containment.
The PARs are provided for defense-in-depth protection against the buildup of hydrogen
following a design-basis LOCA. Although the PARs are expected to function and reduce
combustible gas concentrations during severe accidents, they are not credited in the PRA. The
proven design of the glow plug igniters and the diverse means of powering the system, in
conjunction with the small fraction of core melt sequences involving loss of onsite power in the
AP1000 design, significantly reduce the threat of containment failure due to hydrogen
deflagrations or detonations. The use of PARs further reduces the threat from hydrogen burns
in those events in which the igniters are unavailable.

19.1.2.2.7 Non-Safety Containment Spray System

The AP1000 includes a non-safety containment spray system for severe accident management.
The system consists of two spray rings located above the containment polar crane, with flow
supplied from the normal fire main header. The source of water is provided by either the
primary or secondary fire protection system water tank (depending on tank and inventory
availability) using either the motor-driven or diesel-driven fire protection system pump. The
Level 2 and Level 3 PRA do not credit the impact of the non-safety-grade containment spray
system on containment response and fission product releases. Containment sprays could
significantly reduce the estimated risk in the baseline PRA because the sprays would be
effective in reducing the source terms in the risk-dominant release categories.

19.1.2.2.8 Containment Vent

The AP1000 design configuration will include a containment vent path that can be used to
control containment pressure in the unlikely event of long-term overpressurization of the
containment. The COL applicant, as part of COL Action Item 19.2.5-1 regarding the severe
accident management program, will identify the specific penetration(s) to be used for
containment venting and develop and implement severe accident management guidance for
venting containment using the framework provided in WCAP-13914, Revision 3, “Framework
for AP1000 Severe Accident Management Guidance (SAMG),” issued January 15, 1998. The
PRA does not credit the impact of the containment vent on containment response.
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19.1.3 Safety Insights from the Internal Events Risk Analysis (Operation at Power)
These insights include the following:

. dominant accident sequences contributing to CDF

. areas in which certain AP1000 design passive and defense-in-depth features were the
most effective in reducing risk as compared to currently operating reactor designs

. major contributors to the estimated CDF from internal events, such as hardware failures,
system unavailabilities, and human errors

. major contributors to maintaining the built-in plant safety (to ensure that risk does not
increase unacceptably)

. major contributors to the uncertainty associated with the estimated CDF
. sensitivity of the estimated CDF from internal events to potential biases in numerical

values, to assumptions made, to lack of modeling details in certain areas, and to
previously raised safety issues

. core damage sequences and accident classes contributing to containment failure

. frequency and conditional probability of containment failure

. leading contributors to containment failure and risk

. important insights and supporting sensitivity analyses from Levels 2 and 3 of the PRA

19.1.3.1 Level 1 Internal Events PRA

The applicant estimated the mean CDF for the AP1000 design from internal events during
operation at power to be about 2.4E-7/yr. In addition, CDFs for various initiating event
categories were estimated and are summarized in Table 19.1-1 of this report. Ranges of mean
CDFs, by initiating event category, for currently operating PWR reactor designs are also shown
for comparison. These estimates were taken from NUREG-1560, Volume 1, “Individual Plant
Examination Program: Perspectives on Reactor Safety and Plant Performance,” Part 1. The
applicant estimated the total CDF of the AP1000 design, from internal events at power
operation, to be roughly two orders of magnitude smaller than the corresponding total CDF of
an average operating PWR reactor.

For the AP1000 design, the various LOCA categories of initiating events essentially dominate
the CDF profile, representing about an 85 percent contribution, followed by reactor vessel
rupture (about 4 percent) and transient events (about 4 percent). Contributions from SGTR
events (about 3 percent), ATWS sequences (about 2 percent), and LOOP/SBO events (less
than 1 percent) are relatively small.
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Section 19.1.3.1.1 of this report presents the dominant accident sequences and the major
contributors to the CDF estimates for the AP1000 design, as assessed by the applicant and
reviewed by the staff. Section 19.1.3.1.2 of this report describes the design features that
contribute to the reduced CDFs, as compared to operating PWRs. Finally, Sections 19.1.3.1.3,
19.1.3.1.4, and 19.1.3.1.5 of this report discuss the insights drawn from the uncertainty analysis
and the importance and sensitivity studies.

19.1.3.1.1 Dominant Accident Sequences Leading to Core Damage

The applicant’s PRA results identify 100 sequences initiated by internal events that contribute
almost 100 percent of the estimated CDF from internal events. The top 10 sequences,
contributing about 80 percent of the total CDF from internal events, are summarized below.

Sequence #1, with a CDF of about 6.9E-8/yr and about 28.5 percent contribution, is initiated by
a break in one of the two safety injection lines (a LOCA event) followed by failure of the IRWST
injection line not affected by the break to remove decay heat from the core (CMT injection and
RCS depressurization via the ADS system are successful). In addition to the initiating event,
the following risk-important failures appear in this sequence:

. plugging of the IRWST discharge line strainer in the intact line
. CCF of the two CVs in the intact IRWST discharge line
. CCF of the two explosive (squib) valves in the intact IRWST discharge line

Sequence #2, with a CDF of about 4.3E-8/yr and about 18 percent contribution, is initiated by a
large LOCA event which is not caused by spurious ADS actuation (equivalent break diameter
greater than 9 inches but smaller than a vessel rupture) followed by failure of any one of the
two accumulators to inject. In addition to the initiating event, the following risk-important
failures appear in this sequence:

. failure of any CV in the accumulator injection lines to open
. plugging of any flow-tuning orifice in the accumulator injection lines

Sequence #3, with a CDF of about 2.1E-8/yr and about 9 percent contribution, is initiated by a
spurious ADS actuation event that results in a large LOCA. The RCS rapidly depressurizes and
at least one of the accumulators injects, making up the RCS water loss in this short timeframe.
However, because of the failure of either CMT injection or ADS actuation, the automatic IRWST
injection is not actuated. In addition to the initiating event, risk-important failures appearing in
this sequence are listed below:

. CCF of hardware in the PMS ESF input logic groups (causes CMT injection actuation
failure which results in failure of automatic IRWST injection actuation with inadequate
time for manual actuation)

. CCF of CMT-level sensors which prevents IRWST injection actuation

. CCF of CMT injection AOVs to open
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. CCF of CMT injection CVs to open
. CCF of two or more fourth stage ADS explosive (squib) valves to operate

Sequence #4, with a CDF of about 2E-8/yr and about 8 percent contribution, is initiated by a
break in one of the two safety injection lines (a LOCA event) followed by successful CMT
injection, but failure of full RCS depressurization (to allow low-pressure IRWST injection). The
failure that dominates the risk associated with this sequence is the CCF of ADS Stage 4
explosive (squib) valves.

Sequence #5, with a CDF of 1E-8/yr and 5 percent contribution, is a reactor vessel rupture
event which leads directly to core damage.

Sequence #6, with a CDF of about 8.5E-9/yr and over 3 percent contribution, is initiated by a
small LOCA event (0.952 cm to 5.08 cm (0.375 in. to 2 in.) equivalent break diameter) followed
by failure to establish recirculation from the containment sump when the IRWST inventory is
depleted (high-pressure injection by the CMTs, heat removal by the PRHR, containment
isolation, depressurization, and low-pressure injection by either the RNS or the IRWST are
successful). The following risk-important failures, in addition to the initiating event, appear in
this sequence:

. CCF of both sump recirculation lines due to sump screen plugging

. CCF of all IRWST level transmitters (causes failure of automatic actuation of sump
recirculation)

. operator failure to manually actuate sump recirculation (when automatic actuation fails)

Sequence #7, with a CDF of about 7.5E-9/yr and about 3 percent contribution, is initiated by a
medium LOCA event (5.08 cm to 22.9 cm (2 in. to 9 in.) equivalent break diameter) followed by
failure to establish recirculation from the containment sump when the IRWST inventory is
depleted (high-pressure injection by the CMTs, containment isolation, depressurization, and
low-pressure injection are successful). With the exception of the initiating event, the risk-
important failures appearing in this sequence are the same as those for Sequence #6.

Sequence #8, with a CDF of about 5E-9/yr and over 2 percent contribution, is initiated by a
small LOCA event (0.952 cm to 5.08 cm (0.375 in. to 2 in.) equivalent break diameter) followed
by failure of full depressurization (required for low-pressure injection from the IRWST), by
success of partial depressurization (below the point at which injection by the RNS is possible),
and by failure of the RNS. High-pressure injection by the CMTs, RCP trip, and heat removal by
the PRHR are successful. The following risk-important failures, in addition to the initiating
event, appear in this sequence:

. CCF of two or more fourth stage ADS explosive (squib) valves to operate
. failure of any of four RNS isolation valves (V055, V011, V022, V023) to open
. unavailability of the cask-loading pit due to fueling unloading operations
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Sequence #9, with a CDF of about 4.5E-9/yr and about 2 percent contribution, is initiated by a
medium LOCA event (5.08 cm to 22.9 cm (2 in. to 9 in.) equivalent break diameter) followed by
failure of full depressurization (required for low-pressure injection from the IRWST), by success
of partial depressurization (below the point at which injection by the RNS is possible), and by
failure of the RNS to inject. High-pressure injection by the CMTs, RCP trip, and heat removal
by the PRHR are successful. With the exception of the initiating event, the risk-important
failures appearing in this sequence are the same as those for Sequence #8.

Sequence #10, with a CDF of about 3.7E-9/yr and about 1.5 percent contribution, is initiated by
a spurious ADS actuation event that results in a large LOCA followed by failure of any one of
the two accumulators to inject. In addition to the initiating event, the failure that dominates the
risk associated with this sequence is the CCF of two accumulator CVs, one in each of the two
accumulator injection lines.

19.1.3.1.2 Risk-Important Design Features

Listed below are the major features that contribute to the reduced CDF of the AP1000 design,
as compared to operating PWR designs, for each of the initiating event categories contributing
the most to this reduction.

19.1.3.1.2.1 Loss of Offsite Power and Station Blackout Sequences

The following are the most important features of the AP1000 design that contribute to the
reduction in the estimated CDF associated with LOOP, including SBO, sequences (CDF
reduced to 1E-9/yr from the 7E-5/yr to 1E-8/yr range corresponding to CDFs associated with
LOOP/SBO at operating PWR reactors):

. Safety-related passive systems that do not rely on ac power for operation, and instead
rely on natural forces, such as gravity and stored energy, to perform their accident
mitigation functions once actuated and started. When power is needed to actuate and
start such passive systems, dc power provided by Class 1E batteries is used.

. The PRHR is automatically actuated, without the need for any electrical power, to
provide core cooling upon LOOP (AOVs are fail-safe in the open position).

. Class 1E dc batteries with capability to support all front line passive safety-related
systems for 72 hours.

. Defense-in-depth, which provide alternative means for removing decay heat from the
RCS during a LOOP/SBO accident. Most current PWR plants rely on two alternative
means for core cooling:

- an auxiliary feedwater (AFW) system, with at least one turbine-driven pump for
SBO events, in addition to motor-driven pump(s)

- a manual feed and bleed capability when onsite ac power is available
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In contrast, the AP1000 design provides better and more reliable defense-in-depth by
relying on the following alternative means for core cooling:

- the automatically actuated non-safety-related SFW system when onsite ac power

is available

- the automatically actuated safety-related PRHR system

- an automatic, with manual backup feed-and-bleed capability using systems with

adequate redundancy and defense against CCFs throughout the RCS
depressurization range for both the feed function (two CMTs, two accumulators,
the two RNS pumps, and the two IRWST gravity injection lines) and the bleed
function (four ADS stages with two paths in each of the first three stages and
four paths in the fourth stage)

The improved reliability of the PRHR system (as compared to the AFW system used in
most current PWR plants) contributes significantly to the reduced risk associated with
LOOP/SBO sequences (the function of the PRHR following a LOOP/SBO event is
similar to the AFW system function in operating PWRS).

Canned RCPs eliminate seal LOCAs, which are likely in operating PWRs during an SBO
accident.

19.1.3.1.2.2 Transient Sequences

The following are the most important features of the AP1000 design which contribute to the
reduction in the estimated CDF associated with transient sequences (CDF reduced to 8E-9/yr
from the 3E-4/yr to 5E-7/yr range corresponding to CDFs associated with transients at
operating PWR reactors):

Defense-in-depth, which provides several alternative means for core cooling during all
possible scenarios of the accident. Most current PWR plants rely on three alternative
means for core cooling following a transient initiator (MFW and condensate, AFW, and
manual feed-and-bleed). The AP1000 design provides better and more reliable
defense-in-depth by relying on the following alternative means for core cooling:

- MFW and condensate

- SFW

- automatically actuated (with manual actuation backup capability) PRHR

- automatic, with manual backup, feed and bleed capability using systems with
adequate redundancy and defense against CCFs throughout the RCS
depressurization range for both the feed function (two CMTs, two accumulators,
the two RNS pumps, and the two IRWST gravity injection lines) and the bleed
function (four ADS stages with two paths in each of the first three stages and
four paths in the fourth stage).
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. A reliable PRHR system (which is needed only when the non-safety-related SFW
system is unavailable) significantly reduces the need for RCS depressurization and
reliance on feed-and-bleed cooling, as compared to operating PWRs, and contributes to
the reduced risk associated with transient sequences. (The functions of the SFW and
PRHR following a transient event are redundant and similar to the function performed by
the AFW system in operating PWRS.)

. The use of two redundant and diverse ESF actuation systems with automatic and
manual actuation capability (one is safety-related) minimizes the likelihood of actuation
failures, including common-cause actuation failures.

. The use of passive safety-related systems which do not need several traditional support
systems, such as component cooling water and ac power, to operate eliminates all
failures associated with such support systems in operating PWRs and contributes
significantly to the increased reliability of most AP1000 safety-related systems, as
compared to systems for operating plants performing similar functions.

. The use of a larger pressurizer than those at comparable operating PWR plants reduces
the frequency of transient initiating events by increasing transient operation margins.

19.1.3.1.2.3 Steam Generator Tube Rupture Sequences

The following are the most important features of the AP1000 design which contribute to the
reduction in the estimated CDF associated with SGTR sequences (CDF reduced to about
7E-9/yr from the 3E-5/yr to 9E-9/yr range corresponding to CDFs associated with SGTR at
operating PWR reactors):

. Three lines of defense against core damage following an SGTR event:

- use of non-safety-related systems (the chemical and volume control system
(CVS) and the SFW system) and manual SG isolation

- use of passive safety-related systems (PRHR, CMT, and PCS) and automatic
SG isolation

- use of feed-and-bleed if the leak cannot be isolated (ADS, CMT, accumulators,
RNS, IRWST injection, and PCS)

For comparison, operating PWRs have two lines of defense. One is similar to the
AP1000 design'’s first line of defense, but uses safety-related systems (high-pressure
safety injection (HPSI), and AFW) and the other is manual feed-and-bleed using the
pressurizer power-operated relief valves (PORVS).
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Redundant means for reactor coolant inventory control:

- automatic CVS injection at the upper end of the RCS pressure range
- automatic CMT injection once an “S” signal is generated
- manual ADS actuation to allow accumulator injection if CMT injection fails

The improved reliability of the PRHR, as compared to the AFW system used in
operating PWR plants, reduces the reliance on feed-and-bleed cooling as the last
defense against core damage.

The ADS provides an alternative DHR path through primary feed-and-bleed which is
much more reliable and faster than the high-pressure manual feed-and-bleed cooling of
currently operating PWRs.

Good capability for long-term recovery from unisolable SG leaks, which bypass the
containment, exists by venting the RCS into the containment through the large ADS
Stage 4 valves to allow low-pressure core cooling by IRWST gravity injection and
containment sump recirculation. The large IRWST capacity, combined with the
capability to refill either the IRWST or the containment sump, prevents depletion of
borated water through the open path that bypasses the containment, and ensures that
the water level in the sump is adequate to establish recirculation by gravity.

SGs have a secondary-side water inventory which is larger than comparable operating
plants. This feature extends the time available to recover feedwater or other means of
core heat removal.

19.1.3.1.2.4 Loss-of-Coolant Accident Sequences

The following are the most important features of the AP1000 design that contribute to the
reduction in the estimated CDF associated with LOCA sequences (CDF reduced to about
2.1E-7/yr from the 8E-5/yr to 1E-6/yr range corresponding to CDFs associated with LOCA at
operating PWR reactors):

Defense-in-depth, which provides several alternative means for coolant makeup at both
high- and low-pressures using both safety and non-safety-related systems (CVS pumps,
CMTs, accumulators, RNS, and IRWST injection), increases the reliability of the coolant
makeup function. For comparison, most operating PWRs use their chemical and
volume control system (CVCS) pumps and HPSI pumps for high-pressure injection,
while providing accumulators and low-pressure safety injection (LPSI) pumps for LPSI.

Defense-in-depth, which provides several alternative means for core cooling during all
possible scenarios and sizes of a LOCA accident using both safety and non-safety-
related systems, increases the reliability of the core cooling function (both in the short-
and long-term). Operating PWRs rely on fewer and less reliable alternative means for
core cooling during LOCAs (e.g., manual feed-and-bleed as compared to the automatic,
with manual backup, feed-and-bleed capability of the AP1000 design).
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. The ADS provides an alternate DHR path through primary feed-and-bleed which is
much more reliable and faster than the high-pressure manual feed-and-bleed cooling of
currently operating PWRs.

. The AP1000 design is expected to have a reduced frequency of LOCA initiators
(breaks) as compared to operating PWR plants because the number of welds in the
AP1000 RCS pressure boundary is significantly reduced and leak-before-break (LBB)
objective was applied in the design of all piping larger than 7.62 cm (3 in.).

19.1.3.1.2.5 Anticipated Transient Without Scram Sequences

The following are the most important features of the AP1000 design that contributes to the
reduction in the estimated CDF associated with ATWS sequences (CDF reduced to 5E-9/yr
from the 4E-5/yr to 1E-8/yr range corresponding to CDFs associated with ATWS at operating
PWR reactors):

. The AP1000 design has two redundant and diverse reactor trip systems. The non-
safety-related DAS is a reliable system capable of initiating automatic and manual
reactor trip using the motor-generator (M-G) sets when the reactor fails to trip via the
PMS. At operating reactors, the DAS is less reliable and cannot automatically initiate a
reactor trip.

. The ADS allows use of the low-pressure injection systems (accumulators, RNS pumps,
and IRWST injection) for long-term reactivity control and core cooling when the charging
pumps are unavailable. At operating reactors, the less reliable PORVs must be used to
allow low-pressure injection.

. The AP1000 design employs a low-boron core that contributes to a more negative
moderator temperature coefficient (MTC) of reactivity than in conventional cores. This
feature also contributes to a significant reduction in the peak pressure established in the
RCS during an ATWS event.

. Because the AP1000 reactor uses a larger pressurizer than those at comparable
operating plants, the frequency of ATWS precursors is reduced by increasing transient
operation margins.

The following sections of this report present insights from the uncertainty analysis

(Section 19.1.3.1.3), risk importance studies (Section 19.1.3.1.4), and sensitivity studies
(Section 19.1.3.1.5).

19.1.3.1.3 Insights from the Uncertainty Analysis

The applicant performed an uncertainty analysis to determine the magnitude of uncertainties

that characterize the Level 1 PRA results (CDF from internal events), as well as the major
contributors to these uncertainties. The AP1000 CDF estimates, for internal events, are
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reported in terms of a mean value and an associated error factor (EF). The EF' is a measure
of uncertainty that expresses the spread of a fitted log-normal distribution. The total CDF from
internal events, as estimated by the applicant, has a mean value of about 2.4E-7/yr and an EF
of approximately 6. Thus, the 95th and 5th percentiles are about 1.4E-6/yr and 4E-8/yr,
respectively. It should be emphasized that only uncertainties associated with reliability and
availability data were considered. Uncertainties associated with modeling (or lack of modeling)
of accident sequences, system failure modes, and human errors were not included.

The uncertainty analysis resulted in the following conclusions:

The majority of the major contributors to the dominant accident sequences and total
CDF have relatively small uncertainties associated with them.

The following are major contributors to the uncertainty associated with the plant CDF
estimate:

LOCA initiating event frequencies (e.g., safety injection line break), LOCA breaks
of all sizes (large, intermedium, medium, and small), and CMT line break

reactor vessel failure probability

containment sump screen plugging probability (both single and CCFs)

IRWST discharge line strainer plugging probability (both single and CCFs)
CCF probability of hardware in the PMS ESF input logic groups

CCF probabilities of several sensor groups, such as the CMT-level heat sensor
resistance temperature detectors (RTDs), tank-level transmitters, pressurizer-

level sensors, and sensors in high-pressure environment

failure probability of the turbine impulse pressure transmitter (DAS trip
permissive)

CCF probability of the reactor trip breakers to open (mechanical failure)

CCF of the reactor trip portion of PMS hardware or software (no signal to open
the PMS reactor trip breakers)

failure probability of a M-G set circuit breaker (CB) to open by DAS (mechanical
failure)

The error factor is the ratio between the 95th percentile and the median (50th percentile) of the

assumed lol
5th percenti

?—)normal distribution (which is the same as the ratio between the median and the
e).
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- failure probability of the automatic DAS function (hardware or software)

As a result of the lack of adequate data, the probability distribution function parameters
associated with some risk-important events (e.g., software failures, CCF of explosive valves to
operate, and CCF of IRWST injection line CVs to open under small differential pressures) are
rather subjective point estimates. The low confidence level in the point estimates (especially
mean values) of such events was addressed by the performance of sensitivity studies.
Section 19.1.3.1.5 of this report discusses the insights from these studies, along with insights
from other sensitivity studies.

19.1.3.1.4 Insights from the Risk Importance Studies

The applicant performed studies to determine important contributors to risk, as well as to
maintaining the existing “designed-in” risk level. The staff, when necessary, used the
applicant’s PRA results to perform additional risk importance studies to gain more complete
insights. Such studies address the following two general objectives—(1) risk reduction, and
(2) safety or reliability assurance. The first objective (i.e., risk reduction) was achieved by
identifying and ranking dominant contributors to risk to highlight areas in which the plant risk
can be reduced by design and/or operational changes. The second objective (i.e. reliability
assurance) was achieved by identifying dominant contributors to maintaining the built-in risk
level to ensure that the risk does not increase and is as low as indicated by the PRA. To meet
these objectives, the applicant used the following two risk importance measures to rank
structures, systems, and components (SSCs) and human actions:

. Risk reduction worth gives the factor by which the CDF decreases when an SSC or
human action is assumed to be perfectly reliable (perfect component or no error). It
also provides an indication of the existing margin for improvement.

. Risk achievement worth gives the factor by which the CDF increases when an SSC or
human action is assumed to be absent or to be failed (event probability is assumed to
be 1). It also provides an indication of the importance of maintaining the existing
reliability.

The risk achievement worth importance measure is useful in identifying SSCs for which it is
particularly important to do good maintenance because poor reliability and availability of this
equipment would significantly increase the CDF estimate. The risk reduction worth importance
measure is useful in identifying SSCs that would benefit the most from improved testing and
maintenance by minimizing equipment unavailability and failures.

Risk importance studies were performed at both the system and component level. The major
insights drawn from the importance analysis are summarized below:

. The most important systems for core damage prevention, or equivalently, the systems
that are the most “worthy” in achieving the low CDF level assessed in the PRA (i.e.,
systems with the highest risk achievement worth), are the PMS, the Class 1E dc power,
the ADS, IRWST recirculation, IRWST injection, the CMTs, and the accumulators.
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. Events that would decrease significantly the built-in reliability (i.e., those with the highest
risk achievement worth) are hardware CCFs and software errors. This is attributable to
the redundancy and diversity of the AP1000 safety systems, which ensure that single
independent hardware faults are not among those events whose occurrence would have
a large impact on the CDF from internal events.

. CCF of the following sets of components was found to have a large impact on the
estimated CDF from internal events (i.e., sets of components with the highest risk
achievement worth):

- Containment sump screen plugging. If both recirculation lines are unavailable
due to a CCF and the plant keeps operating at power, the plant CDF would
increase by almost four orders of magnitude.

- IRWST gravity injection components, such as squib valves and CVs. If both
IRWST injection lines are unavailable due to a CCF and the plant keeps
operating at power, the plant CDF would increase by over three orders of
magnitude.

- ADS Stage 4 explosive (squib) valves. If two or more of these valves become
unavailable to open on demand because of a CCF and the plant keeps operating
at power, the plant CDF would increase by over three orders of magnitude.

- PMS ESF hardware components, such as output drivers and input logic groups
(hardware). If such components are unavailable due to a CCF and the plant
keeps operating at power, the plant CDF would increase by about three orders of
magnitude.

- IRWST discharge line strainers. If both strainers become unavailable (plugging)
and the plant keeps operating at power, the plant CDF would increase by almost
three orders of magnitude.

- CMT sensors and sump-level heated RTD sensors. If such components become
unavailable to operate when demanded due to CCFs and the plant keeps
operating at power, the plant CDF would increase by almost three orders of
magnitude.

- CMT and accumulator injection line components, such as CMT AOVs, CMT CVs,
and accumulator CVs. If such components become unavailable to operate when
demanded due to CCFs and the plant keeps operating at power, the plant CDF
would increase by almost three orders of magnitude.

- Class 1E dc batteries. If the plant operates without Class 1E batteries, the plant
CDF would increase by over two orders of magnitude.
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PRHR AOVs. If both such AOVs become unable to open and the plant keeps
operating at power, the plant CDF would increase by almost two orders of
magnitude.

IRWST gutter AOVs. If both such AOVs become unable to open on demand
and the plant keeps operating at power, the plant CDF would increase by almost
two orders of magnitude.

ADS Stage 2 and Stage 3 MOVs. |If three or more such MOVs become unable
to open on demand and the plant keeps operating at power, the plant CDF would
increase by almost two orders of magnitude.

RCP breakers. If the RCP breakers become unable to open to trip the RCPs
and the plant keeps operating at power, the plant CDF would increase by almost
two orders of magnitude.

tank-level transmitters (IRWST, and boric acid tank (BAT)), sensors in high-
pressure environment, and pressurizer level sensors. If such components
become unable to operate as designed on demand because of CCFs and the
plant keeps operating at power, the plant CDF would increase by over one order
of magnitude.

PMS reactor trip components, such as reactor trip breakers and reactor trip logic
hardware. If such components become unavailable to operate on demand
because of CCFs and the plant keeps operating at power, the plant CDF would
increase by almost one order of magnitude.

The AP1000 relies on digital I&C systems which are complex combinations of hardware
and software (i.e., computer programs) components. Although computer software does
not wear out, as hardware does, it could fail because of the excitation of residual design
errors when a particular combination of inputs occurs. If the same programs are
executed in two or more channels (or divisions) in parallel, a software fault would lead to
a common-mode software failure in all channels (or divisions) at the same time (i.e., it
would be a CCF of redundant channels or divisions). The following types of software
error were found to have a large impact on the estimated CDF (i.e., highest risk
achievement worth):

Software for the PMS and plant control system (PLS) logic cards. This type of
CCF accounts for potential design errors in “common functions” software (i.e.,
software controlling fundamental processor functions, such as 1/O (input/output),
processing, and communications). Because such functions, and the associated
software, are repeated across all major subsystems of the PMS and PLS, such
software design errors could impact the reactor trip and ESF portions of the
PMS, as well as all the PLS functions, failing both their automatic and manual
functions. If a software fault of this kind existed and showed up every time an
accident occurred without being detected, the plant CDF would increase by
about four orders of magnitude. (In reality residual software faults do not show
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up, and thus they do not cause a software failure, unless the program is exposed
to an environment for which it was not designed or tested.)

- PMS ESF software components, such as input logic software, output logic
software, and actuation logic software. This type of CCF accounts for potential
design errors in “application” software (i.e., software controlling the actual
algorithms and protective and actuating functions that the PMS is designed to
provide). Because a different application software controls each major PMS
subsystem, this type of software CCF is contained within subsystems performing
the same or similar functions. If a software fault of this kind existed and showed
up every time an accident occurred without being detected, the plant CDF would
increase by almost three orders of magnitude.

- PMS ESF manual input multiplexer software. If the plant is operated with a fault
in the multiplexer software, which is assumed to fail the function of the
multiplexer during an accident, the plant CDF would increase by over one order
of magnitude.

. The AP1000 design is significantly less dependent on human actions for safety than
operating reactors. If operators always failed to perform the human actions modeled in
the PRA, the plant CDF would increase by almost two orders of magnitude (from about
2E-7/yr to about 2E-5/yr). Operator failure to perform the following actions was found to
have the largest impact on the estimated CDF from internal events (i.e., operator actions
with highest risk achievement worth):

- diagnose a SGTR event
- manually actuate containment sump recirculation when automatic actuation fails
- manually actuate ADS for feed-and-bleed cooling when automatic actuation fails
- perform a controlled shutdown to control and mitigate an RCS leak event

. Failure of the following single components was found to have a significant impact on the
estimated CDF from internal events (i.e., single components with highest risk
achievement worth):

- plugging of one IRWST discharge line strainer (important for a safety injection
line break which disables one of the two redundant IRWST injection lines)

- plugging or leak in the PRHR HX

- plugging or rupture of a flow-tuning orifice in an accumulator injection or CMT
injection line

- accumulator injection and CMT injection CVs
- non-Class 1E dc distribution panel EDS3 EA 1 (supplies power to DAS which is

important for ATWS sequences)
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- Class 1E dc switchboard DS1 and distribution panel DD1

. Failures of components associated with the following events were found to be major
contributors to the estimated CDF from internal events (i.e., they have the highest risk
reduction worth):

initiating events (dominated by safety injection line break, large LOCA, and ADS
spurious actuation)

- plugging of one IRWST discharge line strainer (important for a safety injection
line break which disables one of the two redundant IRWST injection lines)

- CCF of both recirculation lines due to sump screen plugging

- CCF of two or more ADS Stage 4 explosive (squib) valves to open on demand
- CCF of the four CVs in the two IRWST discharge lines

- CCF of the four explosive (squib) valves in the two IRWST discharge lines

- failure of one CV in one accumulator injection line to open on demand (important
for a large LOCA break which requires injection by both accumulators)

- CCF of the IRWST level transmitters
- CCF of PMS ESF input logic groups (hardware)
- CCF of the 4.16-KV ac RCP trip breakers to open
- CCF of CMT AOVs to open
. Operator failure to perform the following actions were found to be significant contributors
to the estimated CDF from internal events (i.e., these actions have the highest risk

reduction worth):

- manually actuate safety systems through the DAS, given failure to do so through
the PMS

- manually actuate containment sump recirculation (when automatic actuation
fails)

- manually trip the reactor via the PMS or DAS within 1 minute, given automatic
trip failed

The risk importance of non-safety-related defense-in-depth systems, credited in the AP1000
PRA, was also assessed. The major insights gained from these studies are summarized below:
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If the DAS becomes unavailable and the plant continues operating at power, the plant
CDF would increase about 20 times.

If the RNS becomes unavailable and the plant continues operating at power, the plant
CDF would increase about two times.

If the SFW system becomes unavailable and the plant continues operating at power, the
plant CDF would increase less than two times.

If both diesel generators become unavailable and the plant continues operating at
power, the plant CDF would increase less than two times.

If all non-safety-related defense-in-depth systems become unavailable and the plant
continues operating at power, the plant CDF would increase by about two orders of
magnitude (from about 2E-7/yr to about 1E-5/yr). Most of the contribution to such an
increase in the CDF is associated with transient and ATWS sequences.

The DAS is very important in reducing the CDF associated with transient initiators (e.qg.,
loss of MFW, loss of condenser, and loss of component cooling water) and ATWS
events. If all non-safety-related defense-in-depth systems, with the exception of the
DAS, become unavailable and the plant continues operating at power, the plant CDF
would increase by less than one order of magnitude (from about 2E-7/yr to about
1E-6/yr).

As mentioned above, Chapter 50 of the AP1000 PRA, “Importance and Sensitivity Analysis,”
(for internal events at power operation) provides details on SSCs and human actions that the
applicant found to be risk-significant. This information was integrated with similar information
from external events and shutdown risk analyses, as well as information from the containment
and offsite consequences analyses (Levels 2 and 3 of the PRA) to form the basis for the
following two lists:

A list of important SSCs which the applicant incorporated in the D-RAP program. The
applicant included such a list of important SSCs in DCD Tier 2, Section 17.4. This was
part of Open Item 19.1.10.1-2 (see Section 19.1.10.2 of this report). The COL applicant
is responsible for incorporating these SSCs in the O-RAP. This is part of COL Action
Iltem 17.5-2

A list of risk-important operator tasks that should be taken into account in the control
room design as well as for implementing procedures and developing training programs.
The COL applicant should take this list into account in developing and implementing
procedures, training, and other human-reliability-related programs. DCD Tier 2,
Chapter 18, “Human Factors Engineering,” discusses the use of such information in
developing and implementing procedures, training, and other human-reliability-related
programs for the plant. This is COL Action Item 19.1.3.1.4-1.

The applicant, in performing the Level 1 PRA for internal events at power operation, identified a
number of risk-important tasks (with their PRA designators inside the parentheses) which must
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be performed by the operator to prevent or mitigate severe accidents. The control room design
should account for these tasks. Section 18.7 of this report addresses the process for inclusion
of these tasks. The following is a list of these tasks:

. operator fails to manually actuate ADS (AND-MANO1)

. operator fails to manually trip reactor via PMS within 1 minute (ATW-MANO3)

. operator fails to manually trip reactor via DAS (ATW-MANO04C)

. operator fails to manually trip reactor via PMS within 5 minutes (ATW-MANO5)

. operator fails to diagnose an SGTR event (CIB-MANOQO)

. operator fails to isolate failed SG (CIB-MANO1)

. operator fails to recognize need for manual depressurization during a small LOCA or

transient event (LPM-MANO1)

. operator fails to recognize need for manual depressurization during a medium LOCA
(LPM-MANO2)

. operator fails to actuate a system using DAS only (REC-MANDAS)

. operator fails to actuate containment sump recirculation when automatic actuation fails
because of IRWST-level signal failure (REN-MANO4)

. operator fails to perform controlled shutdown (OTH-SDMAN)

Sections 19.1.4.5 and 19.1.3.2 of this report, respectively, discuss additional risk-important
operator tasks related to shutdown operation and to containment performance (Level 2 PRA).

In designing the AP1000 control room, it is important that no new significant human errors be
introduced. To this end, during the main control room validation process, the COL applicant
should qualitatively confirm that the findings from the integrated system validation do not lead to
a risk-significant increase in error potential over that represented in the AP1000 PRA human
reliability analysis (HRA). If this is not confirmed, the COL applicant should model the
additional risk-significant errors in an updated HRA. This is COL Action Item 19.1.3.1.4-2.

19.1.3.1.5 Insights from the Sensitivity Studies

The applicant performed several sensitivity studies to gain insights about the impact of
uncertainties (and potential lack of detailed models) on the estimated CDF. When necessary,
the staff used the applicant’s PRA results to perform additional sensitivity studies to gain more
complete insights. The sensitivity studies performed by the applicant and the staff have the
following objectives:
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. determine the sensitivity of the estimated CDF from internal events to potential biases in
numerical values, such as initiating event frequencies, failure probabilities, and
equipment unavailabilities

. determine the impact of a potential lack of modeling details, such as long-term cooling
with the PRHR following a transient or a LOOP/SBO event, on the estimated CDF from
internal events

. determine the sensitivity of the estimated CDF to previously raised issues, such as
passive system CV reliability

In addition, sensitivity studies were performed to investigate the impact of uncertainties on the
PRA results assuming plant operation at power without credit for the non-safety-related
defense-in-depth systems (“focused” PRA model). These studies provided additional insights
about the risk importance of the defense-in-depth systems which were taken into account in
selecting non-safety-related systems for regulatory treatment within the RTNSS process.
Insights related to the CDF are reported in this section, while similar insights related to the LRF
and conditional containment failure probability (CCFP) are reported in Section 19.1.3.2 of this
report.

19.1.3.1.5.1 Sensitivity to Potential Biases in Numerical Values

The results of studies to determine the sensitivity of the estimated CDF from internal events to
potential biases in numerical values, such as failure probabilities, are summarized below.

19.1.3.1.5.1.1 Explosive (Squib) Valve Reliability

Squib valves are used in all ADS Stage 4 lines, all IRWST injection lines, and all containment
sump recirculation lines. Because of the lack of adequate data for the AP1000 squib valves
and the uncertainties in extrapolating data from other designs and sizes to the AP1000
operating conditions, there is uncertainty in the mean value of the failure probability of a squib
valve to operate. A sensitivity study, performed to assess the impact of this uncertainty on PRA
results and insights, yielded the following results:

. By increasing the failure probability by a factor of 5 (i.e., the value recommended in
EPRI's “Advanced Light Water Reactor Utility Requirements Document,” Volume lII,
ALWR Passive Plant), the CDF would increase by less than a factor of 2.

. By increasing all CCF probabilities of squib valves by a factor of 10, the CDF would
increase by about a factor of 3.

These results indicate some sensitivity of the CDF to reasonable increases of the mean value

of the failure probability of squib valves used in the PRA. However, this sensitivity is not great
enough, by itself, to impact PRA conclusions and insights about the design.
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19.1.3.1.5.1.3 Circuit Breaker Reliability

The most important CBs the AP1000 PRA modeled are the reactor trip, the M-G set trip, and
the RCP trip CBs. Failure to open any of several sets of four reactor trip CBs causes failure of
reactor trip through the PMS. Failure to open both M-G set trip CBs causes failure of the
alternate means of tripping the reactor through the DAS. Failure of any of several sets of RCP
CBs causes failure of one or more RCPs to trip following an accident-initiating event and
potential failure of CMT injection and ADS automatic actuation. There is uncertainty in the
mean values of the failure probabilities of CBs to open used in the AP1000 PRA. This
uncertainty is the result of the use of failure rates for CBs to open on demand that are lower
than generic failure rates, the linear extrapolation of failure rates to longer testing intervals, and
potential approximations in calculating CCF probabilities. A sensitivity study, performed to
assess the impact of this uncertainty on PRA results and insights, led to the following
conclusions:

. By increasing the CB failure to open probabilities used in the AP1000 PRA by an order
of magnitude, the CDF would increase by less than a factor of two. This indicates a
relatively small sensitivity of the CDF to reasonable increases in the mean value of the
failure probabilities of CBs to open on demand.

. By increasing the CB failure to open probabilities used in the AP1000 PRA by an order
of magnitude, and at the same time assuming that all non-safety-related defense-in-
depth systems become unavailable and the plant continues operating at power, the
plant CDF would increase about 50 times (from 2.4E-7/yr to about 1.2E-5/yr). (Based
on risk importance study results, the unavailability of the non-safety-related systems
alone would increase the plant CDF about 30 times.) This indicates that if the plant is
operating without the non-safety-related defense-in-depth systems, the CDF is sensitive
enough to reasonable increases in the mean values of CB failure to open probabilities
used in the PRA to impact PRA conclusions and insights about the design (e.g., the
selection of non-safety-related SSCs for regulatory oversight according to the RTNSS
process).

. By increasing the CB failure to open probabilities used in the AP1000 PRA by an order
of magnitude, and at the same time assuming that all non-safety-related defense-in-
depth systems, with the exception of the DAS, become unavailable and the plant
continues operating at power, the plant CDF would increase by less than one order of
magnitude (from 2.4E-7/yr to about 2E-6/yr). Because the unavailability of the non-
safety-related systems alone would increase the plant CDF by about a factor of five,
based on risk importance study results, the plant CDF is not as sensitive to reasonable
increases in the mean values of CB failure to open probabilities used in the PRA when
the plant is operating without all non-safety-related defense-in-depth systems but the
DAS. This underscores the importance of the reactor trip function of the DAS in
reducing the impact of uncertainties associated with CB failure probabilities on PRA
conclusions and insights about the design (e.g., the selection of non-safety-related
SSCs for regulatory oversight according to the RTNSS process).
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19.1.3.1.5.1.3 Digital 1&C System Software Reliability

Digital 1&C systems are designed as complex combinations of hardware and software (i.e.,
computer programs) components. Although computer software does not wear out, as hardware
does, it can fail as a result of the excitation of residual design errors when a particular
combination of inputs occurs. If one could eliminate all the design errors before a software
product is put into operation, it would work perfectly forever. However, it is impossible to be
certain that a software product is error free. On the contrary, experience shows that there are
always residual faults that do not manifest themselves; thus, they do not cause a software
failure unless the program is exposed to an environment for which it was not designed or
tested. Exposure to such an environment is possible because, as a result of the large number
of possible states and inputs in most software programs, it is extremely difficult to perfectly
comprehend program requirements and implementation. It is also virtually impossible to test
more than a small subset of all possible input combinations during development. Thus,
software reliability is essentially a measure of the confidence one has in the design of the
software and its ability to function properly in its expected environment.

Quantification of software reliability may be too difficult, especially for software that must meet
high reliability requirements, such as those used in the AP1000 design. This difficulty results
from the random nature of a large number of possible inputs, the unknown mechanisms of
human failure that create errors during the development process, and the randomness of the
testing process used to detect errors. However, regardless of whether the reliability of software
can be accurately quantified, the design goal must be to minimize the number of residual
errors, their frequency of occurrence, and their effect on system performance. This can be
achieved by following formal and disciplined methods during the development process,
combined with an expected use-based testing program. For these reasons, each software
product is unique and extrapolation of statistical data for other products is meaningless.

From the basic properties of software, it follows that commonly used hardware redundancy
techniques do not improve software reliability. The several defense mechanisms against
hardware CCFs that are incorporated in the AP1000 design (such as redundancy, separation,
operational testing, maintenance, and immediate detectability of failure provided by the online
diagnostics) cannot be relied upon to prevent software CCFs. If the same programs are
executed in two or mare channels (or divisions) in parallel, a software fault would lead to a
common-mode software failure in all channels (or divisions) at the same time (i.e., it would be a
CCF of redundant channels or divisions). Thus, a highly reliable software product is needed
whenever the same program is executed in two or more channels (or divisions) in parallel.
Because the reliability of a software product is basically determined during development and
testing, the importance of the software development process in achieving high reliability cannot
be overestimated.

Although it is not easy to quantify software reliability, it is generally accepted that high reliability
can be achieved by following formal and disciplined methods during the development process,
combined with an expected use-based testing program. The AP1000 design PRA assumes
high reliability for all software used in the digital 1&C systems. The applicant expects to develop
highly reliable software for the AP1000 1&C systems by setting reliability goals and design

19-38



Severe Accidents

requirements and by incorporating features in the software design which act as defenses
against CCFs. Such requirements and design features include the following four items:

D) requirements for formalized design phases, for following design standards, and for
performing formal design reviews

2) requirement for an expected use-based software testing and verification program

3) incorporation of fail-safe capability in the design (i.e., incorporation of mechanisms
(independent of the source of error) for detecting errors at the module or intermediate
level and producing a well-defined output which results in an application-specific safe
action)

4) incorporation of functional diversity which allows initiation of automatic protection
functions, even when errors associated with some plant parameters are present
(different plant parameters initiate the same automatic protection function
independently)

A sensitivity study was performed by the staff, using the applicant’s PRA models and results, to
assess the impact of uncertainty in the mean value of software failure probabilities used in the
AP1000 PRA on PRA results and insights. The major findings of this study are summarized
below:

. By increasing software failure probability by an order of magnitude, the CDF would
increase by about 20 percent (from 2.4E-7/yr to about 3.0E-7/yr). This indicates a
rather small sensitivity of the plant CDF to reasonable increases in the mean values of
software failure probabilities used in the PRA.

. By increasing software failure probability by an order of magnitude, and at the same
time assuming that all non-safety-related defense-in-depth systems become unavailable
and the plant continues operating at power, the plant CDF would increase by almost
three orders of magnitude (from 2.4E-7/yr to almost 1E-4/yr). (Based on risk importance
study results, the unavailability of the non-safety-related systems alone would increase
the plant CDF by about two orders of magnitude.) This indicates that if the plant is
operating without the non-safety-related defense-in-depth systems, the CDF is sensitive
enough to reasonable increases in the mean values of software failure probabilities
used in the PRA to impact PRA conclusions and insights about the design (e.g., the
selection of non-safety-related SSCs for regulatory oversight according to the RTNSS
process).

. By increasing software failure probability by an order of magnitude, and at the same
time assuming that all non-safety-related defense-in-depth systems, with the exception
of the DAS, become unavailable and the plant continues operating at power, the plant
CDF would increase by almost one order of magnitude (from 2.4E-7/yr to about
2E-6/yr). Because the unavailability of the non-safety-related systems alone would
increase the plant CDF by about a factor of five, based on risk importance study results,
the plant CDF is relatively insensitive to reasonable increases in the mean values of
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software failure probabilities used in the PRA when the plant is operating without all non-
safety-related defense-in-depth systems but the DAS. This underscores the importance
of the ESF actuation function of the DAS in reducing the impact of uncertainties
associated with software failure probabilities on PRA conclusions and insights about the
design (e.g., the selection of non-safety-related SSCs for regulatory oversight according
to the RTNSS process).

19.1.3.1.5.2 Sensitivity to Potential Lack of Modeling Details

The results of sensitivity studies performed to determine the impact of a potential lack of
modeling details on the estimated CDF from internal events are summarized below.

19.1.3.1.5.2.1 Modeling Spurious Actuation of Squib Valves

The applicant assessed the contributions of spurious ADS valve actuation, caused by faults in
the I1&C systems (PMS and DAS), to the various LOCA-initiating event frequencies. This
assessment, however, did not include faults in 1&C copper cables (e.g., hot shorts) from the
protection logic cabinets (PLCs) to the squib valve operators. A hot short in one of these
cables could increase the current to the value that causes detonation of the squib valve
operator. It was assumed in the AP1000 PRA that the frequency and impact on PRA results of
this spurious actuation mechanism is very small, except in the presence of a fire. According to
the applicant, spurious actuation of squib valves due to hot shorts, caused by cable insulation
degradation or mechanical damage and the presence of humidity, is expected to be a very low
frequency event for nuclear plant safety-grade cabling.

A study performed by the staff, using the applicant’s PRA models and results, underscored the
importance of incorporating features in the design of the ADS cabling to minimize the
probability of hot shorts actuating an ADS squib valve. The applicant responded by
incorporating additional features in the AP1000 design to further reduce the likelihood of
spurious actuation of a squib valve, such as using a valve controller circuit which requires
multiple hot shorts for actuation and physical separation of potential hot short locations.

19.1.3.1.5.2.2 Success Criteria for Containment Cooling by Air

A sensitivity study was performed by the applicant to investigate the impact of potential
uncertainties in the success criteria for passive containment cooling. There is some uncertainty
about the adequacy of long-term containment cooling by airflow for some accidents. Late
containment failure, and consequent loss of core cooling, cannot be ruled out for sequences
involving the release of steam inside the containment and the unavailability of the water cooling
mode of the PCS. The sensitivity study assumed that all sequences requiring containment
cooling would lead to core damage, if the water cooling mode of the PCS is unavailable. This
resulted in a rather small increase (about 30 percent) in the plant CDF. This finding indicates
that the plant CDF is not sensitive to uncertainties in the success criteria for containment
cooling by air used in the AP1000 baseline PRA. A similar conclusion was reached for the
focused PRA (i.e., when no credit is taken for non-safety-related defense-in-depth systems).
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19.1.3.1.5.2.3 Mission Times for Systems Providing Long-Term Cooling

The applicant assumes, in the PRA, a mission time of 24 hours for long-term cooling,
independent of plant condition. The staff identified the following two categories of accident
sequences that require long-term (beyond 24 hours) operator actions and/or system operation,
and which could impact PRA results and insights about the design:

D LOCA sequences with impaired containment (no long-term recovery actions to replenish
lost inventory were modeled)

2 sequences with an open path outside containment (the potential need to replenish the
lost IRWST or sump inventory was not modeled)

A sensitivity study performed by the staff shows that the impact of this issue on the estimated
CDF is rather small (i.e., the plant CDF from internal events would increase by less than

5 percent if long-term operator and/or system failures were included in the PRA models). In
addition, the sensitivity study indicates that this issue does not have a significant impact on PRA
conclusions and insights about the design. Furthermore, the applicant addresses these
concerns through the development of ERGs for long-term operator actions.

19.1.3.1.5.3 Sensitivity to Previously Raised Issues

The results of studies performed to determine the sensitivity of the estimated CDF to previously
raised issues are summarized below.

19.1.3.1.5.3.1 Check Valve Reliability

The applicability of generic failure data to CVs, present in several passive safety systems of the
AP1000 design, has been an issue in the AP1000 PRA review. While CVs are not unique to
the AP1000, the conditions under which they will be operating in the plant are different from
those in current generation nuclear plants. Such CVs will have to open under very low
differential pressures (created by the gravity-driving head only) after long periods of being held
closed (testing every 2 years at refueling) in the presence of stagnant borated water. To
account for less than ideal conditions which may exist at the time the valves are demanded,
EPRI has recommended increasing the standby failure rate of CVs in passive systems by a
factor of five as compared to the CVs used in the pumped systems of in operating reactor
designs (“Advanced Light Water Reactor Utility Requirements Document,” Volume 1ll, ALWR
Passive Plant). The applicant, however, did not use the higher failure rate recommended by
EPRI in the AP1000 PRA. The applicant believes this decision is justified because the CVs
used in the IRWST injection lines, which are the most risk-important CVs in the AP1000 design,
have two important features which compensate for the above-mentioned adverse conditions.
First, contrary to most CVs at operating nuclear power plants, the gate and seat design of these
CVs allows for small leaks, making them less susceptible to binding or sticking when they are
closed. Second, because of the presence of the squib valves, there is no pressure holding the
IRWST injection CVs closed which could force the disk to stick in the seat. The staff agrees
that these features most likely improve CV reliability. However, the applicant did not submit
data or analyses that could be used to demonstrate the degree to which such features
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compensate for the adverse operating conditions of the AP1000 CVs (i.e., having to open under
very low differential pressures after long periods of being held closed in the presence of
stagnant borated water). As discussed below, the staff performed a sensitivity analysis to
address the uncertainty resulting from the lack of data to support the reliability of these CVs, as
assumed by the applicant in the PRA.

Another issue concerning CVs, which became apparent during the AP1000 PRA review,
involves CCF histories at operating reactors and their applicability to AP1000 CVs. The CCF
probabilities of CVs, assumed in the AP1000 PRA, are based on information provided in
Revision 6 of the EPRI URD. The information on CCF of CVs, as revised in the last revision of
the EPRI URD, leads to a decrease by about an order of magnitude in the value of the CCF
probability recommended in previous URD revisions and used in previous PRAs for evolutionary
designs and operating reactors. According to the applicant, this results from a better
understanding of individual events involving failure of CVs at nuclear power plants and that
“EPRI found no common-cause failures to open of CVs (other than failure modes unique to
testable check valves).” An NRC-sponsored evaluation of licensee event report (LER) and
Nuclear Plant Reliability Data System (NPRDS) events (see “Common-Cause Failure Data
Collection and Analysis System,” INEL-94/0064, December 1995), which occurred between
1980 and 1993 at operating nuclear power plants, found about 20 events involving CCF of CVs.
Although it can be argued that only a portion of such events are applicable to the AP1000
design, the staff believes that significant uncertainty still exists in the data used to calculate
CCF probabilities of CVs in the AP1000 PRA.

A sensitivity study was performed by the staff, using the applicant's PRA models and results, to
assess the impact of uncertainties associated with the CV failure rate and the CCF data
assumed in the AP1000 PRA on PRA results and insights. The major findings of this study are
summarized below:

. Increasing both the CV failure rate by a factor of 5 (as recommended by EPRI) and the
CV CCF multiplier by an order of magnitude (as in previous PRAS) increases the CDF
by about a factor of 5 (from 2.4E-7/yr to about 1E-6/yr)

. Increasing both the CV failure rate by a factor of 5 (as recommended by EPRI) and the
CV CCF multiplier by an order of magnitude (as in previous PRAS), and at the same
time assuming that all non-safety-related defense-in-depth systems become unavailable
and the plant continues operating at power, increases the plant CDF almost two orders
of magnitude (from 2.4E-7/yr to about 2E-5/yr)

. Increasing both the CV failure rate by a factor of 5 (as recommended by EPRI) and the
CV CCF multiplier by an order of magnitude (as in previous PRAS), and at the same
time assuming that all non-safety-related defense-in-depth systems, with the exception
of the DAS become unavailable and the plant continues operating at power, increases
the plant CDF about 10 times (from 2.4E-7/yr to about 3E-6/yr). If, in addition to the
above changes, the explosive valve failure rate is also increased by a factor of 10 (as
explained in the above mentioned study), the CDF would increase about 15 times (from
2.4E-7lyr to about 3.5E-6/yr)
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. Increasing both the CV failure rate by a factor of 5 (as recommended by EPRI) and the
CV CCF multiplier by an order of magnitude (as in previous PRAs), and at the same
time assuming that all non-safety-related defense-in-depth systems, with the exception
of the DAS and the RNS become unavailable and the plant continues operating at
power, increases the plant CDF by almost one order of magnitude (from 2.4E-7/yr to
almost 2E-6/yr). Such an increase in CDF is not affected significantly when the failure
rate for the explosive valves is also increased by a factor of 5. This indicates that the
availability of the RNS significantly reduces the impact of uncertainties associated with
the failure probabilities of CVs and explosive (squib) valves on PRA conclusions and
insights about the design (e.g., the selection of non-safety-related SSCs for regulatory
oversight according to the RTNSS process).

19.1.3.1.5.3.2 MOV Reliability

A sensitivity study, performed by the staff based on the Westinghouse PRA models and results,
indicates that the AP1000 CDF from internal events is not very sensitive to reasonable
increases in MOV failure rates. This result shows that the AP1000 design is not very sensitive
to the concern that generic MOV failure rates may have been underestimated.

19.1.3.1.5.3.3 Frequency of Large-Break LOCAs

The applicant performed a sensitivity study to address staff concerns regarding the impact of
potential uncertainty associated with the large-break LOCA-initiating event frequency assumed
in the AP1000 PRA. In the AP1000 PRA, the applicant used the experience data reported in
NUREG/CR-5750, “Rates of Initiating Events at U.S. Nuclear Power Plants: 1987-1995,” for
pipe breaks as opposed to the more conservative data from pipe break analysis used in the
AP600 PRA. The use of experience data resulted in a large-break LOCA frequency of about
5E-6/yr as opposed to about 5E-5/yr which was used in the AP600 PRA. The major findings of
this study are summarized below.

. When the large-break LOCA frequency is increased by a factor of 10 (from 5E-6/yr to
5E-5/yr, as in the AP600 PRA), the plant CDF increases by almost a factor of 3 (from
2.4E-7/yr to about 6.4E-7/yr).

. When the large-break LOCA frequency is increased by a factor of 10 (from 5E-6/yr to
5E-5/yr, as in the AP600 PRA), and at the same time the conservatism in the success
criteria for hot-leg breaks is removed, the plant CDF increases by about 80 percent
(from 2.4E-7/yr to about 4.4E-7/yr). The conservatism in the success criteria arises
from the assumption in the PRA that makeup from both accumulators is required
following a large-break LOCA. However, thermal-hydraulic analyses have shown that
makeup from one accumulator is adequate if the break is in the hot-leg.

. When the large-break LOCA frequency for the hot-leg pipes is increased by a factor of
10 (the large-break LOCA frequency for the cold-leg pipes is not changed), and at the
same time the conservatism in the success criteria for hot-leg breaks is removed, the
plant CDF decreases by about 3 percent (from 2.4E-7/yr to about 2.3E-7/yr). The
rationale for keeping the large-break LOCA frequency for the cold-leg pipes unchanged
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is that no special failure mechanisms have been identified for cold-leg pipes, such as
primary water stress-corrosion cracking (PWSCC), and random pipe failures are
universally considered to be of very low frequency. PWSCC events are associated with
hotter RCS locations and with a specific type of material which is not used in the
AP1000.

This sensitivity study indicates that the large-break LOCA frequency assumed in the AP1000
PRA does not affect PRA conclusions and insights about the design.

19.1.3.1.5.4 Summary of Major Insights from the Sensitivity Studies

The most important insights from the sensitivity studies are summarized below:

The estimated CDF from internal events is very sensitive to several CCF probabilities.
This underscores the importance of those design features and operational requirements
which aim to prevent CCFs, for example, divisional separation and diversity of
redundant components, as well as appropriate maintenance and training programs.

The AP1000 CDF from internal events is not very sensitive to reasonable changes in
single component failure probabilities or initiating event frequencies.

The estimated CDF is not sensitive to further reductions in safety system outage times
for test and maintenance during power operation or to further reductions in human error
probabilities.

Uncertainties associated with failure probabilities of reactor trip components, such as
CBs, could have a significant impact on PRA conclusions and insights about the design
(e.g., the selection of non-safety-related SSCs for regulatory oversight according to the
RTNSS process). The availability control of the reactor trip function of the DAS provides
an efficient means for minimizing the impact of such uncertainties on PRA conclusions
and insights about the design.

Uncertainties associated with failure probabilities of ESF actuation components, such as
software, could have a significant impact on PRA conclusions and insights about the
design (e.g., the selection of non-safety-related SSCs for regulatory oversight according
to the RTNSS process). The availability control of the ESF actuation function of the
DAS provides an efficient means for minimizing the impact of such uncertainties on PRA
conclusions and insights about the design.

Uncertainties associated with failure probabilities of passive system CVs and explosive
(squib) valves could have a significant impact on PRA conclusions and insights about
the design (e.g., the selection of non-safety-related SSCs for regulatory oversight
according to the RTNSS process). The availability control of the RNS reduces
significantly the impact of such uncertainties on PRA conclusions and insights about the
design.
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. A reduction in the effectiveness of features incorporated into the design of the ADS
cabling, to minimize the probability of hot shorts actuating an ADS squib valve, could
have a significant impact on PRA insights and conclusions.

. PRA conclusions and insights about the AP1000 design are not very sensitive to the
concern that generic MOV failure rates may have been underestimated.

The insights from the sensitivity studies were integrated with insights from the uncertainty
analysis and the risk importance studies and were used, in conjunction with the assumptions
made in the PRA, to identify the design certification requirements reported in Section 19.1.8 of
this report.

19.1.3.2 Results and Insights from the Level 2 PRA (Containment Analysis)

The sections that follow present results and insights from the Level 2 portion of the PRA.
These sections address the frequency of the various accident classes considered in the Level 2
analysis, the frequency and conditional probability of containment failure, a breakdown of
containment failure frequency in terms of important containment failure/release modes, and a
summary of the risk-significant insights from the Level 2 PRA and supporting sensitivity
analyses.

19.1.3.2.1 Core Damage Sequences and Accident Classes Contributing to Containment
Failure

In the AP1000 PRA, the end states of the Level 1 system event trees (core damage
sequences) are binned into 11 accident classes on the basis of initiating event and RCS
conditions at the onset of core damage. Table 19.1-2 of this report provides the definition of
each accident class, along with the representative RCS pressure at the onset of core damage
and the CDF assigned to the Class in the baseline PRA for internal events at power.

The majority of Level 1 sequences (about 90 percent) involve events with at least partially
successful RCS depressurization and relatively low RCS pressure (less than 1.14 MPa

(150 psig)) at the time of core uncovery. For high-pressure core melt sequences, the Level 2
event tree further evaluates the potential to depressurize the RCS in the time period between
the onset of core damage and the challenge of the RCS pressure boundary. Thus, an even
larger fraction of the core melt sequences (about 95 percent) is estimated to involve a
depressurized RCS at the time of RCS pressure boundary challenge.

Accident Class frequencies are propagated through the containment event tree (CET) to
evaluate the potential for operator actions, safety system response, and the containment
structure to mitigate the release. The CET includes top events/nodes that address the
following:

. RCS depressurization after core uncovery

. containment isolation

. reactor cavity flooding (by gravity draining or manual actuation)
. reactor vessel reflooding and associated hydrogen production
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. reactor vessel integrity

. passive containment cooling

. containment venting

. intermediate containment failure

. hydrogen igniter system availability

. diffusion flames at IRWST and valve vault exits

. early hydrogen detonation (during hydrogen release to containment)

. global deflagration

. intermediate hydrogen detonation (after hydrogen is mixed in containment)

The CET is quantified separately for each accident class. For system-related top events, split
fractions are quantified by linking to the system fault trees (i.e., top events for RCS
depressurization, containment isolation, reactor cavity flooding, and the hydrogen igniter
system). For the balance of the top events, split fractions are assigned scalar values based on
a characterization of the underlying processes/phenomena.

Each end state of the CET is assigned to one of six containment release categories (RCs). The
applicant considered all containment release/failure categories, except intact containment (IC)
to constitute a large release, which is conservative. As such, the LRF reported in the PRA is
equivalent to the CDF, less the frequency of the IC RCs. Table 19.1-3 of this report presents
the conditional containment failure frequency for each accident Class for the baseline PRA for
internal events at power. The CCFP for accident classes 1A, 1AP, 3A, and 6 (40 to 92 percent)
is considerably higher than for other classes because of the failure of late depressurization in
these sequences, which leads directly to containment bypass. The CCFP for accident

classes 3BL and 3BR is lower than for other classes (e.g., 3BE and 3D/1D) because reactor
cavity flooding occurs as a consequence of accident progression in these accident classes. In
contrast, 3BE and 3D/1D sequences require manual actuation of the cavity flooding system,
with a typical failure probability of about 0.05.

Figure 19.1-1 and Table 19.1-4 of this report present the frequencies of the various
containment release categories and the fractional contributions by release category to the total
LRF. Section 19.1.3.2.2 of this report further discusses the leading contributors to the various
RCs.

19.1.3.2.2 Leading Contributors to Containment Failure from the Level 2 PRA

The breakdown of results from the PRA reveals that about 8 percent of the core damage events
result in large release/containment failure. The bulk of these releases (about 54 percent)
involve containment bypass. Early containment failures account for about 38 percent of the
containment failure frequency. Containment isolation failure contributes about 7 percent.
Intermediate containment failure (as a result of hydrogen detonation) and late containment
failures (attributable to containment pressurization as a result of PCS failure) together
contribute about 1 percent. The updated PRA does not treat basemat melt-through as a
separate failure mode. Instead, all events that lead to reactor vessel melt-through are
considered to result in early containment failure, as discussed below.
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Figure 19.1-2 of this report identifies the important contributors to each of these RCs, which are
discussed further in the sections that follow.

19.1.3.2.2.1 Containment Bypass (BP)

Accident sequences in which fission products are released directly from the RCS to the
environment via the secondary system or other interfacing system are classified as containment
bypass. The total frequency of containment bypass failure in the baseline PRA is 1.1E-8/y, or
about 54 percent of the containment failure frequency.

As shown in Figure 19.1-2 of this report, pressure- and temperature-induced SGTR sequences
account for 64 percent of the containment bypass frequency. High-pressure core melt
sequences are conservatively assumed to result in failure of the SG tubes because of either of
the two following conditions:

. high differential pressures in ATWS sequences (accident Class 3A) with failure of RCP
trip, CMT injection, or PRHR

. thermally induced creep rupture in high-pressure core melt sequences (accident
classes 1A and 1AP) in which late depressurization is unsuccessful

Hot-leg creep rupture is not credited to prevent SG tube failure or high-pressure vessel failure.
Conservatively assuming that these events result in containment bypass obviates the need for
additional thermal-hydraulic and probabilistic analyses of the following:

. the likelihood of RCS piping versus SG tube overpressure failures in ATWS events

. the likelihood of containment failure from DCH pressure loads in high-pressure core melt
accidents

. the relative threat and timing of creep-rupture failures in RCS piping and SG tubes in

high-pressure core melt accidents

SGTR-initiated core melt sequences with failure to depressurize the RCS prior or subsequent to
core uncovery (accident Class 6) account for the balance of the bypass frequency
(approximately 36 percent). The Level 2 PRA analysis evaluates the potential for RCS
depressurization. Depressurization is credited in sequences in which the following occurs:

. PRHR is successful and the ADS fails by operator error initially, but is successfully
recovered before extensive core damage

. PRHR and the ADS are successful (core melt occurs in these sequences as the result
of failure of sump recirculation)

RCS depressurization is successful in approximately half of the Level 1 SGTR sequences in the
baseline PRA. SGTR sequences with successful depressurization are not considered to result
in containment bypass because of low RCS pressure and high water level in the faulted SG.
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Therefore, they are not reflected in the 36 percent contribution from SGTR events in

Figure 19.1-2 of this report. Instead, these events are further evaluated in the CET, where they
generally result in an intact containment and a benign source term. The assumption that the
SG level will be maintained above the break in such sequences is important to the LRF and
dose results, and will be further assured by inclusion of appropriate guidance on SGTR
response within the severe accident management guidance to be developed by the COL
applicant. This is part of COL Action Item 19.2.5-1.

In previous PRASs, ISLOCA sequences are typically a major concern for containment bypass.
However, as a result of piping system upgrades discussed previously, the frequency for
ISLOCA sequences is very low for the AP1000 (5E-11/yr). As such, the contribution of ISLOCA
sequences to the CDF and risk is negligible.

The PRA characterizes the containment bypass release category by an SGTR case with
coincident rupture of five SG tubes, a stuck-open secondary system relief valve, and failure of
the ADS (Case 6E-1). The fission product release to the environment begins approximately at
the onset of fuel damage. In the AP600 PRA, the applicant applied a decontamination factor
(DF) of 100 to the aerosol release fractions calculated from the MAAP code to account for
impaction on the SG tubes, which was not modeled in MAAP. The AP1000 PRA credits no
additional decontamination for the SGTR source terms.

19.1.3.2.2.2 Early Containment Failure (CFE)

Accident sequences in which containment failure occurs within the period between onset of
core damage and the end of core relocation are classified as early containment failure. In the
baseline PRA, containment failures in this time period are caused by events involving RPV
failure or hydrogen detonation. The total frequency of CFE in the baseline PRA is 7.5E-9/yr, or
about 38 percent of the containment failure frequency.

The majority of the early failure frequency in the baseline PRA is associated with failure of the
RPV. About 66 percent of the CFEs involve 3BE and 3D sequences involving failure of reactor
cavity flooding and subsequent reactor vessel failure. An additional 13 percent is attributed to
spontaneous RPV failure events (3C) in which the vessel is not able to be reflooded to prevent
debris relocation. The major causes of cavity flooding failure are listed below:

. operator failure to open the recirculation valves to flood the reactor cavity
. CCF of low-pressure recirculation squib valves to open

. CCF of strainers in IRWST tank

. CCF of actuation software and hardware

CFE is assumed to occur as a result of ex-vessel phenomena associated with debris relocation
into the reactor cavity during low-pressure core melt sequences. This assumption
conservatively bounds uncertainties related to ex-vessel FCI, CClI, and impingement of corium
on the containment shell. High-pressure core melt sequences, which could potentially
challenge the containment from DCH, are assumed to result in containment bypass and do not
contribute to CFE. The assumption that RPV failure leads to CFE was made in view of the
following:
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. the high probability that the reactor cavity will be flooded in a core melt accident

. high confidence that molten core debris would be retained in-vessel due to the
incorporation of ERVC features in the AP1000 design

. the large uncertainties associated with ex-vessel debris spreading and FCI

Deterministic calculations performed by the applicant and documented in DCD Tier 2,

Appendix 19B, “Ex-Vessel Severe Accident Phenomena,” indicate that containment integrity
would be maintained despite localized structural failures predicted for an ex-vessel FCI (i.e., the
interaction of molten fuel with residual breakflow expected to be present in the cavity with failure
of reactor cavity flooding) and CCI. Although many of the events contributing to CFE frequency
could be expected to result in later or no containment failure on the basis of these calculations,
the bounding assumption was made in view of the uncertainties in the resulting end states.

This assumption dominates the probability of CFE in the AP1000 PRA.

CFE as a result of hydrogen combustion accounts for 21 percent of the CFE frequency. The
majority (13 percent) is attributed to creep rupture of the containment shell due to diffusion
flames at adjacent, failed-open, IRWST louvered-vents. The threat from diffusion flames was
found to be important for AP600, and is significantly reduced in AP1000 by the addition of the
louvered-vent feature. The remaining hydrogen-related failures (8 percent) involve early
hydrogen detonation because of failure of the hydrogen igniter system. The major causes of
igniter failure include the following:

. CCF of igniters

. failure of the 12 V distribution panel

. operator failure to actuate the hydrogen control system
. CCF of hydrogen analyzer sensors

The actual frequency of CFE from hydrogen combustion is small because of the high reliability
of the hydrogen igniter system, the small fraction of core damage sequences involving SBO
sequences in the AP1000 design, and the addition of the IRWST louvered-vents.

The applicant evaluated the potential for CFE from deflagrations in the development of the
Level 2 event trees, but judged the contribution to be insignificant. Deflagrations were not
considered to contribute to CFE because of the limited quantities of combustible gases
produced when core debris is successfully retained in-vessel, and are not modeled as a
contributor to CFE in the CET. (Failure to retain the core debris in-vessel would result in larger
amounts of combustible gases, but such sequences are already assumed to result in CFE, as
discussed above.)

The AP1000 includes a non-safety-grade containment spray system, but its impact on
containment response is not reflected in Levels 2 and 3 PRA results. The use of sprays is
generally considered to be beneficial in terms of reducing containment pressure and enhancing
fission product removal. In view of the potential for the sprays to adversely impact containment
response by increasing the likelihood and magnitude of hydrogen combustion events, the staff
requested the applicant to evaluate the impact of spray operation on hydrogen combustion
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modeling and assumptions in the Level 2 analysis. The staff also asked the applicant to
confirm that containment performance (and containment failure frequency) will not be adversely
impacted. The applicant assessed the effect of sprays on the evaluation of containment failure
for each combustion mode treated in the PRA, and determined that the operation of the
non-safety-related spray system has no significant impact on the containment failure probability
determined in the AP1000 hydrogen assessment. Given the very low frequency of sequences
involving failure of the PCS (in which use of sprays could result in deinerting of the containment
atmosphere), the staff agrees that the potential for containment sprays to adversely impact
containment performance would be insignificant.

Additional mechanisms that contribute to CFE in other PRAs include in-vessel FCI (alpha mode
failure), rocket mode failure, and corium impingement as a result of high-pressure melt ejection.
The applicant evaluated these mechanisms and found them to be insignificant based on
deterministic and probabilistic considerations. The potential for containment failure from
in-vessel FCI was addressed for AP600 using Risk Oriented Accident Analysis Methodology
(ROAAM), and judged to be physically unreasonable. This analysis and conclusion has been
extended to the AP1000 (see Section 19.2.3.3.5.1 of this report). Even if the mean values
found in NUREG-1150, Volume 1, “Severe Accident Risk: An Assessment of Five U.S. Nuclear
Power Plants,” were used to quantify the CCFP from this containment failure mode, the
absolute value of containment failure frequency, as a result of an alpha mode failure, would be
very small. Reactor vessel displacements associated with postulated ex-vessel steam
explosions were also considered and determined not to affect the integrity of the containment
and associated equipment. The AP1000 containment layout and the inclusion of a protective
layer of concrete in the reactor cavity precludes the possibility of corium impingement on the
containment shell, as described in Section 19.2.3.3.3 of this report.

The CFE release category is represented in the PRA by a spurious actuation of two ADS Stage
2 valves with failure of IRWST injection, successful cavity flooding and in-vessel retention, and
successful operation of the hydrogen igniters (Case 3D-4). A diffusion flame is assumed to
occur at the IRWST vents near the containment shell and result in CFE.

19.1.3.2.2.3 Intermediate Containment Failure (CFI)

CFls are defined as events in which containment failure occurs in the time period between the
end of core relocation and 24 hours after the onset of core damage. Risk significant
contributors to CFl involve failure of the hydrogen igniter system and containment failure due to
hydrogen detonation in the intermediate timeframe. Sequences with containment
overpressurization due to failure of both the PCS and containment venting also contribute, but
this contribution is negligible. The total frequency of CFI in the baseline PRA is 1.9E-10/yr, or
about 1 percent of the containment failure frequency.

Within the CET, global hydrogen deflagrations are modeled as a potential contributor to CFI for
events in which the igniters are failed. However, the containment failure probability from
deflagration was judged to be negligible and assigned a value of zero. Quantification was
based on combining a probability distribution of the peak adiabatic isochoric complete
combustion (AICC) hydrogen burn pressure (developed from separate probability distributions
for hydrogen generation and preburn containment pressure) with the CCFP distribution.
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Scenarios with no reflooding, early reflooding, and late reflooding of the RPV were separately
evaluated, and limited sensitivity analyses were performed. In all cases, the containment failure
probability from deflagration was determined to be negligible and therefore assigned a value of
zero. Deflagrations do not contribute to CFl because of the limited quantities of combustible
gases produced when core debris is successfully retained in-vessel. (Failure to retain the core
debris in-vessel would result in larger amounts of combustible gases, but such sequences are
already assumed to result in CFE, as discussed above.)

The CFl release category is represented in the PRA by a direct vessel injection (DVI) line break
in the passive core cooling system (PXS) compartment with failure of IRWST injection;
successful cavity flooding, reactor vessel reflood, and in-vessel retention; and failure of the
hydrogen igniters (Case CFI). The hydrogen generated in the primary system is released into
the SG compartments, IRWST, and the valve vault room. A detonation to deflagration
transition is assumed to occur during the intermediate timeframe (after reflood) in the CMT
room, causing containment failure. Containment failure occurs after the majority of the fission
products have been released from the RCS, thus some time is available for fission product
deposition within the containment.

19.1.3.2.2.4 Late Containment Failure (CFL)

The AP1000 PRA defines CFL as a failure occurring later than 24 hours after the onset of core
damage. All contributors to CFL involve failure of the PCS and containment failure as a result
of late overpressurization. The total frequency of CFL in the baseline PRA is about 3E-13/yr, or
less than 0.1 percent of the containment failure frequency.

Unlike the AP600, in which air cooling of the containment alone is sufficient to maintain
containment pressure less than Service Level C (728.8 kPa (91 psig)), failure to deliver PCS
water to the containment shell is considered a containment failure mode in the AP1000 PRA.
This is due to the inability to remove the higher decay heat levels in the AP1000 by air cooling
only. Based on MAAP calculations performed for both nominal and bounding representations
of decay heat, ambient air temperature, and containment shell temperature, the majority

(98 percent) of events involving failure of PCS water delivery are considered to result in a CFL.
The remainder (2 percent) are considered CFls. The actual frequency of CFL is quite small
because of the high reliability of PCS water delivery. The reliability of PCS water delivery in the
AP1000 has been improved over the AP600 by the addition of a third, parallel water supply line
for PCS, controlled by a diverse valve (an MOV, in contrast to an AQV, in each of the other two
lines).

An additional PCS-related failure mode is plugging of the drains near the floor of the annulus
around the containment shell. Drain plugging can lead to accumulation of PCS water in the
annulus, eventually reaching the baffle plate in the annulus and interrupting the air circulation.
The PCS failure in the AP600 PRA was dominated by blockage of the PCS annulus drainlines.
This failure mechanism is not modeled in the AP1000 PRA. The staff identified the omission of
this failure mechanism as Open Item 19.1.3.2-2 in the DSER.

In response, the applicant noted that the treatment of PCS drain blockage as a containment
failure mechanism in the AP600 was conservative, and this phenomenon was dropped as a

19-51



Severe Accidents

containment failure mechanism in the AP1000 because it would not realistically be expected to
result in containment failure. Specifically, by definition of the drain failure case, PCS water flow
over the containment shell is guaranteed. The cooling of the containment shell with water, even
without airflow through the annulus, would remove sufficient heat from the shell to prevent
containment failure. Although the water film temperature and containment pressure would be
higher if there is no airflow, the containment pressure is not expected to exceed Service

Level C. The staff concurs with this rationale and further notes that inclusion of this failure
mode at the same failure probability used in the AP600 PRA would increase the containment
failure frequency by about 2E-11/yr; the frequency of CFL would remain less than 0.1 percent
of the total containment failure frequency. Therefore, Open Item 19.1.3.2-2 is resolved.

Although not a key failure mode, the availability of the PCS annulus drains will be confirmed
every 2 years in accordance with the AP1000 TS.

The following additional CFL modes were evaluated in other ALWR PRAs, but were not
explicitly modeled in the AP1000 PRA for the reasons discussed below:

. containment basemat melt-through

. containment overpressurization failure from noncondensable gas generation, or late
hydrogen burn

. containment overtemperature failure (other than diffusion flames)

Sequences that proceed to RPV failure could lead to basemat melt-through or
overpressurization from noncondensable gas generation, but are conservatively treated as
CFEs in the AP1000 PRA. Hydrogen combustion would have a negligible contribution to CFLs
given the high availability of igniters, the limited amount of hydrogen that can be produced
in-vessel, and the likelihood that this hydrogen would be burned in the early and intermediate
timeframes. Hydrogen combustion was therefore not modeled as contributing to CFL. Late
containment overtemperature failure would be a viable threat only if the reactor cavity was dry
and the containment heat removal was lost. Such events are of low frequency, given the high
probability of a flooded reactor cavity and the high reliability and independent nature of the PCS
in the AP1000 design. In addition, they are conservatively assumed to lead to CFE in the PRA.
The overtemperature challenge would be further reduced by use of the non-safety containment
sprays.

The PRA represents the CFL release category by a medium (5.1 cm (2 in.)) hot-leg break in the
SG loop compartment with failure of IRWST injection, successful cavity flooding and in-vessel
retention, and failure of PCS cooling water (Case CFL). Containment failure was assumed to
occur from long-term containment over-pressure at 728.8 kPa (91 psig).

19.1.3.2.2.5 Containment Isolation Failure (CI)

Cls are events involving failure of the system of valves that close the penetrations between the
containment and the environment. The containment isolation analysis in the AP1000 PRA
consists of a screening of all penetrations to identify those whose failure would result in a failure
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of the containment isolation function, as well as a fault tree analysis on the remaining
penetrations to determine the probability of failure to isolate. Penetrations retained in the
analysis (i.e., not screened out) are limited to the following lines:

. instrument air in normal containment sump
. containment air filter supply and exhaust

. main steamlines and feedwater lines

. SFW lines

. SG blowdown lines

Failure of SG isolation following an SGTR and steamline isolation following a main steamline
break event are considered in the Level 1 event tree analysis, but do not contribute to the
containment isolation frequency reported in the Level 2 PRA. The frequency of containment
isolation failure in the baseline PRA is 1.3E-9/yr, or about 7 percent of the containment failure
frequency. The probability of a preexisting opening in containment large enough to constitute
an isolation failure (1.2E-04) is included in the Level 1 fault tree model for a LOCA, but was
omitted in the containment isolation fault trees. This was Open Item 19.1.3.2-1 in the DSER.

In response, the applicant provided an assessment of the impact on results, if this failure mode
were included in the model. This assessment, which is documented in Attachment 43D to the
PRA, indicates that the CI release category frequency would increase by only about 7 percent
(from 1.3E-9/yr to 1.4E-9/yr), and that the impact on the LRF would be insignificant. Therefore,
Open Item 19.1.3.2-1 is resolved.

The ClI release category is represented in the PRA by a large LOCA at the reactor vessel belt-
line with successful IRWST injection, successful cavity flooding and in-vessel retention, and
successful operation of the hydrogen igniters (Case 3C-2). The Cl is represented in the PRA
by a failure to close the largest containment penetration, an 45.7 cm (18 in.) diameter purgeline,
at the onset of the accident. Thus, fission product releases from the RCS can pass from the
containment to the environment with reduced potential for attenuation.

19.1.3.2.3 Important Insights from Level 2 PRA and Supporting Sensitivity Analyses

Insights from the Level 2 PRA are summarized below. These are organized in terms of
equipment/design features, severe accident phenomena/challenges, and human actions.

19.1.3.2.3.1 Equipment/Design Features

ERVC is effective in the majority of sequences. The AP1000 design incorporates several
features that enhance ERVC relative to operating plants, including the following:

. safety-grade systems for RCS depressurization and reactor cavity flooding

. a unique RPV thermal insulation system that improves coolant access to the RPV during
severe accidents and is not subject to clogging or structural failure by ERVC-related
loads
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. a “clean” lower head that is unobstructed by penetrations

Credit for ERVC in the Level 2 analysis results in the majority (~97 percent) of core melt
accidents (that do not involve containment bypass or containment isolation) being arrested
in-vessel in the baseline PRA. As such, containment challenges from ex-vessel FCI and CCI
are avoided, and the quantity of hydrogen generated is limited in most core melt accidents.

High reliability of RCS depressurization and reactor cavity flooding contribute to the success of
ERVC. Credit for ERVC in the PRA is based on a deterministic analysis of ERVC using the
ROAAM, which concludes that thermally induced failure of an externally flooded AP1000-like
reactor vessel is “physically unreasonable,” AP1000-specific testing and analyses to extend this
work to the AP1000 design; and a probabilistic assessment of the likelihood of achieving the
necessary conditions for successful ERVC, including the following:

. depressurization of the RCS to below 1.14 MPa (150 psig) before RCS pressure
boundary challenge

. flooding of the reactor cavity to a level above the reactor vessel nozzle gallery
(Elevation 98") prior to the time at which core debris would relocate to the lower head,
vaporize the water in the lower head, and reheat to the point of melting additional
structures.

A value of 70 minutes after core exit temperatures exceed 648.9 °C (1200 °F) is used to define
these criteria.

Sufficient depressurization (as the result of successful operation of Stages 1-3 of the ADS or
large LOCA breakflow) is achieved in about 95 percent of the core melt sequences. Adequate
reactor cavity flooding is achieved in about 98 percent of the sequences. About half of the core
damage events require operator actuation of the cavity flooding system to ensure successful
cavity flooding, but the remaining half would adequately flood as a direct consequence of the
accident progression, even without manual actions. If the operator always fails to manually
flood the reactor cavity, the containment failure frequency would increase from 1.9E-8/yr to
1.6E-7/yr, and the CCFP would increase from 8.1 to 66 percent. CCF of IRWST discharge line
strainers is a dominant contributor to failure of reactor cavity flooding and CFE in the PRA.
IRWST strainer plugging will be controlled by inclusion in the D-RAP, and by a TS requiring
verification that the screens are not restricted by debris.

Reflooding of the RPV through postulated RCS pipe breaks has a significant effect on hydrogen
production. If the initiating event is a LOCA in the loop compartment, RPV reflooding occurs
after significant core damage and cladding oxidation have already occurred, and does not
significantly impact hydrogen production. However, if the initiating event is a DVI line break in
the valve vault room and the gravity injection valves in the broken DVI line open, RPV
reflooding occurs while cladding oxidation is just beginning, thereby substantially enhancing
hydrogen production in the supporting MAAP calculations. Although RPV reflooding is
addressed as a separate top event in the CET, the outcome of reflooding has no appreciable
impact on containment performance because the igniter system and the cavity flooding system
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function to mitigate the effect of additional hydrogen produced by reflood and retain the core
debris in-vessel, in the majority of sequences.

Diversity between injection and recirculation squib valves is important to Level 2 results. An
important modeling assumption for 3BE sequences is that the IRWST injection squib valves are
diverse from the containment recirculation squib valves. As such, when IRWST injection is
failed as a result of CCF of squib valves in the injection line, credit is taken for diverse squib
valves in the recirculation lines used for reactor cavity flooding. Diversity is derived from the
difference in operating conditions and design pressures for these valves, and is not considered
to be compromised by maintenance errors or environmental/aging effects.

A specific reactor cavity concrete type is not required to meet the Commission’s goals
regarding LRF and CCFP. Compared to other ALWRs, the AP1000 ex-vessel debris bed is
deeper, and the concrete basemat is thinner. Although these factors tend to increase the
severity of basemat erosion, deterministic analyses indicate that in the event of unabated CCI,
containment basemat penetration or containment overpressurization will not occur until after
2 days, regardless of concrete composition. Based on these results, the AP1000 design does
not impose any restrictions on the type of concrete that can be used for the containment
basemat and the reactor cavity walls. The impact of basemat concrete composition on overall
plant risk is not readily apparent from the PRA because all events that lead to reactor vessel
breach are assumed to result in CFE from other mechanisms. However, the staff expects the
risk contribution from CCI to be small, because the consequences associated with basemat
melt-through or late containment overpressure at the earliest projected times would be benign
relative to other failure modes. Operation of the non-safety-related containment spray system
would further reduce the risk from overpressure failure.

PCS water delivery is required to assure containment integrity. Failure of PCS water delivery to
the containment shell is considered a containment failure mechanism in the PRA, because
containment cooling by air alone is sufficient to limit containment pressure to values below the
applicant’s Service Level C estimate. The majority (98 percent) of events involving failure of
PCS water delivery are considered to result in a CFL (after 24 hours). The remainder

(2 percent) are considered CFls (prior 24 hours). The actual frequency of CFL is quite small
because of the high reliability of PCS water delivery. The reliability of PCS water delivery in the
AP1000 has been improved over the AP600 by the addition of a third, parallel water supply line
for the PCS, controlled by a diverse valve (an MOV, in contrast to an AQOV, in each of the other
two lines).

An additional PCS-related failure mode is plugging of the drains near the floor of the annulus
around the containment shell. Drain plugging can lead to accumulation of PCS water in the
annulus, eventually reaching the baffle plate in the annulus and interrupting the air circulation.
Inclusion of this failure mode would increase the frequency of CFL in the AP1000. However,
the frequency of CFL would remain less than 0.1 percent of the total containment failure
frequency. Although not a key failure mode, the availability of the PCS annulus drains will be
confirmed every 2 years in accordance with the TS.

A subset of the containment isolation valves (CIVs) are important in limiting offsite releases
during core melt accidents, and are therefore actuated by the DAS in addition to the PMS.
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These valves include the isolation valves in the containment purge supply and exhaust lines,
and the normal containment sump line. The PRA assumes that the 45.7 cm (18 in.)
containment purge supply and exhaust valves will be open 12 percent of the time during normal
operation and are key release pathways in the event of failure to isolate.

AC power is available in the majority of core melt accidents. Core melt sequences involving
LOOP contribute less than 1 percent of the CDF in the baseline PRA. Thus, ac power would be
available in the majority of internally initiated severe accidents. As a result, non-safety-related
systems provided specifically to deal with severe accidents, such as containment sprays, can
be supplied by normal ac power and still serve their function in the large majority of core melt
events.

The non-safety containment spray system provides additional fission product removal. The
AP1000 design includes a containment spray system for long-term accident management, as
discussed in Section 19.2.3.3.9 of this report. In the event of a severe accident involving failure
or ineffective operation of the PCS, containment sprays would reduce containment
pressurization and enhance fission product removal. However, the spray system is not needed
to meet the Commission’s containment performance goals or quantitative health objectives.
The containment spray system is not modeled in the PRA, but would not significantly impact the
estimated containment failure frequency because containment overpressurization is not a
dominant failure mode in the PRA. The greater impact would be on offsite risk, as discussed in
Section 19.1.3.3.3 of this report.

The AP1000 design includes the capability to manually vent the containment as a long-term
accident management measure. Venting provides for a controlled release of fission products in
lieu of a catastrophic, overpressure failure of containment in events involving failure of the PCS
or unmitigated CCIl. However, the vent is not needed to meet the Commission’s containment
performance goals or quantitative health objectives. Venting is not credited in the PRA, and
would not significantly impact the estimated containment failure frequency, because
containment overpressurization is not a dominant failure mode in the PRA. Section 19.2.3.3.8
of this report further discusses the venting capabilities of the AP1000.

19.1.3.2.3.2 Phenomena/Challenges

Failure of RCS depressurization or ERVC is conservatively assumed to lead to containment
failure. The majority of containment failures in the baseline PRA are a result of conservative
treatment of severe accident phenomena associated with events in which the RCS is not
successfully depressurized or the reactor cavity is not flooded. The PRA assumes that high-
pressure core melts (which could lead to RPV breach and DCH, thermally induced SGTR, or a
more benign creep-rupture failure of RCS piping) always result in thermally induced SGTR.
The PRA assumes that events with failure of cavity flooding (which could lead to CFE by
ex-vessel FCI, CFL by basemat melt-through, or no containment failure) always result in CFE.
In contrast, deterministic analyses indicate that DCH and ex-vessel FCI will not result in CFE,
and that CCI will not lead to containment overpressure or basemat penetration until after 2
days. Accordingly, the containment failure frequency and dominant contributors could be
substantially different than those reported in the PRA, if a more realistic, less conservative
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treatment of these issues were performed. However, the risk would remain low, as discussed
in the following paragraphs.

Eliminating credit for ERVC would increase the CCFP, but the LRF goal would still be met. For
the final bounding state, core debris configuration that forms the centerpiece of the related
ROAAM analysis (DOE/ID-10460), the staff’s review of ERVC supports the applicant’s
contention that RPV integrity will be maintained. However, uncertainties in the likelihood of
retaining a molten core in-vessel are large. If credit for successful ERVC is reduced or
eliminated, containment failure frequency would increase proportionally because all RPV
breaches are assumed to lead to CFE in the baseline PRA. Under the most limiting assumption
of no credit for ERVC, the containment failure frequency would approach the core melt
frequency, given the pessimistic characterization of containment response to an RPV breach.
Even then, however, the containment failure frequency would remain below the 1E-6/yr goal
because of the low estimated CDF. The actual containment failure frequency is expected to be
much lower based on deterministic analyses that indicate that the containment is capable of
sustaining ex-vessel loads.

Diffusion flames represented a unique containment challenge for the AP600. In that design,
diffusion flames could occur at the IRWST exit in events with successful operation of ADS
Stages 1-3, but failure of ADS Stage 4. If the flames remain anchored to the vent, the resulting
radiative and convective heat loads would not challenge the integrity of the containment shell.
However, if the flames become attached to the containment shell, the thermal loads could
produce sufficient heating of the containment shell to result in localized creep rupture. The
containment layout has several provisions to minimize the threat of diffusion flames that can
challenge the integrity of the containment shell, as described below:

. The openings from the accumulator rooms and CVS compartments that can vent
hydrogen to the CMT room are either located away from the containment wall and
electrical penetration junction boxes or are covered by a secure hatch.

. IRWST vents near the containment wall are oriented to direct releases away from the
containment shell.

. IRWST vents near the containment wall are equipped with louvers that are normally
closed. These louvers are designed to open at higher differential pressures than the
IRWST pipe vents, and then reclose under their own weight when the differential
pressure is reduced.

This latter feature was added to the AP1000 design to reduce the potential for diffusion flames
at the containment shell and is safety-related. Operation of the IRWST louvered vents will
preferentially direct the hydrogen releases to the IRWST pipe vents (located along the SG
doghouse wall), where diffusion flames would not adversely impact the containment. Failure of
the louvered vents to reclose is assumed to result in CFE because of the presence of diffusion
flames, and accounts for about 5 percent of the containment failure frequency for the AP1000.
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Hydrogen deflagrations do not contribute to containment failure in the baseline PRA because of
the following:

. the relatively limited amount of hydrogen that is produced in events that are successfully
arrested in-vessel

. the availability of the hydrogen igniter system in the majority of core melt sequences

. the capability of the containment to withstand the AICC peak pressures associated with
large deflagrations when igniters are unavailable

With the exception of diffusion flames, deflagration-to-detonation transitions are the only
combustion-related contributor to containment failure in the PRA, but the contribution is small
as a result of the high availability of the igniter system. If the igniter system failure probability is
increased to 0.1, the containment failure frequency increase is small (from 1.9E-8/yr to
2.3E-8lyr). If the system is assumed to be unavailable in all sequences, the containment failure
frequency increases from 1.9E-8/yr to 6.3E-8/yr, and the CCFP increases from 8.1 to

26 percent in the baseline PRA. This shows that the operation of igniters is important to
maintaining a low release frequency, but that system reliability can be reduced and not
substantially impact risk.

19.1.3.2.3.3 Human Actions

A limited number of human actions in the Level 2 PRA are risk-important. The applicant
identified certain operator actions in the Level 2 analysis as important to LRF, based on
sensitivity/importance analyses. The following risk-important actions will be taken into account
in the control room design and the development of implementing procedures and training
programs, as discussed in Chapter 18 of this report:

. diagnose and actuate the ADS after core damage to prevent RPV failure or
temperature-induced SGTR (LPM-RECO01 and AND-RECO01)

. diagnose and actuate the ADS after core damage in SGTR events to terminate releases
from containment (PDS6-MANADS)

. open recirculation valves to flood the reactor cavity (REN-MANOQ3)
. actuate the hydrogen igniter system (VLN-MANO1)

Guidance for certain human actions will be developed as part of accident management. Late
RCS depressurization, hydrogen igniter system actuation, and reactor cavity flooding system
actuation are credited in the Level 2 analysis and included within the emergency operating
procedures. Several other actions not modeled in the Level 2 analysis are also manual,
including actuation of the containment spray system and the containment vent system, and
energizing the igniter system from either the nonessential diesel generators or the

non-Class 1E batteries. The COL applicant will develop detailed procedures for these latter
actions as part of COL Action Item 19.2.5-1 regarding accident management.
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Operator actions to depressurize the RCS are credited for terminating SGTR. Operator actions
to depressurize the RCS and maintain a water level covering the SG tubes are important in
mitigating fission product releases from an SGTR accident. In approximately half of the Level 1
SGTR sequences, late RCS depressurization was successful. The PRA does not consider
those SGTR sequences with successful late depressurization to result in containment bypass
because of low RCS pressure and high water level in the faulted SG. Instead, these events are
further evaluated in the CET, where they generally result in an IC and a benign source term.
Eliminating credit for late depressurization during SGTR events increases the frequency of
containment failure from 1.9E-8/yr to 2.9E-8/yr, and the CCFP from 8.1 to 12 percent. The
assumptions that the RCS will be depressurized and the SG level will be maintained above the
break, in such sequences will be further assured by inclusion of appropriate guidance on SGTR
response within the COL applicant’s severe accident management guidance, as discussed in
Section 19.2.5 of this report. This is part of COL Action Item 19.2.5-1.

19.1.3.2.4 Frequency and Conditional Probability of Containment Failure

In assessing the probability of containment failure, the staff considered two alternative
definitions of failure:

D Failure may result from the loss of containment structural or leak-tight integrity (i.e., the
containment integrity definition). Containment failure frequency under this definition is
the total frequency of all containment release modes/categories except those in which
the containment remains intact, and is equivalent to the LRF used by the applicant.

(2) Failure may result in releases leading to whole body doses of 0.25 Sv (25 rem) or
greater at 0.80 km (0.5 mile) from the reactor (i.e., the dose definition). Containment
failure frequency under this definition is the total frequency of events which result in a
relatively large release at the site boundary. Rather than attempt to define a large
release, the staff used the EPRI criterion of 0.25 Sv (25 rem) at 0.80 km (0.5 mile) from
the reactor as the dose definition of containment failure.

Based on the AP1000 source terms and offsite consequence analysis discussed in

Section 19.1.3.3 of this report, the dose definition and containment integrity definition of
containment failure are equivalent (i.e., they yield approximately the same containment failure
frequency) because the conditional probability of exceeding 0.25 Sv (25 rem) at the boundary is
close to unity for all release categories (except IC). Discussions below are based on the
containment integrity definition of containment failure.

The containment failure frequency for internal events is 1.9E-8/yr in the baseline PRA and
4.3E-7/yr in the focused PRA. The corresponding CCFP is approximately 8.1 percent in the
baseline PRA and 20 percent in the focused PRA. If credit is taken for availability controls on
the automatic portion of the DAS and on the RNS (as discussed in Section 19.1.3.1.5 of this
report), the staff estimates that the focused PRA CCFP would be about 10 to 15 percent. The
PRA analysis includes the following major features:

. stand-alone assessments of ERVC and in-vessel steam explosions using ROAAM in lieu
of including these issues in the CET
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. explicit treatment of reactor cavity flooding, reactor vessel reflooding, and hydrogen
combustion challenges within the CET

. simplifications to the CET that provide a bounding treatment of temperature-induced
SGTR, DCH, and ex-vessel phenomena associated with reactor vessel melt-through

In the applicant’s analysis, most of the containment failure frequency is associated with CFE or
containment bypass. This is an artifact of the following two major simplifying assumptions in
the Level 2 PRA:

0} all accidents that proceed to core damage without successful depressurization are
assumed to result in containment bypass due to creep rupture of SG tubes

2) all accidents in which ERVC is unsuccessful are assumed to result in early containment
failure as a result of ex-vessel phenomena

These assumptions conservatively bound the significant uncertainties in both core melt
progression at high RCS pressure and containment response to ex-vessel severe accident
phenomena.

Sensitivity studies reported in Chapter 43 of the AP1000 PRA, “Release Frequency
Quantification,” provide insights into the importance of various additional assumptions on the
containment failure frequency for the baseline PRA. These studies indicate that for reasonable
variations in Level 2 input assumptions and CET split fractions, increases in the containment
failure frequency are limited to about a factor of 3, and the containment failure frequency
remains below 1E-7/yr. It is interesting to note that modest changes in the containment failure
probability distribution used in the analysis would not noticeably impact the containment failure
frequency or CCFP because the bulk of the containment failures in the existing analyses are
driven by the frequency of events leading to failure of RCS depressurization or reactor cavity
flooding, rather than the frequency at which containment pressure loads exceed the
containment pressure capability.

The staff concludes that the AP1000 containment design satisfies the Commission’s
containment performance goal and is, therefore, acceptable. Specifically, the estimated
containment failure frequency in the baseline PRA, as well as the focused PRA, is well below
the general plant performance guideline of 1E-6/yr for a large release of radioactive material, as
proposed in the NRC Safety Goal Policy Statement. The CCFP is less than the CCFP goal of
0.1 in the baseline PRA. The CCFP goal was proposed by the staff for evolutionary LWR
designs in SECY-90-016, and approved by the Commission in its SRM of June 26, 1990.
Although the CCFP goal is exceeded in several sensitivity cases, these increases are modest,
and the corresponding containment failure frequencies remain well below 1E-6/yr. In view of
the approximate nature of the containment performance goal, the recognition that PRA results
contain considerable uncertainties, and the fact that a large fraction of the containment failures
reflected in the calculated CCFP in the baseline PRA would actually involve late basemat
melt-throughs (or no containment failures) rather than early releases to the atmosphere, the
staff concludes that the AP1000 design satisfies the Commission’s goals for both LRF and
CCFP.
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19.1.3.3 Results and Insights from the Level 3 PRA (Offsite Consequences)

In the updated AP1000 PRA, the endstates of the CETs were grouped into six individual
release categories. For each release category, the timing, energy, isotopic content, and
magnitude of release were established based on plant-specific, thermal-hydraulic calculations
using the MAAP code. The NRC-developed MACCS2 code, Version 1.12, was then used to
calculate offsite consequences for each of the release categories, specifically, the effective
dose equivalent (EDE) whole-body dose complementary cumulative distribution function
(CCDF) at 0.80 km (0.5 mile) from the reactor site, and the total person-rem exposure over a
80.4 km (50 mile) radius from the plant. These analyses were supplemented by sensitivity
analyses to assess the impact of uncertainties in key parameters. The staff finds this overall
approach and the use of the above codes to be consistent with the present state of knowledge
regarding severe accident modeling and are, therefore, acceptable.

The following sections present the results and insights from the Level 3 portion of the PRA.
This includes the estimated probability of exceeding selected dose criteria, a breakdown of the
total risk in terms of important release classes, and a summary of the risk-significant insights
from the Level 3 PRA and supporting sensitivity analyses.

19.1.3.3.1 Risk Results for AP1000

Based on the updated PRA, the probability of exceeding a whole-body dose of 0.25 Sv (25 rem)
at 0.8 km (0.5 mile) is about 1.9E-8/yr for internal events. This value is about a factor of 50
lower than the Commission’s LRF goal of 1E-6/yr and is, therefore, acceptable. The design
also meets the public safety requirement goal established by EPRI in the ALWR URD (1E-6
probability of exceeding a dose of 0.25 Sv (25 rem) at a distance of 0.8 km (0.5 mile)). It
should be noted, however, that the EPRI goal applies to both internal and external events, and
that the results for AP1000 do not include the contribution from seismic and fire events.

Based on the Level 3 PRA, the estimated total risk to the public for AP1000 is quite small. The
applicant’s analysis indicates a total dose of about 0.05 person-rem/yr, based on the use of
population and weather data developed by EPRI to bound 80 percent of the reactor sites in the
United States (see Revisions 5 and 6 of the URD), and site land use and crop data based on
representative data from the Surry site (NUREG/CR-6613). Those site sectors that are ocean
were treated as land in this assessment. Offsite risk is very low compared to the current
generation of operating plants because of a combination of (1) a very low estimated CDF for
AP1000, (2) a low CCFP, and (3) a relatively benign source term associated with the
frequency-dominant release category.

19.1.3.3.2 Leading Contributors to Risk from Level 3 PRA

Table 19.1-5 and Figure 19.1-3 of this report present the contribution to risk from each of the
release categories. The following observations can be noted:

. Based on Figure 19.1-3, the probability of exceeding 0.25 Sv (25 rem) at the site
boundary (0.8 km (0.5 mile)) is essentially flat and close to unity for all release
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categories except IC. Thus, the probability of exceeding 0.25 Sv (25 rem) is equivalent
to the probability of containment failure, or about 1.9E-8/yr.

Events in which the containment remains intact (IC) account for 92 percent of core
damage events, but are negligible contributors to risk because of the insignificant
consequences associated with normal containment leakage. Intermediate and late
containment failures also have a negligible contribution to risk because of the very low
frequency of these events in the PRA.

CFE contributes 38 percent of the containment failure frequency and accounts for
13 percent of the risk.

Containment bypass events (BP) contribute 54 percent of the containment failure
frequency and account for 81 percent of the risk. This large contribution to risk is the
result of the relatively large consequences (about 4E6 person-rem/event) for this
release compared to other release categories.

Releases from CI contribute 7 percent of the containment failure frequency and account
for 5 percent of the total risk.

Selection of different representative sequences for the various release categories could alter
the consequences by perhaps a factor of 3 and result in a reranking of the relative contribution
to risk from each of the three risk-significant release categories. However, the major insights
regarding the level of risk associated with the AP1000 design and the risk-significant systems
and features would not be impacted.

19.1.3.3.3 Important Insights from Level 3 PRA and Supporting Sensitivity Analyses

Insights from the Level 3 PRA are summarized below on the basis of the Level 3 PRA results
and supporting sensitivity analyses:

On the basis of the PRA, the probability of exceeding a whole-body dose of 0.25 Sv

(25 rem) at 0.8 km (0.5 mile) is about 1.9E-8/yr, and is equivalent to the containment
failure frequency (CDF less the frequency of events with IC). The release frequency is
a factor of 50 lower than the Commission’s LRF goal and EPRI’s Public Safety
Requirement. It should be noted that the EPRI goal applies to both internal and external
events, and that the results for AP1000 do not include the contribution from seismic and
fire events. However, based on the estimated core damage and containment failure
frequencies for externally initiated events and events at shutdown, the LRF goals would
also be met when these additional contributors are considered.

The AP1000 risk profile is shaped by several major assumptions regarding containment
failure modes and release characteristics, including (1) conservative assumptions
regarding CFE from ex-vessel phenomena, and (2) optimistic assumptions that ERVC
will always prevent RPV breach. The impact of these assumptions on risk results is
described below.
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In the baseline PRA, risk is dominated by events in which CFE is conservatively
assumed to occur as a result of ex-vessel phenomena associated with RPV
melt-through. However, deterministic calculations performed by the applicant indicate
that the containment is likely to withstand these phenomena without loss of integrity. If
CFE is avoided, RPV breach may instead result in a delayed release (e.g., a
containment failure in the intermediate time-frame). However, overall risk for internal
events would not be substantially impacted because the population doses associated
with early and intermediate containment failures are not substantially different.

In the baseline PRA, successful RCS depressurization and reactor cavity flooding
(achieved in over 90 percent of the core damage events) are assumed to always
prevent reactor vessel breach and associated ex-vessel phenomena. However, in view
of the considerable uncertainties associated with core melt progression and lower-head
debris bed behavior, RPV failure cannot be ruled out for all possible core melt
scenarios. If credit for ERVC is reduced or eliminated, containment failure frequency
would increase proportionally because all RPV breaches are assumed to lead to CFE in
the baseline PRA. Under the most limiting assumption that ERVC always fails and
leads to CFE, the containment failure frequency would approach the core melt
frequency, and risk would increase by about a factor of 4 (to about 0.2 person-rem/yr).
Even then, however, the containment failure/LRF would remain below the Commission’s
LRF goal of 1E-6/yr and the absolute level of risk would remain low. The actual
containment failure frequency and risk is expected to be much lower, based on
deterministic analyses that indicate that the containment is capable of sustaining
ex-vessel loads, as discussed above.

. The PRA did not credit the impact of the containment spray system on fission product
releases. Containment sprays would reduce the estimated risk in the baseline PRA
because the sprays would be effective in reducing the source terms in the early
containment failure and containment isolation failure release categories (i.e., CFE and
Cl). However, these release categories are insignificant contributors to risk because of
their small frequencies.

. Containment failures in the intermediate and late timeframes are insignificant
contributors to risk because of the small frequency associated with these release
categories.

. ISLOCAs do not contribute to overall plant risk, primarily because of a piping upgrade

that led to a low estimated frequency of these events.
19.1.4 Safety Insights from the Internal Events Risk Analysis for Shutdown Operation
Safety insights from the Level 1 PRA are presented in Sections 19.1.4.1 through 19.1.4.5 of this

report, while Section 19.1.5 of this report discusses safety insights from Levels 2 and 3 of the
PRA.
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19.1.4.1 Level 1 Shutdown Internal Events PRA

The staff’s review of the AP1000 shutdown PRA is based on the results reported in Chapter 54
of the AP1000 PRA, “Low Power and Shutdown Risk Assessment.” The AP600 shutdown
PRA, particularly the analyses contained in the Attachment 54B and Attachment 54C, provides
the basis for the AP1000 shutdown PRA. Attachment 54B is a requantification of the shutdown
PRA results using revised success criteria for injection and recirculation during reduced
inventory conditions with loss of the RHR function. The revised success criteria state that (1) at
least one of the four ADS Stage 4 valves must open during reduced inventory conditions for
successful gravity injection from the IRWST, and (2) containment sump recirculation is needed
for long-term cooling following ADS operation during reduced inventory conditions. Attachment
54C documents the bases for these two success criteria.

The applicant estimated the mean AP1000 shutdown CDF from internal events to be 1.2E-7/yr
(about 50 percent of the corresponding AP1000 CDF for power operation). This estimate
assumes that no maintenance activities will be scheduled during reduced inventory conditions
on the gravity injection lines from the IRWST, the fourth stage ADS valves, and the
containment sump recirculation trains, even though such outages are allowed by the AP1000
TS. The AP1000 internal shutdown CDF estimate can increase to 2E-6/yr if a COL applicant
were to always choose minimal compliance with the AP1000 TS. Section 19.1.4.5 discusses
these insights in more detail.

The reported CDF from internal events during shutdown operation (1.2E-7/yr) covers two plant
operational states:

(2) safe shutdown/cold shutdown with the RCS filled and intact
(2) midloop/vessel flange operations with the RCS vented and drained

Midloop/vessel flange operations include draining to midloop, drained maintenance, and post-
refueling maintenance.

Vacuum refill of the RCS from drained conditions (midloop) was mentioned in the PRA,;
however, no risk assessment was performed for this configuration. Vacuum refill of the RCS
helps to reduce noncondensable gas pockets in the RCS, eliminating the need for dynamic
venting of the RCS and the multiple RCP start and stop operations that it requires.

The applicant stated that the shutdown risk associated with vacuum refill operations is included
in the calculation of shutdown risk during vented drained conditions. The applicant also stated
that vacuum refill operations do not pose additional risk in the AP600 for the following reasons:

. The decay heat during vacuum refill will be about 50 percent of that during drained
conditions before refueling, which is already considered in the shutdown PRA.

. Although ADS Stages 1, 2, and 3 will be closed, the TS requires 9 out of the 10 ADS
paths to be open. As a result, at least three out of four ADS Stage 4 valves will be
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operable, instead of the two out of four that are operable during RCS-drained conditions
with an open RCS.

. During vacuum refill operations, both RNS pumps and support system are required to
be available by the short-term availability controls. As discussed in the bases for the
short-term availability controls (DCD Tier 2, Table 16.3-2), the RCS is considered open
if there is no visible level in the pressurizer.

. The AP1000 Emergency Response Guidelines (ERG-SDG-2, Step 6) provide direction
for the operators in the event of a loss of RNS during shutdown conditions, and the ERG
response is applicable during vacuum refill operations in Mode 5. For a loss of RNS
during vacuum refill operations, the operators are immediately directed to open the ADS
Stage 1, 2, and 3 valves.

. The RNS provides the low-temperature, overpressure protection for the plant during
Mode 5 conditions (including vacuum refill operations), in accordance with TS 3.4.14.
The applicant responded that the operators will be trained on brittle fracture prevention
and the RCS pressure-temperature limits. The applicant added that the operators will
thoroughly understand their priority to maintain the RCS overpressure protection
flowpath to the RNS during low-pressure, low-temperature shutdown conditions. The
applicant addressed the importance of the operators not isolating the RNS unless the
hot-legs are empty as a PRA insight (DCD Tier 2, Table 19.59-18, insight 82).

. In the event that a leak develops through the RNS system, the RNS pumps would be
stopped, and the lines would be isolated. In this situation, the ERGs require the ADS
Stage 1, 2, and 3 valves to be opened.

The staff accepts the applicant’s argument for not explicitly evaluating vacuum refill operations.

The reported internal AP1000 shutdown CDF estimate can be directly added to the full-power
estimate. The AP1000 shutdown PRA CDF estimate is based on the fraction of time per year
that the plant is expected to be in safe/hot shutdown operation, cold shutdown operation, and
refueling operations until the refueling cavity is flooded. Over 90 percent of the AP1000 internal
event shutdown risk occurs during drained operations with a vented RCS.

Operation in Mode 2 (startup) and Mode 3 (hot standby) were not quantitatively evaluated
because the plant response to a loss of core cooling during these conditions is the same as
during power operation. Because the safety-related systems (except for the accumulators
below 6.97 MPa (1000 psig)) and most actuation signals (both automatic and manual) are
required to be available during Modes 2 and 3, the CDF contribution from events during these
modes is expected to be insignificant compared to at-power conditions (due to the smaller
decay heat and the longer times for operator intervention).

Section 19.1.4.2 of this report presents the dominant accident cutsets and the major

contributors to the shutdown CDF estimates. Section 19.1.4.3 of this report describes the
AP1000 design features that reduce the AP1000 shutdown risk as compared to those of
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operating PWRs. Sections 19.1.4.4 and 19.1.4.5 of this report discuss insights drawn from the
importance and sensitivity studies.

19.1.4.2 Dominant Accident Sequences Leading to Core Damage

As discussed above, over 90 percent of the AP1000 shutdown risk occurs during vented,
drained conditions. This plant configuration occurs during cold shutdown when the RCS
boundary is open (via Stages 1, 2, and 3 of the ADS), and the RCS is drained to reach midloop
conditions so that nozzle dams can be installed in the hot- and cold-legs to perform SG
maintenance. When the RCS boundary is open, emergency core cooling using the PRHR is
not viable; therefore, gravity injection from the IRWST and fourth stage ADS actuation must be
initiated. Given that the fourth stage ADS must open during reduced inventory conditions
following an extended loss of the RNS, containment sump recirculation would be initiated within
72 hours following accident initiation.

As shown in Table 54-4 in the AP1000 PRA, approximately 68 percent of the core damage
sequences are initiated by a loss of component cooling water (CCW) or SWS during vented,
drained conditions. Fourteen percent of the core damage sequences are initiated by a LOOP
during vented, drained conditions. Core damage sequences initiated by overdraining of the
RCS and by loss of the RNS during vented, drained conditions contribute another 12 percent to
the shutdown CDF.

The top six AP1000 dominant cutsets for the AP1000 internal event shutdown PRA, which
contribute approximately 64 percent of the risk, are described below. The rest of the dominant
cutsets contribute less than 3 percent of the shutdown CDF.

Sequence #1, with a CDF of 2.2E-8/yr and a 17 percent contribution, is initiated by a loss of
CCS/SWS with the RCS vented and drained. CCF of all fourth stage ADS squib valves results
in failure of gravity injection, leading to core damage.

Sequence #2, with a CDF of 1.9E-8/yr and a 15 percent contribution, is initiated by a loss of
CCS/SWS with the RCS vented and drained. Actuation of the fourth stage ADS squibs is
successful. CCF of six out of six high-pressure squib valves fails gravity injection through the
DVI lines, resulting in core damage. Manual IRWST injection via the RNS pump suction lines
was not credited for this cutset.

Sequence #3, with a CDF of 1.9E-8/yr and a 15 percent contribution, is initiated by a loss of
CCS/SWS with the RCS vented and drained. Actuation of the fourth stage ADS squib valves is
successful. Postulated CCF of two out of two low-pressure squib valve failures was assumed
to lead to core damage. CCF of the low-pressure squib valves (118A/118B) does not by itself
prevent sump recirculation and cause core damage. However, as described in the AP1000
shutdown PRA, the applicant stated that retaining this cutset provides a conservatism in the
AP1000 shutdown model.

Sequence #4, with a CDF of 8.6E-8/yr and a 7 percent contribution, is initiated by a loss of
CCS/SWS with the RCS vented and drained. Postulated CCF of the IRWST recirculation sump
strainers due to plugging fails recirculation and results in core damage.
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Sequence #5, with a CDF of 8.6E-8/yr and a 7 percent contribution, is initiated by a loss of
CCS/SWS with the RCS vented and drained. Postulated CCF of the IRWST strainers due to
plugging fails gravity injection and results in core damage.

Sequence #6, with a CDF of 3.0E-8/yr and a 3 percent contribution, is initiated by a LOOP with
the RCS vented and drained. The operators fail to recover offsite ac power in 1 hour, and there
is a common-cause software failure of all PMS and PLS logic cards.

19.1.4.3 Risk-Important Design Features

Listed below are key AP1000 design features that significantly reduce the shutdown CDF as
compared to the CDF for operating PWR designs. These design features are described below
by initiating event category.

19.1.4.3.1 Loss of RNS or Its Support Systems (CCW/SWS) during Safe Shutdown/Cold
Shutdown with the RCS Intact

Unlike currently operating PWRs, the AP1000 PRHR provides an additional path of core cooling
which is diverse from the RNS, as well as ac independent and safety-related (passive). The
PRHR does not depend on traditional support systems, such as CCW, to operate. In addition,
the PRHR is capable of functioning at low pressures and temperatures, as long as the RCS is
intact and the pressurizer level is above 20 percent. However, manual actuation is required
before RCS pressure increases to cause the RHR valve to open.

In current PWRs, operator action is required to restore all interruptions of RHR. In the AP1000
design, should manual actuation of the PRHR fail, an alternate core cooling path is
automatically established using the CMTs for injection, the ADS for depressurization, gravity
injection from the IRWST, and long-term cooling using containment recirculation.

19.1.4.3.2 LOCAs during Safe Shutdown/Cold Shutdown with the RCS Intact

In current PWRs, operator action is required to mitigate all losses of RCS inventory (e.g.,
operator action is required to actuate injection). In the AP1000 design, should an RCS drain-
path occur that is unisolable, RCS injection and core cooling are automatically provided using
the CMTs, the ADS, gravity injection from the IRWST, and containment recirculation (for long-
term cooling).

19.1.4.3.3 Loss of Station Power (LOSP)/SBO during Safe Shutdown/Cold Shutdown with the
RCS Intact

The AP1000 design provides much better protection against LOSP/SBO events as compared to
the current PWRs because the operator is not required to perform many recovery actions.
Following a LOOP, the RNS pumps trip, but an automatic restart of the RNS pumps is provided
after the diesel generators start and the electrical buses are sequenced. Should the diesel
generators fail to start, resulting in a loss of ac power and instrument air, the PRHR provides
core cooling automatically, because the PRHR AQVs are expected to fail open. Should manual
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actuation of the PRHR fail, an alternate core cooling path is automatically established using the
CMTs, the ADS, gravity injection, and containment recirculation (this requires only dc power).

19.1.4.3.4 Loss of RNS due to Inadvertent Overdraining of the RCS to Achieve Midloop
Conditions

Previous PWR shutdown PRAs have reported that overdraining of the RCS during midloop
conditions is a dominant contributor to shutdown risk. The AP1000 design has many design
features, not present in current PWRs, to prevent loss of the RNS pumps due to air entrainment
and cavitation. These features are discussed further below.

To prevent overdraining, the RCS hot- and cold-legs are vertically offset. This design permits
draining of the SGs for nozzle dam insertion with a hot-leg level much higher than traditional
designs. The RCS must be drained to a level which is sufficient to provide a vent path from the
pressurizer to the SGs (nominally 80 percent level).

To lower the level in the hot-leg where vortexing can occur, the AP1000 design uses a step-
nozzle connection between the RCS hot-leg and the RHR suction line. To prevent cavitation,
the piping elevations and routing, as well as the RNS net positive suction head (NPSH)
requirements, allow the RNS pumps to be started and operated with saturated conditions in the
RCS. In addition, there is no need to throttle RNS flow when the RCS is in midloop conditions.

If adequate NPSH is lost, recovery of the RNS is expected to be quicker as compared to
operating PWR designs. The RNS pump suction line is sloped continuously upward from the
pump to the RCS hot-leg with no local high points. This design eliminates potential problems in
refilling the pump suction line if an RNS pump is stopped when cavitating because of excessive
air entrainment. This self-venting suction line allows the RNS pumps to restart immediately
once an adequate level in the hot-leg is reestablished.

To assist the operator, the AP1000 design contains hot-leg level instrumentation with indication
in the main control room (MCR). Each hot-leg contains one hot-leg level channel, totally
independent of each other. One level tap is at the bottom of the hot-leg, and the other tap is on
the top of the hot-leg, as close to the SG as possible. The AP600 design also provides a cold-
calibrated, wide-range pressurizer level that can measure the RCS level down to the bottom of
the hot-legs. This pressurizer level indication can be used as an alternative way of monitoring
the level and can be used to identify inconsistencies in the hot-leg level instrumentation.

Should overdraining of the RCS occur, the operator is not required to manually actuate RCS
injection as in current PWRs. The safety-related PMS provides automatic isolation of normal
CVS letdown upon a low hot-leg level (one-out-of-two basis). On low hot-leg level, two safety-
related AOVs close automatically to isolate letdown. On a low, low hot-leg level, the PMS
provides automatic actuation of IRWST injection (two-out-of-two basis), as well as automatic
actuation of fourth stage ADS valves to prevent surge line flooding (two-out-of-two basis).
Long-term cooling is provided by containment recirculation.
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19.1.4.3.5 LOSP/SBO during RCS Open Conditions

The AP1000 design provides much better protection against LOSP/SBO events as compared to
current PWRs because the operator is not required to perform many recovery actions.
Following a LOOP, the RNS pumps trip, but an automatic restart of the RNS pumps is provided
after the diesel generators start and the electrical buses are sequenced. Should the diesel
generators fail to start, gravity injection from the IRWST and concurrent fourth stage ADS
actuation (to prevent surge line flooding) is automatically provided upon a low hot-leg level.
Gravity injection and fourth stage ADS actuation require only a Class 1E dc power train to
operate. Containment sump recirculation provides long-term cooling.

19.1.4.3.6 Loss of RNS (due to LOCAs or loss of RNS or Its Support Systems) during RCS
Open Conditions

The AP1000 design provides better protection against losses of the RNS as compared to
current plants because the operator is not required to mitigate the event. Following a loss of
the RNS, gravity injection from the IRWST and concurrent fourth stage ADS actuation (to
prevent surge line flooding) is automatically provided upon an indication of a low hot-leg level
from the PMS system. On a low IRWST level, automatic containment recirculation provides
long-term core cooling.

19.1.4.3.7 Boron Dilution Events

The Surry Shutdown PRA (NUREG-6144, Appendix |, “Evaluation of Potential Severe Accidents
During Low Power and Shutdown Operations at Surry Unit 1”) evaluated a potential boron
dilution event during reactor startup following a LOSP event, with subsequent startup of the
RCPs. This scenario was estimated in Appendix | to NUREG-6144 as having a CDF of 9E-6/yr.
The scenario assumes an occurrence of a LOOP during an RCS de-boration during startup.
When the charging pumps are restarted by the emergency diesel generators, the pumps drain
primary-grade water from the volume control tank into the RCS through the cold-leg. With none
of the RCPs running and virtually no natural circulation present (due to very low decay heat),
the boron dilution continues. The primary-grade water gradually makes its way to the reactor
vessel and settles at the bottom of the vessel. If offsite power is recovered and one of the
RCPs is restarted a few moments later, this will send a slug of primary-grade water into the
core, causing a power excursion.

The boron dilution scenario described above is prevented by design from occurring in the
AP1000 plant. Once the Class 1E dc and uninterruptible power supply (UPS) system battery
chargers receive low-input voltage, the PMS provides a boron dilution signal that automatically
realigns CVS pump suction to the BAT. This same signal also closes the two safety-related
demineralized water supply valves.

Alternatively, should a boron dilution event occur during startup as a result of failure of the PLS
and failure of operator control of the PLS, the safety-related boron dilution protection signal
would be generated upon any reactor trip signal, source-range flux multiplication signal, low-
input voltage to the Class 1E dc power system battery chargers, or a safety injection signal. As
described above, this signal automatically realigns CVS pump suction to the BAT. This same
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signal also closes the two safety-related demineralized water supply valves. Boron dilution
events during safe shutdown using the dilute mode of operation were quantified separately from
the shutdown PRA. The applicant concluded that these events are a negligible contributor to
the AP1000 shutdown CDF estimate.

19.1.4.4 Insights from the Risk Importance Studies

As discussed in Section 19.1.3.1.4 of this report, the staff plans to use the results of the
applicant’s AP1000 importance analyses to identify (1) SSCs and/or human actions for which
the reported reliability contributes most to achieving the low reported shutdown CDF (risk
achievement worth), and (2) SSCs and/or human actions which would contribute most to a
reduction in the shutdown CDF if the reliabilities were improved (risk reduction worth). Because
the reported AP1000 internal shutdown CDF is very low and clearly meets the Commission’s
safety goals, as well as the EPRI ALWR CDF requirements (less than 10E-5/yr), the staff will
focus on the results of the applicant’s risk achievement analyses. The staff will use these
results to identify (1) the SSCs for which it is particularly important to maintain the
reliability/availability levels assumed in the PRA (e.g., by testing and maintenance) to avoid
significant increases in CDF, and (2) the human actions which, if failed, would have the largest
impact on the shutdown CDF.

Risk importance analyses were performed at the component/human action level only. In
summary, the components, whose reported reliability is most critical to achieving the low
shutdown CDF, are required to support gravity injection during reduced inventory operation.
The major insights from the risk achievement analysis (from Table 54-18 of the AP1000
Shutdown PRA) are summarized below in order of risk importance.

(2) Similar to the full-power internal events results, common-cause software failure among
the PMS and PLS logic cards has very high risk significance (basic event CCX-SFTW).
If a software fault of this kind existed and manifested itself every time an accident
occurred during shutdown, the CDF would increase more than four orders of magnitude.

2) Actuation of fourth stage ADS valves is required to maintain a vent path to mitigate all
shutdown events when gravity injection and containment recirculation are required
following an extended loss of the RNS during safe/cold shutdown with the RCS intact,
as well as during cold shutdown with the RCS open. Therefore, CCF of the Stage 4
ADS squib valves to open has very high risk significance (basic event ADX-EV-SA).
Should the fourth stage ADS squib valves fail to open when demanded, the shutdown
CDF would increase more than three orders of magnitude.

3) Containment sump recirculation is required to mitigate every loss of shutdown cooling
event during cold shutdown with the RCS open (except LOSP events in which the
diesels and automatic restart of the RNS are available). Containment sump
recirculation is also required to mitigate every loss of shutdown cooling event during
safe/cold shutdown with the RCS intact and the PRHR unavailable (except LOSP events
in which the diesels and automatic restart of RNS are available). Therefore, the two
basic events that result in the failure of containment sump recirculation have very high
risk significance. These two events include the CCF of two-out-of-two low-pressure
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recirculation squib valves (basic event, IWX-EV4-SA) and common-cause plugging of
both containment strainers (basic event, REX-FL-GP). Assuming that either event were
to always occur following a shutdown initiator, the CDF would increase more than three
orders of magnitude.

Gravity injection is required to mitigate every loss of shutdown cooling event during cold
shutdown with the RCS open (except LOSP events in which the diesels and automatic
restart of RNS are available). Gravity injection is also required to mitigate every loss of
shutdown cooling event during safe/cold shutdown with the RCS intact where the PRHR
is not available (except LOSP events in which the diesels and automatic restart of the
RNS are available). Therefore, events that result in the failure of gravity injection have
very high risk significance. Specifically, CCFs of six out of six of the high-pressure
gravity injection squib valves (basic event, IWX-EV-SA) and plugging of both IRWST
strainers (basic event, IWX-FL-GP) have very high risk significance. Plugging of both
strainers fails both gravity injection through the IRWST injection lines and the RNS
pump suction lines. Assuming that either event always occurs following a shutdown
initiator, the CDF would increase more than three orders of magnitude.

CCF of I1&C components that fail automatic gravity injection and/or ADS actuation have
very high risk significance, including CCF of the instrument orifices, CCF of the pressure
transmitters, and CCF of the power interface output boards in the PMS system (basic
events CCX-ORY-SPX, CCX-XMTRX, and CCX-EP-SAM). Should any one of the
components fail when demanded, the shutdown CDF would increase more than three
orders of magnitude.

Inadvertent overdraining of the RCS while reducing inventory to reach midloop
conditions has very high risk significance (initiating event IEV-RCSOD). This event
results in loss of shutdown cooling (RNS) and requires manual RCS injection and
manual fourth stage ADS actuation. For this initiator, the applicant did not credit
recovery of the RNS using the non-safety-related CVS to restore the RCS level and
operator action to vent the RNS pumps.

Three scenarios were postulated that would result in overdraining of the RCS. The first
scenario starts with failure of either hot-leg-level instrument channel. The operator fails
to recognize hot-leg instrument failure and thereby fails to stop the RCS overdraining.
The second scenario assumes that the hot-leg-level instruments are working correctly;
however, the safety-related CVS letdown valves fail to close. The third scenario
assumes that the hot-leg-level instruments are working correctly. However, the signal to
close the safety-related CVS letdown valves automatically fails, and the operator fails to
respond to the low hot-leg alarm and close the CVS letdown valves.

Occurrence of any one of these scenarios leads to RCS overdraining and requires
manual actuation of gravity injection and fourth stage ADS. If the RCS was always
overdrained when reaching midloop conditions, the CDF would increase by more than
three orders of magnitude.

19-71



Severe Accidents

(8)

(9)

(10)
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Loss of shutdown cooling with the RCS drained (resulting from RNS failure or its support
system failures) has high risk significance (initiating events IEV-CCWD and IEV-RNSD).
These initiating events require fourth stage ADS actuation and gravity injection to
maintain core cooling. Long-term cooling requires containment sump recirculation.
Should either of these events occur each time the plant operates with reduced inventory,
the shutdown CDF would increase close to three orders of magnitude.

Inadvertent opening of RNS Valve V024 by an operator during RCS drained conditions
causes reactor coolant to drain into the IRWST. This initiating event requires gravity
injection from the IRWST and fourth stage ADS actuation. Long-term core cooling
requires containment sump recirculation. Should this event occur each time the RCS is
drained, the shutdown CDF would increase close to three orders of magnitude.

Inadvertent opening of RNS Valve V024 by an operator during safe/cold shutdown with
the RCS intact causes reactor coolant to drain into the IRWST. This initiating event
requires gravity injection from the IRWST, full RCS depressurization, and containment
recirculation for long-term cooling. Should this event occur each time the plant is at
shutdown, the shutdown CDF would increase close to three orders of magnitude.

Failure of the PMS boron dilution signal to generate upon high flux has high risk
significance. Boron dilution events during safe shutdown were quantified separately
from the PRA. Upon review of the associated event tree, failure of this signal to
generate following every dilution event during safe shutdown results in a criticality
frequency approximately four orders of magnitude higher than the shutdown CDF.
Other boron dilution scenarios were not explicitly quantified. Therefore, the staff
believes that all instrumentation associated with the boron dilution signal are important
to keeping the core damage risk associated with boron dilution events low.

While performing the Level 1 PRA for internal shutdown events, the applicant identified the risk-
important tasks outlined below, using the risk importance analyses results and threshold values.
The applicant also examined shutdown initiating events to identify risk-important tasks for which
human error substantially contributes to the frequency of these events. These risk-important
tasks should be taken into account in the human system interface design, procedure
development, and staffing requirements development. DCD Tier 2, Section 18.5, “Task
Analysis Implementing Plan,” describes the process for ensuring that these tasks are
addressed.

Operator fails to recognize the need for RCS depressurization (LPM-MANO5).
Operator fails to open the IRWST squib valves for gravity injection (IWN-MAN-00).

Operator fails to recognize the need to open RNS V023 for gravity injection (RHN-
MAN-05).

The following operator actions substantially contribute to the frequency of losing shutdown
cooling via the RNS. Therefore, the applicant considered the following to be risk-important

tasks:
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. Operator inadvertently opens RNS V024 during safe/cold shutdown or during drained
conditions in the RCS and fails to terminate the event by reclosing the valve.

. Operator fails to recognize hot-leg-level instrument failure and subsequently fails to
close the safety-related, air-operated CVS letdown isolation valves (CVS-V045 and
CVS-V047). This operator action is quantified as RCS-MANOD1S.

. Operator fails to detect automatic failure of the CVS letdown isolation valves to close,
and subsequently fails to manually close the valves, when low hot-leg level is reached
during draining of the RCS to reach midloop conditions. This operator action is
guantified as RCS-MANOD2S.

19.1.4.5 Insights from the Sensitivity Studies

The applicant performed sensitivity studies to gain insights about the impact of uncertainties on
the reported shutdown CDF. Specifically, these studies show how sensitive the shutdown CDF
is to potential biases in numerical estimates assigned to initiating event frequencies, equipment
unavailabilities, and human error probabilities.

Similar to full power, a separate sensitivity study was performed to investigate the impact of
shutdown operation without credit for non-safety-related defense-in-depth systems. This study
is called the “focused PRA.” The results of the focused PRA, as well as additional sensitivity
studies, are described below.

19.1.4.5.1 Shutdown CDF Assuming Minimal Compliance with AP1000 TS

In the baseline and focused shutdown PRA, the applicant credits two gravity injection paths to
be available (including a small maintenance unavailability). However, the AP1000 TS allow one
out of two IRWST injection trains to be out of service during the entire cold shutdown period.
(Reduced inventory operation and midloop operation are a subset of cold shutdown operation.)
The applicant also credits a third gravity injection path through the RNS pump suction lines.
This third path requires RNS valve V-23 to open. RNS valve V-23 is a safety-related, CIV and
can be actuated using the PMS. However, the function of RNS V-23 is to open to provide
gravity injection which is not a safety-related function. Therefore, the capability for RNS-V023
to open is not required by the AP1000 TS during cold shutdown operation. With respect to
RCS venting, the applicant credits, in the PRA, all four 4th stage ADS valves to be available.
However, the AP600 TS only requires two out of the four ADS Stage 4 valves to be operable.
With respect to containment sump recirculation, the AP1000 TS only requires one out of the
two containment sump recirculation trains to be available.

The bases for the AP1000 TS include no discussion that planned maintenance of these three
systems should be avoided during cold shutdown. The frequency and duration of IRWST,
ADS, and RNS maintenance performed by a future COL holder has considerable uncertainty.
Therefore, the staff asked the applicant to perform a sensitivity study assuming minimal
compliance with the AP1000 TS. This sensitivity study provides an upper bound of the
shutdown CDF, assuming the COL holder chooses to always perform planned maintenance on
one IRWST injection path and recirculation path, two ADS Stage 4 valves, and RNS valve V-23
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during cold shutdown. The shutdown CDF for this sensitivity study increases to 2E-6 per year
(a factor of 5 higher than the full-power CDF).

19.1.4.5.2 Impact of Operator Error

Based on the results of shutdown PRAs for operating PWRs, the staff recognizes the high risk
significance of operator error during shutdown conditions. In current plants, loss of shutdown
cooling is often caused by operator error, and all interruptions of shutdown cooling require an
operator response to prevent core damage.

As explained in Section 19.1.4.3 of this report, the AP1000 design provides an automatic
mitigation capability for all the event initiators quantitatively analyzed in the AP1000 shutdown
PRA. Therefore, the dependency on operator action is significantly reduced in the AP1000.
The applicant performed a sensitivity study setting all human error probabilities associated with
event mitigation to 0.5. Additionally, the applicant also set the two operator actions (RCS-
MANOD1S and RCS-MANOD?2S) used to calcu