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ABSTRACT

Technical Specifications (TS) requirements for nuclear power plants define
the Limiting Conditions for Operation (LCOs) and Surveillance Requirements (SRs)
to assure safety during operation. In general, these requirements are based on
deterministic analysis and engineering judgments. Experiences with plant operation
indicate that some elements of the requirements are unnecessarily restrictive, while
a few may not be conducive to safety. Improving these requirements involves many
considerations and is facilitated by the availability of plant-specific Probabilistic Safety
Assessments (PSAs) and development of related methods for analyses.

Using risk- and reliability-based methods to improve TS requirements has
gained wide interest because they can: '

. quantitatively evaluate the risk impact, and justify changes in these
requirements based on objective risk arguments; and

. providea defensible basis for these requirements for regulatory applications.

The United States Nuclear Regulatory Commission (USNRC) Office of
Research has sponsored research to develop systematic risk-based methods to improve
various aspects of TS requirements. This handbook summarizes these risk-based
methods.

The scope of the handbook includes reliability- and risk-based methods for
evaluating allowed outage times (AOTs), scheduled or preventive maintenances,
action statements requiring shutdown where shutdown risk may be substantial,
surveillance test intervals (STIs), and management of plant configurations resulting
from outages of systems, or components. For each topic, the handbook summarizes
analytic methods with data needs, outlines the insights to be gained, lists additional
references, and gives examples of evaluations.
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FOREWORD

This handbook summarizes the results of research to develop methods for
analyzing changes in facility Technical Specification (TS) requirements that are
amenable to risk impact analysis (i.e., estimating the impact of TS changes on core-
damage frequency or probability). These TS changes primarily involve allowed
outage times (AOTSs), surveillance test intervals (STIs), and action statements. The
handbook can be used as a reference document to assist the NRC staff in reviewing
licensees’ risk-based analyses submitted as part of the bases for proposed changes in
facility Technical Specifications.

A separate report documenting a detailed TS review and evaluation procedure
(NUREG/CR-6172) is also being completed to give the NRC staff an integrated
procedure for evaluating risk-based TS-change analyses and results that licensees may
submit in future as part of the bases for proposed changes in the originally approved
facility TS.

These two reports provide complementary information on TS evaluations. The
handbook summarizes analysis methods and equations; the procedural outline
describes a technical evaluation procedure for approval of proposed TS changes. The
reports do not imply regulatory requirements. The reports summarize information
learned from research and case evaluations.
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GLOSSARY

The terms defined here are somewhat unique to the risk-based analyses of TS and
to this handbook. No attempt is made to cover the typical terms used in a PSA;
rather, familiarity with such terms is assumed. :

Allowed Outage Time (AOT): Allowed outage time, part of a limiting condition for
operation (LCO), defines the time within which the equipment, specified in the
relevant condition of the LCO, should be restored to operable status. Standard
Technical Specifications (STSs) now use the term, completion time, which has a
broader meaning than AOT, also defining the time for other required actions, such
as verifying the status of other equipment, or changing plant modes (see "downtime").

AOTRisk Contribution: An AOT risk contributionis the risk contributionassociated
with an AOT. When a component is controlled by an AOT, two AOT risk
contributions can be evaluated: a single-event AOT risk contribution and a yearly
AOT risk contribution. (See "single-event AOT risk contribution, " and "yearly AOT
risk contribution.")

Conditional Core-Damage Frequency (CDF): The conditional CDF is the CDF
conditional upon some event; in this handbook, typically itis the outage of equipment.
It is calculated by re-running the PSA code after setting the unavailabilities of those
basic events associated with the inoperable equipment equal to "True,"” and also -
adjusting the parameters of common-cause failures models, as appropriate, to
represent the inoperable equipment.

Configuration Risk: Configuration risk refers to the risk associated with a specific
configuration of the plant. A configuration usually refers to the status of a plant
where multiplecomponentsare simultaneouslydown. (See "downed-configuration. ")

Core-Damage Probability (CDP): The CDP represents the probability of core-
damage occurring. We approximate core-damage probability by multiplying core-
damage frequency by a time period. The CDP sometimes is called cumulative CDP
because it is accumulated over time.

Corrective Maintenance: The actions needed to restore the operability of failed or
degraded equipment within acceptable limits. These actions include repairs or
replacement for failed equipment and maintenance actions for those degradations
where immediate corrective actions are preferred.

Downed-Configuration: Multiple components which are simultaneously down is
called a downed-configuration, or simply a configuration. In other words, it
represents the status of plant components. If a component is operational, it is up;
otherwise, it is down.

Xv NUREG/CR-6141



Downtime: The amount of time a component is down. If the component is
controlled by an AOT, then this time is limited by the AOT for the component. The
average duration of the component downtime is called the average downtime, and the
average frequency of occurrence is called the average downtime frequency.

Downtime Effect of Maintenance: When a component is taken out-of-service for
maintenance, itis associated with a certain downtime and its corresponding risk. The
risk resulting from this inoperability of the component during the downtlme is called
downtime effect of maintenance.

Fault-Exposure Time: The time during which equipment is subject to failures
(strictly, standby time-related failures) while on standby. '

Limiting Condition for Operation (LCO): The LCOs impose limitations on plant
operation by requiring the status of inoperable equipment to be restored within a
specific time (i.e., the AOT). In Technical Specifications developed recently, such
as Standard Technical Specifications (STSs), surveillance requirements also are
included as part of LCOs.

Maintenance: Maintenance includes those actions that mitigate degradation of
equipment, or restore the design function of failed equipment to an acceptable level.
In the context of PSA models, maintenance mcludes both corrective and preventive
maintenance.

Plant Operational State (POS): Plantoperational states define the unique conditions
as plant goes through different phases during shutdown operations, such as midloop
operation or refueling.

Preventive Maintenance: The actions that detect, preclude, or mitigate dégradation
of a functional component to sustain or extend its useful life by controlling
degradatlon and failures at an acceptable level.

Reliability Effect of Maintenance: Maintenance on a component may improve its
reliability. Such an improvement due to maintenance is called the reliability effect
of the maintenance.

Repair: The actions taken to restore failed equipment to operable status.

Rolling Maintenance Schedule: This involves planned, fixed-frequency maintenance
of a group of components where a predefined set of components is allowed to be
taken out-of-service for scheduled preventive maintenance. Typically, such schedules
are defined for a'fixed period, e.g., 12 weeks, and then repeated at the end of the
period, i.e., every 12 weeks. . . '
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Running Start on Maintenance: A running start on maintenance refers to starting
maintenance on a certain component (e.g. diesel generator) at power just before
entering a scheduled refueling outage of the plant.

Single-Event AOT Risk Contribution: The single-event AOT risk contributionis the
risk contribution from a given occurrence of the AOT. In terms of core damage, the
single-event AOT risk contributionis the probability of core damage occurring during
the AOT. The value is obtained by multiplying the increase in the core-damage
frequency by the AOT.

Surveillance Requirements: Surveillance requirements are included in Technical
Specifications as part of the LCO requirements. These requirements define those
surveillances (or tests) which should be conducted, along with their frequencies.

Surveillance Test Interval (STI): The surveillance test interval is the period between
consecutive tests, defined in terms of frequencies in the surveillance requirements of
Technical Specifications. For example, if once per 31 days is defined, then the STI
or the surveillance frequency is 31 days.

Test-Caused Risk: The test-caused risk represents those risk contributions that are
due to the adverse effects of testing, such as errors causing plant transients, or
wearout of the equipment due to testing.

Test-Limited Risk: The test-limited risk represents the risk contribution that can be
limited by the test, by controlling the fault-exposure time. Iftests are conducted more
frequently (i.e., decreasing test interval), then the test-limited risk will be
correspondingly reduced because then, the tests reduce the risk from potential failures
between tests. The test-limited risk sometimes used to be called test-detected risk,
emphasizing that this risk is directly related to the detection of failures by testing.

STI Risk Contribution: The STI risk contribution is the risk contribution associated
with a surveillance test interval. This risk contribution includes the test-limited risk,
arising from the possibility that a component may fail between tests, and test-caused
risk, representing those contributions that are caused by the adverse effects of testing
itself (see "test-limited risk” and "test-caused risk").

Yearly AOT Risk Contribution: The yearly AOT risk contribution is the average
yearly risk contribution from the AOT, accounting for the average yearly frequency
of the AOT. It is the frequency of core-damage occurring per year due to the
average number of AOT occurrences per year. The value is estimated as the product
of the single AOT risk contribution and the average yearly frequency of the AOT,
namely the yearly frequency of how often the plant will enter the LCO associated
with the AOT.

Xvii NUREG/CR-6141






1. INTRODUCTION

Technical Specifications (TSs) for nuclear power plants (NPPs) define limits
and conditions to assure that the plant is operated in a manner that is consistent with
the analyses and evaluations in the plant’s Safety Analysis Report. Under current
NRC regulations (10 CFR 50.36), TSs are required as part of the Final Safety
Analysis Report (FSAR) for each application for a licensee to operate a facility, and
are incorporated into licenses authorizing its operation. Older NPPs have TSs that
were developed specifically for that plant, while newer ones have plant-specific TSs
based on the NRC-developed Standard Technical Specifications (STSs).

Technical Specification (TS) requirements for a plant include the Limiting
Conditions for Operation (LCOs) and Surveillance Requirements (SRs) to assure
safety during operation. These requirements originally were based on deterministic
analyses and engineering judgments. However, experiences with plant operation
indicate that some elements of the requirements may be unnecessarily restrictive, and
a few may not be conducive to safety. As potential improvements or changes in these
requirements are made, the NRC receives submittals from licensees proposing to
modify certain aspects of TS requirements. This handbook is intended to aid NRC
staff in reviewing these submittals using a risk perspective.

Risk-Based Analyses of TS

A broad spectrum of assessments and experiences are used in evaluating
changes to TSsthat involve deterministic analyses, knowledge of lessons learned from
previous changes, engineering judgments, and risk implications of the change. The
probabilistic safety assessment (PSA) of a NPP provides a tool for quantitatively
assessing the risk contributions of TS requirements and the risk impact of a change.
Such an evaluation is called Risk-Based Analyses of TS. It also is called a PSA-
Based Analysis of TS because of the use of PSA models and methods. Assessing the
risk impact of a change can be useful input for analyzing, reviewing, and accepting
the change. Thus, with the availability of plant-specific PSAs, there is growing
interest in using them to address changes to TS.

1-1 NUREG/CR-6141



HANDBOOK OF METHODS

The objective of the handbook is to summarize risk-based methods for
analyzing various aspects of the TSs. The primary focus is to assist NRC staff in
reviewing risk-based analyses submitted by licensees to support proposed changes in
TS requirements. Therefore, for the types of TS requirements amenable to risk
assessment, the handbook summarizes analysis methods including:

- the issues to be considered,
- the methods and steps involved in the analysis, and

- illustrative examples and insights for evaluating changes to the TS
requirements.

Analyses and Considerations in Changing TSs and the Role of the Handbook

The TSs of a nuclear power plant encompass a broad spectrum of
requirements covering various aspects of plant operation. Because of differences in
the types of requirements, the methods needed to analyze them differ. The
availability of a plant-specific PSA allows many of the requirements within LCOs and
SRs to be addressed consistently, based on their risk implications.

Within those TS requirements that can be so addressed, there are differences
in the details of the analyses and the calculations needed. The methods presented in
this handbook discuss such differences and, at the same time, unify the underlying
concepts, applications, and usage of the methods. Bringing together in a single
document those methods that apply to many of the TS requirements can enhance
consistency in the application and its review, and can facilitate their use to improve
aTsS.

The handbook addresses permanent changes in the TS; however, the methods
also can be used for analyzing one-time exemptions. We focus on active components
(e.g., pumps, valves, instruments) in nuclear power plants. In other words, the types
of components that are currently modeled in a PSA. In principle, the methods
generally are applicable for analyzing TSs associated with other types of equipment
or conditions, e.g., passive components (such as pipes, cables), and external events
(requirements in response to fires, floods, wind conditions). However, the details
involved in such usage can be different and are not delineated here.

We also focus on the analyses of TS requirements during power operation
of the plant, although there also are TS requirements when the plant is shut down.
In principle, the methods discussed here can be applied to shutdown periods using the
corresponding PSA-model for the shutdown stages. However, the specific conditions
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and parameters for shutdown analyses vary because different activities and
requirements then should be taken into consideration.

Although this handbook focusses on PSA-based methods to analyze the risk
impact of TS requirements, itis important to recognize that many other considerations
go into a TS change, which we do not cover; for example, the considerations relating
to occupational exposure and to the cost burden associated with changing TS
requirements, However, a cost/benefit analysis might include the risk-analysis
methods described in this handbook.

Organization of the Handbook

The handbook is organized in terms of the types of the requirements in the
TS, and the associated PSA-based methods for analyzing the requirement.

Chapter 2, TS Risk Measures and PSA-Based Quantification, describes the
general concepts associated with the risk-based measures used in TS analysis, and is
relevant for all the applications presented. Separate chapters, numbers 3 to 8, are
devoted to aspects of the requirement with its specific applications and analysis needs.
These chapters are written so that readers can proceed directly to the one covering
their topic of interest.

Three of the chapters directly relate to LCOs. LCOs include Allowed
Outage Times (AOTs) and Action Requirements (ARs). The AOTs are used to
undertake both corrective and preventive (or unscheduled and scheduled)
maintenances. We first discuss the method for analyzing AOTs in Chapter 3,
focussing on corrective maintenances, and then, in Chapter 4, expand on the methods
to analyze preventive maintenances (PMs). In some cases, an AOT change may be
desired to carry out certain PMs during power operation, and accordingly, the
methods in Chapters 3 and 4 may need to be considered together. Action
requirements (ARs) involving plant shutdown are discussed later in Chapter 7. The
methods for analyzing ARs are more complex, involving analyses of risk associated
with shutting down the plant, and may require including additional surveillance tests.
Hence, this chapter follows the chapters on SRs. Use of the information in Chapter
7 is helped by knowledge of the methods given in Chapters 3 and 5.

Methods related to SRs are discussed in Chapters 5 and 6, both of which
address surveillance frequency (or surveillance test intervals); Chapter 5 also
discusses surveillance test strategy. The reason for these two separate chapters is that
for many SRs the adverse effects are minimal so that these requirements can' be
analyzed adequately with the methods presented in Chapter 5. Only in selected cases
will Chapter 6 be used where methods for addressing the adverse effects of testing
are discussed.
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Chapter 8, Managing Plant Configurations, discusses a concept and the
approaches to an alternate way of implementing TS requirements where PSA-based
methods are used more directly. This approach has the potential to shape the future
TSs. Although selected portions relating to AOTs may be more appealing than
others, this approach integrates AOTs, SRs, and ARs.

Two appendices are included. In Appendix A, the attributes of PSAs for TS
applications are discussed. Appendix B provides details for evaluating conditional
core-damage frequency (CDF) using PSA models. Each of the chapters is described

below.

Chapter 2.

Chapter 3.

Chapter 4.

Chapter 5.

Chapter 6.

Chapter 7.

TS Risk Measures and PSA-Based Quantification: Aspects
relating to quantification of risk impacts are discussed, using the
PSA models that generally apply to the methods in the handbook.

Allowed Outage Time (AOT): This includes methods for
evaluating AOT requirements and discusses the risk impacts of
changes to single or multiple AOT requirements.

Preventive Maintenance: TS LCOs have been specified so that,
after a failure is detected, the equipment can be repaired during
power operation of the reactor. However, these LCOs also are
used for preventive maintenance during power operation. Risk-
based analyses of preventive maintenance and scheduling of such
maintenance are discussed.

. Surveillance Test Interval: This includes methods for evaluating

the frequency of surveillance tests (or the surveillance test interval)
and for considering the test strategy (e.g., staggered testing,
sequential testing) in analyzing the test interval.

Adverse Effects of Surveillance Testing: Some surveillances may
be associated with adverse effects, e.g., test-caused transients or
degradation.  This chapter discusses methods to evaluate
surveillance test intervals for these surveillance tests.

Action Statements Requiring Shutdown: This chapter particularly
addresses those systems which are needed for shutting the plant
down. The risk of shutting the plant down when these systems fail
can be substantial. We discuss methods for comparing the risk of
continued operation versus shutdown to evaluate LCO requirements.
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Chapter 8. Management of Plant Configuration: The risk from simultaneous

outages of multiple components can be much larger than from
single-component outages. TSs forbid outages of redundant trains
within a safety system, but many other combinations of component
outages can pose significant risk. In seeking TS changes and in
controlling operational risk, these configurations may need to be
analyzed. Risk-based analyses for outage configurations are
discussed.

Use of the Handbook

a)

b)

<)

d

The handbook is expected to have several uses:

The handbook is intended to aid in NRC reviews of risk-based analyses of
TS requirements submitted by the licensees.

Licensees may find the handbook useful in preparing submittals to NRC
proposing changes to their existing TSs, or in analyzing newly designed

plants,

Licensees may find that individual Plant Evaluations (IPEs) can be used with
the methods in this handbook to analyze TS requirements, and,

The methods discussed can enhance consistency in the analysis and in the
review.

1-5 NUREG/CR-6141






2. TS RISK MEASURES AND PSA-BASED
QUANTIFICATIONS

In this chapter, we briefly discuss some of the concepts associated with
analyzing the risk impact of TS requirements, particularly those aspects relatingto the
risk measures and their quantification using probabilistic safety assessment (PSA)
models applicable to the methods presented in the later chapters. These discussions
are not repeated elsewhere in the handbook unless a different viewpoint is applicable
for a specific discussion. '

We discuss the following aspects relating to risk-based methods for analyses
of TS:

1. Different Risk Measures and Different Level of Analyses
2. Time-Dependent Versus Time-Averaged Analyses
3. Uncertainty and Sensitivity Analyses
2.1 Risk Measures and Levels of Analyses
When risks associated with TSs are to be evaluated, one has to decide on the
risk measure to use and the level of analysis to carry out. The risk.measures which
can be used include:
Distribution of Early and Latent Fatalities
Frequency of Radioactive Release
Core Damage Frequency '

Safety Function Unavailability
System Unavailability
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The level of analysis involves the depth and detail to which contributors are
modeled. The analysis may be carried out at a system, subsystem (or train), or
component level.

In a system-level analysis, systems are modeled as black boxes. In a
subsystem or a train-level analysis, the modeling resolution is down to the train level,
and in a component-level analysis, models are taken to the component level.

Risk Measures

The applicable risk measure which is selected should be consistent with the
basic function of the components whose TSs are being evaluated. Risk measures
associated with accident frequencies should be calculated when evaluating components
whose functions are to prevent accidents. The components involved in accident
prevention, for example, include those in systems whose functions are involved in
reactivity control, reactor coolant system integrity, core heat removal, and reactor
coolant system pressure relief. Risk measures associated with accident prevention
include the core damage frequency and unavailabilities of the associated safety
functions and systems.

Risk measures measuring accident consequences should be assessed when
evaluating components whose functions are to mitigate consequences of accidents.
Such components, for example, include those in systems whose functions are involved
in containment pressure suppression, containment integrity and fission product
control. Risk measures associated with accident mitigation include complementary
cumulative distributionsof early and latent fatalities versus frequency, frequencies of
radioactive release versus release category, and unavailabilities of safety functions and
systems which are involved in mitigating the consequences of accidents.

Some components can be involved both in preventing and mitigating
accidents. Prime examples are components in support systems, such as electric power
systems, which provide support to systems involved in accident prevention and also
tosystems involved in mitigation. For these multi-functionalcomponents, both types
of risk measures can be evaluated.

The risk measure to use for a given set of components should encompass all
the hardware dependencies and functional dependencies among the components. For
a set of components in a frontline system which is involved in only accident
prevention and which provides no support to other systems, the system’s
unavailability at least needs to be evaluated. Function unavailability needs to be
evaluated if the components are in more than one system but are involved in a
common function, such as in emergency core-cooling. The core-damage frequency
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should be evaluated if there is potential for more extensive hardware or functional
interactions among the components.

Even though system or function unavailabilities can be evaluated if the
components are self-contained in the system or function, it is a good strategy to
evaluate the risk measure at a plant level, such as evaluating the core-damage
frequency for components involved in accident prevention, and also the release
frequencies (or containment failure probability) for components involved in accident
consequence mitigation. Evaluating the risk at a plant level assures that all the
interactions of componentsare included, and provides greater flexibilityin identifying
approaches to optimize resource requirements.

In this handbook, the methods are discussed in terms of the core-damage
frequency, but as outlined above, corresponding measures can be defined directly.
We use the term "risk," since the measures also imply early or latent fatalities, but
we consider evaluations using core-damage frequency. The available PSA models and
computer codes can conveniently calculate core-damage frequency.

Level of Analysis

For any risk measure, the level for analysis should be sufficiently detailed
to accurately model the contributions being evaluated. For technical specifications
which address component requirements, this means that component level modeling is
required, i.e., the modeling should identify the individual components addressed by
the TSs and their associated risk contributions. This generally means modeling to the
individual pump, valve, and circuit-breaker. Even if the TSs address system
requirements, component-level modeling usually isnecessary toevaluate the system’s
risk contribution.

For certain TS risk evaluations, train-level modeling is adequate. For
example, it is adequate for evaluating AOT risk contributionsand configuration risks
where the entire train goes down when a component in the train fail. Even for these
situations, it is better to model to the component level since strategies for controlling
the risks are focused at the component level, e.g., on the components being down.

2.2 Time-Dependent Versus Time-Averaged Analyses
In',this handbook, the formulas for the risk contributions generally are applied
using time-averaged risk calculations for analyzing the effects of testing; however,

time-dependent analysis also is useful.

In using time-averaged calculations, the detailed time-dependent or
instantaneousunavailability profiles of the components are not calculated, butinstead,
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the time-averaged unavailability and failure probability values are used in the formulas
which are given. This is the usual practice in most PSA evaluations. Even for the
formulas which are given to evaluate the risk impacts of configurations of components
being down, the time-averaged unavailabilities of the other components generally are
used.

The formulas given in the different chapters can be translated to time-
dependent formulas by using time-dependent unavailabilities and time-dependent
failure probabilities in place of the time-averaged values. This approach produces
time-dependent risk contributions and risk impacts which can have uses for certain
types of applications.

The following section summarizes the evaluations of time-dependent
unavailabilities versus time-averaged unavailabilities. The section after discusses
specific applications where time-dependent evaluations can provide important
additional information.

Time-Dependent Versus Time-Averaged Unavailabilities
The figure below illustrates the standard sawtooth pattern for the time-

dependent unavallablhtyof acomponent between surveillance tests having an interval
T and assuming a constant failure rate for the components.

Time-dependent
Unavailability q ()~

0 T 2T 31

Time t —>

Figure 2.1 Time-dependent unavailability for a tested component

b
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The figure assumes negligible downtime for test and repair, negligible test
inefficiencies, and that, at the end of a test, the component unavailability is zero. The
time-dependent component unavailability q(t) then rises according to the formula

qt)y = 1-e™
=\t (M < 0.1

where \ is the component failure rate and t is the time since the last test. The time-
dependent component unavailability is given by the above formula for t up to the
test interval T, i.e. for 0 < t < T. The time-dependent unavailability then is
reduced to zero after the test assuming that it was effective test and that all failures
are described by the failure rate A. The time-dependent unavailability then repeats
its behavior for the next test interval.

The time-averaged component unavailability q is determined by averaging
q(t) over a test interval '

T
q=%£qmm

I o T
=1-_(1-
>\T( e™)

or

AT (AT <0.1).

0| -

The last formula is the first order approximation used in PSAs and in the -
formulas given in this handbook. Additional contributions for repair time and test
downtime are added to q if these are non-negligible.

Time-Dependent Applications
Evaluations of time-dependent unavailability can provide important
information in certain applications; this handbook discusses such time-dependent

evaluations for specific applications. Those situations in which time-dependent
modeling can be useful include:
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More detailed evaluations of configuration risk impacts to account for when
available components were last tested

More detailed evaluations of the effects of carrying out a test before repair
or maintenance to account for the times of last tests

Evaluations of the effects of time-dependent unavailability resulting from
test-caused wearout of a component

More detailed evaluations of the risk effects of scheduling component tests
when the tests are not simple staggered or sequential ones.

For these types of applications, time-dependent evaluations can supplement
the time-averaged evaluations if the benefits are deemed to be potentially significant.

2.3 Uncertainty and Sensitivity Analyses

Uncertainties in risk-based evaluations of TS due to data uncertainties can be
assessed using standard uncertainty analysis techniques. Together, sensitivity analysis
and uncertainty analysis can help to evaluate the robustness of insights and
conclusions based on risk analysis.

In this handbook, the methods discussed and the evaluations involved can be
used to carry out uncertainty analyses. However, we have presented many examples
using point estimates of the risk measure, e.g., core-damage frequency. The methods
for uncertainty analyses are not separately discussed as they do not differ from
standard PSA uncertainty evaluations. (See, for example, Appendix C.6 of NUREG-
1489, "A Review of NRC Staff Uses of Probabilistic Risk Analysis," PRA Working
Group, 1994.)

Uncertainties in TS risk results due to data uncertainties could be evaluated
using these uncertainty analysis techniques. Even though point values may be used
in the intermediate calculations and in calculating individual risk contributions, it is
a good strategy, at a minimum, to calculate the uncertainties for the final risk
contributions for the set of proposed TS changes. The uncertainty calculations will
help to assure that the conclusions are not affected by the uncertainties. If they do,
then means for dealing with the uncertainties need to be identified. Sensitivity
analysis is useful to understand the effects of assumptions which have little data or
information to justify them. Sensitivity analyses are discussed separately for many
applications. '
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3. ALLOWED OUTAGE TIME (AOT)

Basic Concepts

Allowed Outage Time (AOT): When a component goes down, there generally is a
risk increase due to loss of function of the component. The AOT specifies the period
in which the component can be down to restore its operation.

AOT Risk Contributions: For a given AOT, the risk contribution is calculated by
multiplying the risk impact (CDF increase) by the AOT. There are two risk
contributions, single-event and yearly, corresponding to the two risk impacts.

Control of the AOT Risk Contributions: The single-event AOT risk contribution
is the contribution when the AOT is activated. The yearly AOT risk contribution is
the average contribution from expected occurrences of the AOT. Both need to be
controlled.

Risk-Based AOT: A risk-based AOT assures that the single event and yearly AOT
risk contributions are acceptable.

Risk Impact of a Downed Componént: The PSA calculates the risk impact of the

component being down by calculating the resulting increase in core damage frequency
(CDF) which results.

Single-Event Versus Yearly Risk Impacts: The single-event risk impact of a
downed component is the increase in CDP assuming that the component is down.
The yearly risk impact is the increase in CDF including the frequency of the
éomponent going down in a year.

Chapter Outline

Definitions of the risk contributions associated with
an AOT 3.1,3.21,3.22,3.23
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Basic formulas for calculating the AOT risk contributions 3.2.4, 3.2.5

Basic concepts in using the PSA to calculate the AOT risk

contributions , 3.2.6, 3.2.7
Issues in calculating AOT risk contributions 3.2.8
Systematic process for carrying out AOT risk evaluations 33
Examples of AOT risk contributions . 3.4
Strategies for determining risk-based AOTs 35
List of Symbols

d downtime asséciated with an AOT

f  downtime frequency or the average yearly frequency of occurrences of the
AOT

R, the increased risk level, e.g., increased CDF, when the component is known
to be down or unavailable

the reduced risk level, e.g., reduced CDF, when the component is not down,
i.e., down unavailability is zero

AR the increase in the conditional risk level, e.g., increase in CDF, given the
component is down

r  single-event AOT risk
R, yearly AOT risk
3.1 Current Practices and Issues

Allowed outage times (AQOTs) are defined as part of the limiting conditions
for operation (LCOs) in TS for nuclear power plants. The AOT defines the time for
which a component or a train in a safety system can remain inoperable before an
action is required, which typically is plant shutdown. An AOT is used to repair or
replace a failed or a degraded component, and sometimes, also tocarry outscheduled
maintenances. In Standard Technical Specification (STS), an AOT is called a
completion time (CT), which has a somewhat broader meaning. We willuse the term
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AOT inits traditional sense as defined above, because the term completion time is not
widely used yet.

The intent of an AOT is to provide adequate time to repair a failed
component withoutincurring undue risk because of loss of function of the component.
A long AOT implies a relatively larger risk to be incurred, but a shorter AOT may
result in inadequate repair and/or unnecessary plant shutdown, both of which have
risk implications. These requirements are defined largely based on engineering
judgments. Experience with plant operation indicates that changes in some of them
may be desirable.

A change in an AOT, for example , an increase in an AOT, may be desired
to provide adequate time for repair/maintenance, to avoid unnecessary plant
shutdown, or to obtain operational flexibility whereby increased attention may be
focussed on risk-significant aspects. In certain cases, a decrease in an AOT may be
required because of the large associated risk contribution. PSAs provide a systematic
tool to address the risk contributions associated with an AOT, and to judge any
change that may be desired. This chapter discusses risk-based analyses of AOTs, the
steps in conducting the analyses, and gives example applications.

3.2 Overview of the Risk Contributions Associated with an AOT

During an AOT, the risk level generally increases because of the loss of
function of the component.! The increase in risk level is the cause of the AOT risk
contribution, as shown in Figure 3.1. Whenever a component goes down, there is
an associated AQT risk contribution that needs to be controlled. The AOT risk
contribution depends upon the specific risk measure which is focused on. For
components in a safety system whose function is to prevent core damage, the most
relevant risk measure is the core-damage frequency. For components in a safety
system whose ‘function is to mitigate the consequences of an accident, the most
relevant measure is the frequency of severe consequence accidents, or the associated
consequence-related risk. As a surrogate for core-damage frequency, the
unavailability of the safety function or of the system can be selected as the important
risk measure, provided that all contributions associated with the AOT, as discussed
above, are included. Instead of the severe-accident frequency fora mitigating system,
the unavailability of its safety function can be selected as the risk measure, again
provided that all contributions associated with the AOT are included.

YFor certain components, e.g. logic actuation components in a shutdown system, the
risk level decreases when a component is brought down because other componentsare
reconfigured. We shall focus on the more usual situation, where the risk level
increases when the component goes down.
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Increase in risk
because of loss
of the component
function

\

Risk where the component's
function is not lost

Risk |

= Time —
Downtime '
Duration

Figure 3.1 The risk contribution associated with an AOT

3.2.1 Definition of the Two Types of Risk Contributions Associated with an
AOT

There are two types of AOT risks associated with the increase in risk level
caused by a component going down, the single-event AOT risk, and the yearly AOT
risk contribution. The single-event AOT risk is the risk associated with a given
occurrence of the AOT. The yearly AOT risk contribution s the average yearly risk
contribution from the AOT, accounting for its average yearly frequency. Thus, the
single-event AOT risk is the conditional risk contribution, giventhe occurrence of the
downtime. The yearly AOT risk contribution is the unconditional risk contribution,
averaged over the expected number of occurrences of the downtime in a year. As
discussed later, the average yearly AOT risk is product of the frequency of downtime
occurrence and the single-event AOT risk. The single-event AOT risk and the yearly
AOT risk contribution have different units; the former is the risk per downtime event,
and the latter is the risk contribution per year. For example, in terms of a core-
damage occurrence, the single-event AOT risk is the probability of a core damage
occurring during the period the component is down. The yearly AOT risk
contribution is the frequency of core damage occurring per year due to the average
number of downtime occurrences per year. Since the AOT is initiated when the
downtime event occurs, the single-event AOT risk needs to be controlled to control
the risk for the given downtime event. Since the average yearly AOT risk
contribution contributes to the average yearly risk, the yearly AOT risk contribution’
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also needs to be controlled. Hence, both contributions must be evaluated when
specific AOTs are evaluated, or are proposed for modification.

3.2.2 Interaction of the Risk Contributions from Several AOTs

Thessingle-event AOT risks from several AOTs do not generally interact nor
do they accumulate to give a total contribution because the single AOT risks are
conditional risks per event, and the downtime events for the different AOTs are
differentevents. The only time that single-event AOT risks need to be simultaneously
considered is when multiple components can be down at the same time, constituting
the same event. Such a case is termed a downed-configuration, or simply a
configuration. The risk contribution associated with a configuration is termed the
configuration risk, and is evaluated separately as a multiple component downtime.
Conducting maintenance on several components is a principal cause for potentially
high configuration risks; then, the downtimes need to be scheduled so that the
downtimes of critical components do not overlap. The focus here is evaluating single
downtime occurrences.”

Yearly AOT risk contributions from several AOTs can interact and need to
be accumulated to give the total yearly contribution from all the AOTs being
considered. When the AOTs do not interact, i.e. when the downed components are
not in the same minimal cutset; then the yearly AOT risk contribution from several
AOTs is the sum of the individual yearly AOT risk contributions. When the AOTs
do interact, i.e. when two or more of the downed components are in the same
minimal cutset, then interaction of the AOT risk contributions need to be considered.
The quantification of the single-event AOT risk and yearly AOT risk contributionsis
discussed subsequently.

3.2.3 The AOT Risk Contribution Calculated in the Usual PSA

The usual PSA only calculates the average yearly AOT risk contribution
because the PSA calculates the yearly risk, e.g. the CDF, and the yearly AOT risk
contribution is what contributes to the yearly risk. However, from the viewpoint of
technical specifications, an AOT is activated when a given downtime event occurs.
Thus, the AOT in technical specifications is a conditional requirement, conditionalon
the component going down; hence, the conditional risk contribution, which is the
single-event AOT risk, needs to be assessed. The PSA can be analyzed simply to

2We note that all the equations to be presented for a component are applicable for a
configuration, with proper interpretations. Configuration risks are separately
discussed later in Chapter 8.
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obtain the single-event AOT risk using standard PSA codes, as the next sections
describe (Vesely, NUREG/CR-5425, 1989; Samanta et al., NUREG/CR-5200, 1988).

3.2.4 Basic Formula for the Single-event AOT Risk in Terms of the
Contributing Factors

Let

AR = the increase invconditional risk level, given that the component is
down ' '

d = the downtime associated with the AOT, and

r = the single-event AOT risk
then \

r = AR-d. 3.1

Thus, to calculate the single-event AOT risk, r, from basic factors, the
associated increase in risk level AR and the associated downtime d is needed. Both
the single-event AOT risk and the yearly AOT risk contribution, as well as the basic
contributing factors, can be calculated from the PSA using standard PSA codes.
Subsequent sections describe the PSA calculations whichare involved in determmmg
the AOT risk contributions and the increase in risk level.

3.2.5 Basic Formula for the Yearly AOT Risk Contribution in Terms of the
Contributing Factors

The yearly AOT risk contribution is the product of the single-event AOT risk
and the frequency of occurrence of the AOT.

Let
r = the single-event AOT risk
f = the average yearly frequency of occurrences of the AOT or the
downtime frequency
and,

Ry, = the yearly AOT risk contribution.
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then

Ry = for )

Now, the single-event AOT risk r is
r = AR-d

hence

R, feAR*d, 32
where AR is the increase in risk level associated with the AOT, and d is the
downtime associated with the AOT. Thus, the yearly average AOT risk contribution
differs from the single-event AOT risk in that the former involves the extra factor of
the average yearly downtime frequency, f. The downtime frequency, f, needs to be
in units of per year for the risk R, to be in units of per year. If the average yearly
frequency, f, is greater than 1, then the numerical value of the average yearly AOT
risk contribution is larger than the single-event AOT risk. If f is smaller than 1, then
the numerical value of the average yearly AOT risk contribution is smaller than the
single-event AOT risk. However, again we note that the single-event AOT risk is for
a given downtime event, and the average yearly AOT risk contributionis the average
contribution for a given year. The larger of these two measures should be used to
select allowed outage times for technical specifications.

3.2.6 Using the PSA to Determine the Single-event AOT Risk and the Yearly
AOT Risk .

The PSA can be used to calculate the increase in risk level AR which is the
key factor in determining the single-event AOT risk and the yearly AOT risk
contribution.

Let
R, = theincreased risk level when the compbnent is known to be down
or unavailable,
and,~
Ry =  the reduced risk level when the component is known to be up or
available.
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The risk level can be the level.of core-damage frequency, severe accident
frequency, an expected consequence level, or even a system unavailability level. We
shall focus on the core-damage frequency (CDF) as previously discussed. R, is the
increased risk level, e.g. CDF, with the component assumed down, or equivalently,
the component unavailability equal to 1. R, is the reduced CDF with the component
assumed up, i.e. the component unavailability equal to zero. In terms of R; and Ry,
the increase AR in risk level associated with the AOT then is

AR = R, - R,

Using the above expression, the single-event AOT risk and the yearly AOT
risk can be expressed as,

single-event AOT risk

-
Il

R, -Ry)+d (3.3)
and,

yearly AOT risk contribution

!71
Il

= fer

fe(R, - Ry)d. (3.4)

R, can be calculated by setting the component-down event to a true state in
the PSA. Similarly, R, can be calculated by setting the component-down event to a
false state in the PSA. The component down event in the PSA is the event describing
that the component is down for a repair or maintenance. If the component-down
event is included in the existing minimal cutsets then these minimal cutsets can be
used to determine R; and R, provided the minimal cutsets sufficiently cover the
contribution of the down event. The existing minimal cutsets are sufficient if those
containing the down event are not all near the truncation limit, i.e., are not all within
a factor of 10 of the truncation limit. Alternatively, the minimal cutsets are sufficient
if those containing the down event have a non-negligible contribution, i.e., have a
contribution greater than or equal to 1%. If the existing minimal cutsets are
sufficient, then the increased risk level R; can be determined by setting the
component-down unavailability to 1 and deleting larger minimal cutsets which contain
smaller minimal cutsets (i.e. are absorbed by the smaller minimal cutsets). If there
are any minimal cutsets containing complementary events, then they also need to be
removed if they are inconsistent with the component being down. The reduced risk
level Ry can be determined analogously by setting the down unavailability to zero.
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Ifthe component-down event is not contained in the existing minimal cutsets,
or if there is question on the coverage of the existing minimal cutsets, then the
minimal cutsets will need to be regenerated. R, is determined by setting the down-
component event in the PSA models to a true state. The truncation limit of the
minimal cutset can be reduced by at least a factor of 10 to give added assurance of
sufficient coverage. The minimal cutsets which are generated subsequently then can
be used to determine R, by setting the down unavailability at zero.

Contributions from common-cause failures need special attention when
calculating the increased risk level R,. If the component is down because of a
failure, then the common-cause contributions involving the component need to be
divided by the probability of the component being down due to failure since the
component is given to be down. If the component is down because of being brought
down for maintenance, then the common cause failure contributions involving the
component need to be modified to remove the component and to only include failures
of the remaining components (also see Appendix B).

If other components are reconfigured while the component is down, then
these reconfigurations can be incorporated in estimating R, or AR, using the PSA.
If other components are tested before repair or if maintenance is carried out on the
downed components, then the conduct of these tests and their outcomes also can be
modeled. If other components are more frequently tested when the component is
down for the AOT, then this increased frequency of testing also can be incorporated.
These modeling details are sometimes neglected in the PSA because of their
apparently small contribution. However, when isolating the AOT risk contributions
and in justifying modified AOTs, these details can become significant.

3.2.7 Obtaining the AOT Risk Contributions from the PSA Minimal Cutsets
When it is Appropriate

Asindicated, a PSA computes the yearly AOT risk contributionto the yearly
core-damage frequency (CDF). Basically, the yearly AOT risk contribution is the
sum of the minimal cutset contributions containing the component downed
unavailability (typically, for maintenance), q,,,

9y = f-d

where f is the downtime frequency and d is the downtime associated with the AOT.
The downtime, d, usually is estimated as an average downtime associated with the
AOT. If the minimal cutsets sufficiently cover the downed unavailability, those which
contain the downed unavailability q,, can be summed to give the yearly AOT risk
contributionR,. The previous section described the checks needed to assure that the
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existing minimal cutsets sufficiently cover the downed component unavailability
contribution so that they do not need to be regenerated..

To obtain the single-event AOT risk from the yearly AOT risk contribution,
we can use the relationship between the single-event AOT nisk, r, and the yearly AOT
risk contribution, Ry:

Ry=f'r

or

R . 3.5)
K ,

Thus, to obtain the single-event AOT risk r, the yearly AOT risk
contribution R, is divided by the downtime frequency, f, used in the PSA. The
downtime frequency, f, must be expressed in units of per year to obtain the correct
units for the AOT risk.

-

3.2.8 Consideration in Defining the Downtime Associated with an AOT

A final point should be made about the downtime value used to calculate the
AOT risk contributions. In calculating the single-event AOT risk or the yearly AOT
risk contribution, the downtime, d, associated with the AOT needs to be defined. As
one alternative, the downtime can be defined to be the maximum downtime allowed,
as specified by the AOT. Altematively, the downtime can be defined to be the
average downtime, based on an assessment of past history. Both downtimes should
be used for comprehensive evaluations to show the range of AOT risks which can
occur. If there is a large disparity between the two, the assumption that only a small
fraction of the AOT will be used needs to be justified with data from experience.

When AOT risk contributions are being evaluated for a proposed extended
AOT, then, usually, past data are not available for estimating average downtime.
Conservatively, the average downtime can be assumed to proportionally increase with
the increase in the proposed AOT for downtimes associated with corrective (or
unscheduled) maintenances. For preventive (or scheduled) maintenances, the
downtime assumed can be representative of plant practices, e.g., one half of the
AOT.
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33 Conducting AOT Risk Evaluations
3.3.1 The Steps Involved in a Systematic AOT Evaluation Process

A systematic evaluation should be carried out of the risks associated with
either existing or proposed AOTs. The steps below represent such a process. To
accomplish each step, the appropriate analysis described in the previous methodology
sections must be conducted. These steps are listed below, and then the analysis
involved in each is described briefly in the following pages.

Steps Involved in Systematic AOT Risk Evaluations
1. Identify the AOTs to be evaluated for their risk contributions.

2. For a given or proposed AOT to be evaluated, then determine the single-
event AOT risk and yearly AOT risk contribution for each.

3. If multiple AOTs are evaluated, determine the overall yearly AOT risk
contribution from all the proposed AOTs.

4. If not already carried out, check the AOT risk contributions, re-evaluating
the PSA with the proposed AOTs.

5. Perform sensitivity evaluations or uncertainty evaluations to address the
issues and uncertainties associated with the AOT risks.

6. If an AOT is to be defined to satisfy given risk criteria, then demonstrate
that the criteria are satisfied.

7. Document the AOT risk evaluations, giving the associated risks, sensitivity
results, and uncertainty results.

Step 1. Identify the AOTs to be Evaluated for Their Contributions

The first step is to identify the AOTs whose risk contributions are to be
evaluated. The AOTs can be a set which are being considered for modification.
Alternatively, the objective may simply be to evaluate existing AOTs for their single-
event AOT risks and their yearly AOT risk contributions. The existing AOTs which
then are prime candidates for additional attention are those having relatively high
risks, and those which are prime candidates for relaxation are those having negligibly
low risk.
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Step 2. If a Given or Proposed AOT is to be Eyalﬁated for its Risks, then
Determine the Single-event AOT Risk and the Yearly AOT Risk
Contribution for the AOT

For comprehensive risk evaluations, the single-event AOT risk and the yearly
AOT risk contribution needs to be determined for every AOT evaluated. From the
previous presentations of AOT risk methodology, if

r = the single-event AOT risk

and,

R,

then, in terms of the basic contributing factors

the yearly AOT risk contribution

r = AR-d
and,

R, = f+AR-d
where

AR = the increase in risk level

d = the downtime associated with the AOT
and,

f = the downtime frequency.

The optibns for defining d are

= the mean downtime under the AOT
the maximum allowed downtime under the AOT.

I
eal
I

d-
d

max

Both values can be used for comprehensive evaluations.

NUREG/CR-6141 3-12



ALLOWED OUTAGE TIME (AOT)

Step 3. If Several AOTs are Evaluated, Determine the Overall Yearly Risk
Contribution From All the AOTs

As.described in the methodology, the yearly AOT risk contributions from
several AOTs accumulate to give a total risk contribution. The single-event AOT
risks do not accumulate because they are conditional, depending upon different given
events. Thus, if several AOTs are proposed or are evaluated, the overall yearly AOT
risk contribution needs to be evaluated. If the AOTs are all in different minimal
cutsets, then there are no interactions among them, and the individual yearly AOT
risk contributions are additive. If two or more of the AOT components appear in the
same minimal cutset (i.e. the downed unavailabilities of two or more components
appear in the same minimal cutset), then interactions among the yearly AOT risk
contributions need to be evaluated. The interaction among the yearly AOT risk
contributions can be accounted for by substituting the corresponding downtimes and
the frequency of the downtime to replace the maintenance downtime unavailabilities
for the relevant components in the PSA and then re-calculating the results.

Step 4. If Not Already Done, then Check the AOT Risk Contributions by Evaluating
the PSA with the Proposed AOTs

If modified AOTs are being proposed, then the yearly AOT risk contributions
need to be checked by substituting the proposed AOTs in the PSA and re-calculating
the results. If this has been done previously, it need not be repeated. Checking is
particularly applicable when the AOTs are determined to satisfy given criteria and the
risk contributions have not yet been checked.

Step 5. Perform Sensitivity Evaluations or Uncertainty Evaluations to Address the
Issues and Uncertainties Associated with the AOT Risks

The following uncertainties and sensitivities which specifically affect the
AOT contribution need to be assessed:

1. The effect on the AOT risk contribution of using the mean downtime versus
the maximum AOT,

2. The effect of assumptions and lack of data on estimates of the mean
downtime used to calculate the AOT risks,

3. The effects of any component reconfigurations and additional tests or checks
on the AOT risks,

4, The effects of common-cause failure contributions to the AOT risks,
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5. The effects of human-error contributions and recovery probabilities to the
AOT risks,

6. The effects of general PSA uncertainties in terms of plausible ranges for the
AOT risk contributions. :

Step 6. If an AOT is to be Defined to Satisfy Given Risk Criteria, then
Demonstrate that the Criteria are Satisfied

Instead of proposing AOT values and then evaluating their risk contributions,
AOT values can be defined to satisfy given risk criteria. Such a criteria-determined
AOT is obtained by setting the single-event risk, r, and the yearly downtime risk
contribution, Ry, to be less than or equal to given acceptable values r, and R,
respectively

r<r

¢
R, = R..
Substituting the basic contributing factor expressions for r and R gives
“ AR+d =1, |
feAR+d < R,

or

The above constraints can be written more concisely as:
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r R

c <

ARTAR-f

d <min (3.6)

where "min" determines the minimum of the arguments. The maximum, d, which
satisfies the risk constraints is determined by setting the inequality " <" to an equality

When implementing the above criteria for several AOT values, then
additional considerations are needed. Because the yearly AOT risk contributions
accumulate, if several AOTs are being evaluated, then Rc should account for the
multiple AOT contributions (for example, for each AOT the contribution Rc/n can
be used where n is the number of AOTs being determined).

Step 7. Document the Evaluations and Prepare a Summary Table of the Results

The AQT risk evaluations which were carried out in the previous steps
should be fully documented. The calculations should be presented in a format which
can be auditable, and be clearly traceable to the data and assumptions used. The
results and associated calculations presented should include the following:

1. For each AOT, the single-event AOT risk and the yearly AOT risk
contribution,

2. The total yearly AOT risk contribution from all the AOTSs evaluated,

3. The single-event risk and yearly AOT risk contribution using the total AOT

as the downtime,

4. A description of the basis and data used to determine the average downtimes
used to calculate the AOT risks,

5. A discussion of the basis for the values used for the downtime frequencies
in determining the yearly AOT risk contributions,

6. Preventive Maintenance (PM) risk contributions, as applicable, conéidering

the PM schedules to be used, if AOT modification s being sought to conduct
PM during power operation (discussion in Chapter 4),
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7.  Estimations of the uncertainties associated with the AOT risk contributions,
which need not involve formal uncertainty propagations, but can be based on
the PSA results and considerations of the factors involved in the AOT risks,

and,

8. A discussion of the sensitivities associated with the AOT risks due to
common-cause failures, human errors, and other factors which can cause the
AOT risks to vary.

3.3.2 Data Needs for AOT Analyses

The following are the special data needs for AOT analyses, in addition to the
data collected as part of a PSA:

- Distribution of repair times of components: this is needed to judge whether
adequate AOT is being provided to complete a repair.  This distribution also
can be used to estimate the expected risk for a given AOT. The distribution
of repair time may shift when an AOT is being changed. However,
information about such an influence on the distribution is not expected to be
available when the AOT modification is being studied.

- Frequency of downtime: the frequency of downtime for a component may
be a factor of 3 to 10 times higher than the failure frequency. Since AOTs
can be used for maintenance, the frequency of maintenance should be
incorporated in estimating the downtime frequency.

- Schedule for performing PM: maintenance scheduling used by the plant,
defining the situations when multiple equipment or system trains may be
taken down for PM. These schedules are important to assure that high risks
from components being simultaneously down do not occur.

- Restoration probabilities for components in PM: during a component outage
for PM, if a component is requested to function, it may be possible in
certain situations to restore it within a reasonable time. If bounding
evaluations show that early restoration is unlikely, then the component will
be considered fully unavailable. If detailed evaluations of restoration
possibilities are to be performed, then data defining restoration probabilities
should be obtained.
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34 Examples of Evaluations of AOT Risk Contributions
3.4.1 Introduction

In the following sections, examples are given of evaluations of AOT risk
contributions. These risk contributions are AOT core-damage frequency (CDF)
contributions, both single-event AOT risks and yearly AOT contributions. The results
are taken from NUREG/CR-5200, "Evaluations of Risks Associated with AOT and
STI Requirements at the ANO-1 Nuclear Power Plant” published as part of the NRC
research program on risk-based technical specifications.

The objective of the calculations in NUREG/CR-5200 was to determine the
CDF contributions associated with present AOTs at this particular plant using the
plant’s PSA. The calculations demonstrated the sizes of AOT CDF contributionsand
also, how such calculations could be used to prioritize AOTs. The AOTSs with the
highest CDF contributions, for either single-event AOT risks or yearly AOT risk
contributions, would be the focus for risk control; those with the lowest contributions
would be candidates for relaxation.

The next section has an example of the calculated AOT risk contributions and
their contributing factors, as determined from the plant’s PSA. The results are
discussed in terms of methodology which was described. The section after the next
one shows examples of tables which can be constructed to tabulate the AOT risk
contributions, not only for present AOTs but for proposed modified ones. The tables
would be supplemented by sensitivity or uncertainty analyses and discussions of data
and assumptions involved, which are particularly important to define the bases for
proposed AOTs.

3.4.2 Calculation of the Single-event AOT Risk and Yearly AOT Risk
Contribution

The example below pfesents values for the AOT CDF contributions and their
contributing factors determined from the plant PSA, and given in NUREG/CR-5200.

Component: High Pressure Injection (HPI) Pump 36C
AOT (d): 60 hr :
Downtime Frequency (f): 3.1 x 10 per hour
Increase in CDF (AR): 2.7 x 10" per year

Single event CD Probability (r): 1.9 x 107

Yearly CDF Contribution (R,): 5.0 x 10°% per year

The component is a particular pump and the AOT is the allowed downtime
as specified by the technical specifications. The increase in CDF per year is the
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increase in the conditional CDF when the HPI pump is down. To obtain the single-
event AOT risk at the core-damage frequency level, the increase in CDF is multiplied
by the AOT of 60 hrs. The AOT needs to be transformed to units of years (60 hours
x 1/8760 hours per year = 6.8 x 10 years). The average downtime also can be
used for assessment, in which case the average downtime instead of the AOT would
be used. The average downtime chosen would need to be justified from plant
experience. The sum of the minimal cutset contributions, as calculated in the PSA,
used the average downtime associated with the AOT which is less than the total AOT
of 60 hours. Consequently, the minimal cutset contributionscan be multiplied by the
ratio of the total AOT to the average downtime to obtain the same result.

The yearly AOT CDF contribution is calculated by multiplying the single-
event AOT risk by the downtime frequency. To do this, the downtime frequency of
3.1 x 107 per hour needs to be transformed to units of per year (3.1 x 107 per hour
x 8760 hours per year = 2.7 x 107! per year). We note that, in this case, the yearly
CDF contribution is significantly less than the single CDF contribution since the
downtime frequency is less than 1. The downtime frequency used in this example
(and in NUREG/CR-5200) is for corrective maintenances needed for failures of the
component; maintenances for degradation of the component or scheduled preventive
maintenances are not included. The AOT risk measures discussed here also should
include these other types of maintenances. Risk-based analyses of these types of
maintenances are discussed in the following chapter.

3.4.3 Tables of AOT Risk Contributions

Tables 3.1 and 3.2 illustrate how the calculated single-event AOT risk and
the yearly AOT risk contributionscan be presented in tabular form to summarize the
pertinent risk information. Table 3.1 presents the AOT risks for the components in
the High Pressure Injection (HPI) system, and Table 3.2 for the components in the
Low Pressure Injection (LPI) system. Similar tables also can be constructed using
the average downtime instead of the total AOT. The results, which are taken from
NUREG/CR-5200, show the large variation in present AOT risk contributions and the
potentials for improvement.

3.5 Risk Strategies Involving AOT Risks

3.5.1 Introduction

It is desirable to focus attention on the AOTs with the highest risk
contributionand to redirect unnecessary attentionaway from AOTs of negligible risk
contribution. Various strategies can be employed in proposing modifications to AOTs
using risk considerations; one is that the proposed AOT moditfications result in no net
increase in risk.
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Table 3.1 AOT Risks at the CDF Level for the
High Pressure Injection (HPI) System

Single-event

Increase in AOT Risk Yearly AOT
Downtime  Conditional (CD CDF

AOT Frequency CDF, AR Probability)  Contribution R,

Component (hr) f (per hr) (per year) r (per year)

HPI Pump 36C 60 3.1E-5 2.74E-3 1.88E-5 5.1E-6
HPI Pump 36B 60 3.1E-5 1.50E-5 1.03E-7 ‘ 2.8E-8
HPI Pump 36A 60 3.1E-5 5.00E-6 3.43E-8 9.3E9
HPI MOV 1227 60 4.0E-7 3.00E-5 2.06E-7 7.2E-10
HPI MOV 1228 60 4.0E-7 3.00E-5 2.06E-7 7.2E-10
HPI MOV 1219 60  4.0E-7 1.20E-5 8.22E-8 2.9E-10
HPI MOV 1220 60 4.0E-7 1.20E-5 8.22E-8 2.9E-10

Table 3.2 AOT Risks at the CDF Level for the
Low Pressure Injection (LPI) System

Single-event
Increase in AOT Risk Yearly AOT

Downtime  Conditional (CD CDF

AOT Frequency = CDF, AR Probability) Contribution
Component (hr) f (per hr) (per year) r 5: (per year)
LPI Pump 34B 60 3.1E-5 5.10E-5 3.49E-7 9.5E-8
LPI Pump 34A 60 3.1E-5 5.00E-5 3.43E-7 9.3E-8
LPi MOV 1406 60 4.0E-7 7.90E-5 5.41E-7 1.9E-9
LPI MOV 1405 60 4.0E-7 7.20E-5 4.93E-7 1.7E-9
LPI MOV 1428 60 4.0E-7 5.00E-5 3.43E-7 1.2E-9
LPI MOV 1429 60 4.0E-7 5.00E-5 3.43E-7 1.2E-9
LPI MOV 1400 60 4.0E-7 6.00E-6 4.11E-8 1.4E-10
LPI MOV 1401 60 4.0E-7  5.00E-6 3.43E-8 1.2E-10
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To accomplish this, a risk-reduction strategy can be considered. Also,
increases in risk due to AOT relaxations can be compensated for by decreases in
risk due to risk-reduction actions. These actions may involve tightening AOTs on
other components, or others, such as testing a redundant train before beginning the
AOT. Also, they can involve carrying out a maintenance or quality assurance.
However, in some case, certain options may not be applicable from engineering
considerations. In general, the AOTs and the action defined should make
engineering sense and not be based on numerical manipulation.

Since the increase in risk associated with an AOT relaxation can be very
small, particularly if the AOTs are of negligible importance, the actions to reduce
risk do not necessarily need to entail significant resources. Furthermore, for small
changes in risk, the risk reduction does not need to be accurately quantified. In
some cases, quantification may not be necessary and a qualitative description may
suffice. The following sections describe strategies which can be considered in
achieving a net reduction in risk or no net increase from one or more AOT
modifications. :

3.5.2 Reducing the Risk Increase Associated with the AOT by Testing
Redundant Components Before the AOT

To reduce the single event risk and yearly risk contribution associated
with an AOT, the first question that can be asked is whether the associated
increase in risk level can be reduced. From the previous methodology sections,
both the single-event risk r and the yearly risk contribution R, are proportional to
the increase in risk level AR caused by the downed component. The equations for
the single-event AQT risk, r, and the yearly AOT risk contribution, Ry, are,
again, . .

r = AR+d
and,
R =f+AR+d
= f-d-(R, - Ry

Both of these risks can be reduced for a given proposed downtime d if R,
can be reduced. Even if there is a longer proposed downtime, the AOT risk
contributions can be reduced if R, can be reduced, thereby lessening the risk-
impact of the downed component.
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* To reduce the increased risk level R, the unavailability of one or more of
the other components in the contributing minimal cutsets needs to be reduced.>
One of the most direct ways to achieve this is to test the component to determine if
it is operational. If the test effectively assesses the failure mode identified in the
PSA and there is negligible downtime associated with the test, then the
unavailability is reduced and the contribution of the minimal cutsets containing the
tested component is reduced. 4

One must assure that there is no significant downtime associated with the
test, comparable to the AOT downtime d, otherwise the test will not effectively
reduce the unavailability. If the component’s unavailability is due to a faulty
configuration, then a simple test or check often can effectively reduce its
unavailability. For example, stroke-testing a valve from the plant control room'to
determine if it is operable is an effective test with negligible downtime. Even if
only a partial test is conducted, the unavailability of the tested component can be
reduced by some factor which can reduce the increased risk level R;.

After the test is conducted, the unavailability of the tested component will
increase with time according to the formula 1 - exp(-At) = At, where A is the
_ component’s failure rate and t is the time from test. This effect generally will be
small and can be ignored if the AOT downtime is small, for example, less than
one week. The smallness of the unavailability can be checked by calculating
(1/2)Ad which is the average unavailability of the tested component during the
downtime, d. If the contribution is non-negligible, then it should be included in
the evaluation.

There will be a residual unavailability of the tested component due to a
cyclic or per-demand contribution to the component’s failure rate that will cause
the unavailability of the tested component to not be zero after the test, but instead,
be some residual value p. After time t, the unavailability then will be
approximately p + At. This residual contribution can be neglected as a first
approximation and sensitivities can be performed on the effects of various values
for the residual unavailability.

3The increased contribution to risk level also is proportional to the frequency of
initiating events in each minimal cutset, although this frequency usually cannot be
reduced.
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3.5.3 Reducing the Risk Increase Associated with the AOT by Reducing
Other Component Unavailabilities

As an extension of the strategies in the previous section, the increased risk
level associated with the downed component can be decreased by more generally
reducing the unavailability of one or more components in the same minimal cutset
as the downed component. Some examples include decreasing the test interval
which results in earlier detection of failure so reducing the unavailability, reducing
the downtime, improving the component so it has a lower failure rate, reducing
common-cause failure probabilities, reducing human-error probabilities, and
carrying out more effective tests and maintenances. Accomplishing these resuits
does not need to involve significant resources, but can involve improving existing
activities to focus on the important contributors to the increased risk level. The
actions should be commensurate with the risk. If the AOT risk contribution is
small, then minor improvements will be sufficient to counter the small
contribution. Qualitative evaluations may be reasonable.
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Basic Concepts

Downtime Effect of Maintenance: When a component is taken out-of-service for
maintenance, it is associated with certain downtime and its corresponding risk. The
risk resulting from this inoperability of the component during the downtime is called
the downtime effect of maintenance.

Maintenance Schedule: It is the schedule followed to conduct PM. In such a
schedule, multiplecomponents, implicitlyallowed by TS, maybetakenout-of-servnce
at a time, e.g., in a rolling mamtenance schedule. ~

Preventive Maintenance: The actionthatdetects, precludes or mitigates degradation
of a functional component to sustain or extend its useful life by controlling
degradations and failures at an acceptable level.

Risk-Based Maintenance Scheduling (power operation vs. shutdown): In risk-
based maintenance scheduling, the downtime effect of maintenance is assessed
(sometimes comparing the effects during power operation vs. shutdown) to decide
when maintenance should be scheduled.

Risk Impact of Maintenance Schedule: The incremental risk, e.g., increase in the
CDF, associated with a maintenance schedule where multiple components may be

taken out-of-service at a time and at a pre-defined frequency.

Chapter Outline

Definitions and Areas of Application 4.1, 4.2
Formulas for Calculating Risk Impact of Maintenance 4.3
Example Analyses of PM Risk Contributions 4.4
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Scheduling Maintenance at Power Operation vs. Shutdown 4.1, 4.4.3

Analyses of Rolling Maintenance Schedule 4.4.2

Insights on PM Scheduling 4.5

List of Symbols

dppu downtime associated with a PM

fom frequency of PM

oM single PM risk contribution (similar to single event AOT risk
contribution r)

AR the increase in the conditional risk level, i.e., increase in the CDF,
when the component is down for PM '

Rpm yearly PM risk contribution (similar to the yearly AOT risk
contribution R))

R,(P,Wn) CDF when the components scheduled for PM during week n are taken
out-of-service (for power operation of the plant)

R,(P) CDF at power, when the component is taken down for maintenance

R,;(POSn) CDF in a given operational state during shutdown, when the
component is taken down for maintenance

rpm(SD)  risk incurred, e.g., estimated in terms of CDP, to perform the PM by
shutting the plant down

rpm(PO)  risk incurred, e.g., estimated in terms of CDP, to perform the PM

while the plant is at power

4.1 Current Practices and Issues

Components in safety systems of nuclear power plants require preventive
maintenance (PM)toassure their reliability. These maintenances are performed both
during power operation and shutdown, but traditionally, the bulk of them are carried
out during shutdown. However, because of the longer fuel cycles and the desire to
reduce the plant’s shutdown outages, increasing amounts of PM are being scheduled
during power operation. The following are the two dominant effects of PM:

NUREG/CR-6141 4-2



PREVENTIVE MAINTENANCE

a) Improving the components’ reliability, resulting in a decrease in the plant’s
risk level in the long run, called the reliability effect.

b) Increasing the plant’s risk level due to loss of function for the duration of the
PM, called the downtime effect.

The PMs are performed using the LCO requirements defined in the plant TS
(i.e., the AOTs discussed in Chapter 3). These requirements originally were intended
for repairing failures, but are used to voluntarily declare an equipment inoperable to
perform a PM. Thus, the duration of the PM is limited by the AOT, and also, LCO
requirements are followed, limiting simultaneous outages of redundant trains in a
system.

The practice of PM at power is widespread in nuclear facilities; however, the
implementation approaches vary from one plant to another. Some nuclear power
plants carry out PM as needed, based on the results of routine surveillance tests of
the components. Others follow a rolling maintenance schedule, where each week a
predefined group of components is permitted to be taken out-of-service for PM. This
type of PM schedule is defined for a fixed period, e.g., 12 weeks, and is repeated at
the end of the period, i.e., every 12 weeks.

The following are some of the common features associated with PM
practices:

a) multiple components, implicitly allowed by TS, being taken out of service
at a time,

b) repeated entry into LCO to perform PM, resulting in large equipment
downtimes,

c) significant portion of the power-operation period may be spent in the LCO

condition to carry out PM, e.g., in a rolling maintenance schedule.

The following are the risk implications of such practices during power
operation:

a) CDF impact of simultaneous outages of multiple components can be
significant,
b) the plant CDF can be higher than the assumed value (calculated in a PSA)

due to the PM schedules being used,
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c) the contribution to CDF due to PM downtimes can be a sxgmﬁcant
contribution to the risk of the plant.

- Scheduling PM involves many considerations relating to the risk implications
discussed above, cost-benefit issues aiming at reduction of plant operation and
maintenance costs, and maintenance needs in increasing the plant’s capacity.
Considering these interacting issues, PM schedules are decided which may include
both power and shutdown operation periods. Shifting the PM burden from power to
shutdown operation and vice-versa has corresponding concerns since the risk
implication of PM during shutdown is not necessarily negligible.

Such risk, particularly during the early stages of a shutdown, can be
comparable to that during power operation, and shifting the PM burden to periods of
shutdown may not necessarily be desirable. A large PM burden during shutdown also
increases the refueling outage period for the plant and can be costly. Table 4.1
summarizes the potential problems to be considered if preventive maintenance is
scheduled during power operation versus shutdown.

In this chapter, our focus is primarily on addressing the methods relating to
the analyses of risk implications of PMs. If AOTs are used during power operation
to conduct the PMs, such evaluations form a part of the AOT evaluation.

4.2 Applications of Risk-Based Analyses of PM

Currently, PSA models include the contributions from maintenance
downtime, but the beneficial impact of maintenance, i.e., the improvement in
reliability due to PM, is not separated out. In general, PSA models can be used to
assess the impact of component downtimes due to a PM. The PSA applications to
evaluate PM are focussed on assessing this risk impact of PM downtimes, and seeking
alternatives to the PM plan to minimize the impact. Three types of applications can
be considered:

a)  Assessing the risk impact of PM for individual components,

b) Evaluating PM schedules, e.g., rolling maintenance schedules to be
implemented, and analyzing available alternatives,

¢)  Deciding between scheduling a PM during power operation versus shutdown,
based on analyses of risk impacts.
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Table 4.1 Potential Problems to be Considered if PM is
Scheduled During Power Operation Versus Plant Shutdown

| ‘ PM DURING POWER OPERATION

| Potential Problems to be Considered

Repeated use of LCO to perform PM;
increased component unavailability

Insights I

Monitor unavailability due to PM. If its
duration and frequency during power
operation are excessive, set limit on both
during power operation

Multiple components may be
simultaneously down for PM

Control PM schedules to assure that risk
implications are acceptable

Unreliable failure history; failures may
be masked because of PM before testing

Interpretation of surveillance test data
when PM is performed prior to testing
may be different from data for tests
without a prior PM

Uncertainty that PM can be completed,
and component returned to service

l PM DURING PLANT SHUTDOWN

Schedule during specified shutdown period

l Potential Problems to be Considered Insights

Risk impact is significant during certain
shutdown periods

Avoid long-duration PM during specified
shutdown activities (e.g., initial phases of
shutdown); perform PM during certain
low-risk shutdown periods

Outage Duration of planis can be
lengthened if the burden of PM during
shutdown period is increased

Allow some PM activity during power
operation (the PM scheduled during power
operation should be such that it does not
imply "running start" on maintenance)

Unreliable component during power
operation

Optimize PM program between power ‘
operation and shutdown; certain PM
during power operation may improve the

components’ reliability
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4.3 Method for Analyzing Risk Impact of Maintenance
A. Risk Impact of PM on a Single Component

The risk contributions associated with the PM of a component is similar to
that associated with AOTs (discussed in Chapter 3). Here, we review the basic

formulas applicable to PMs and discuss the differences with the AOT risk measures.

When a component is taken out-of-service or made unavailable for a PM, the
risk contribution of a single PM is given by:

Tpm = AR ¢ dpy @.1)
Where

AR = increase in the CDF when the component is down,

dpym = downtime associated with the PM,

rppm = single-event PM risk contribution (for a component).
Similarly, the yearly PM risk contribution is given by:

Rpm = fpm * AR * dpy 4.2)

Where

fppy = yearly frequency of PM on the component,
Rppy = yearly PM risk contribution (for the component).

Differences with AOT Risk Measures

The differences with AOT risk measures relate to the interpretation of the
parameters and in their estimations.

The downtime due to a PM, dpy, is usually precisely known compared to
d, downtime associated with a corrective maintenance (CM). In other words, since
PM typically is a planned activity, uncertainty in dpy, is minimal, whereas d
associated with a CM could have significant uncertainty. '

The frequency of PM, fpy, also may be precisely known. In some cases,

PM activities are scheduled at fixed intervals, e.g., in a rolling maintenance schedule,
where fp,y may have no direct relation to the failure rate of the component.
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The increase in risk level, AR, when the component is down is similar to the
AOT analysis, but can differ slightly (see Section 3.2.6 and Appendix B for
calculation of AR). For conservative calculations, which are adequate in many
applications, the same value can be used. The primary difference is in modeling the
common-cause failure (CCF) contribution of the redundant components when AR is
calculated. The base-case PSA may include a CCF contribution for the CCF of the
component being taken down for PM and the redundant components in the system.
When one of the components is taken down for PM, and, as part of the PM
procedure, the redundant component is successfully tested before starting the PM,
then the CCF term is negligible; this reduces the value for AR. However, the PSA
model is applicable if the components’ statuses are not known when a PM is being
carried out.

B. Risk Impact of Maintenance Schedules

The maintenance schedule of a plant may involve multiplecomponents being
taken out-of-service simultaneously. Such a schedule may be predefined and may
involve different groups of equipment being taken out-of-service at different times.
For example, in a 12-week rolling-maintenance schedule, the set of equipment that
may be taken out-of-service every week to perform PM is predefined, and is repeated
every 12 weeks.

PSA-based analyses of maintenance schedules involve assessing their average
impact on the CDF when such schedules are followed. These measures can be used
to obtain the CDF impact of the PM schedule and compare alternatives for controlling
the adverse effects due to PM downtime.

Assuming that the schedule is repeated every n-weeks, let us define

R/(P,W1) = CDF when the components scheduled for PM during week
I are taken out-of-service

R,(P,W2) = CDF when the components scheduled for PM during week
2 are taken out-of-service

R,(P,Wn) = CDF when the components scheduled for PM during week
n are taken out-of-service

These calculated CDFs can be plotted to obtain the CDF level due to the

particular maintenance schedule. The average CDF due to the maintenance schedule
can be estimated if the actual duration of maintenance in each week is known.
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Otherwise, a bounding estimate can be obtained, assuming that the components are
unavailable during the entire week; this is a conservative value, since, in many cases,
"'PM requires only a fraction of the allotted week. Also, the component may not be
scheduled for maintenance every n weeks when PM is permitted. These bounding
evaluations are adequate for comparmg alternate maintenance schedules.

C. Scheduling Maintenance Between Power Operation Versus Shutdown

" Another aspect of maintenance scheduling is to decide whether the
maintenance is to be carried out during power operation or at plant shutdown. In
general, the assumption is that the risk impact of a component being out-of-service
for maintenance is lower at shutdown than during power operation. However, this
may not be valid for all components for all stages of plant shutdown. An assessment
of the risk impacts during power operation and shutdown stages can provide useful
insights. In comparing the risk impacts during these two periods, it should be kept
in mind that the uncertainties associated with the corresponding PSA models are
different; the uncertainties in the estimates for the shutdown penods can be
considerably higher.

When PSA for both power operation and shutdown periods are available,
then the risk impact of maintenance can be used in judging when preventive
maintenance should be scheduled or avoided. Consider the maintenance for a single
safety-system component. We now include P for power operation and POSn for plant
operatlonal state n during shutdown in our notation to distinguish among dlfferent
times during plant operation.

The following measures are to be calculated:

R,P) = CDF at power when the component is taken down for maintenance,
calculated using the PSA model for power operation.
R,(POSn) = CDF in a given plant operational state (POS) during shutdown when

the component is taken down for maintenance, calculated using the
Shutdown PSA Model.

R,(POSn) may involve several separate calculations depending on the POSs
defined in the shutdown PSA and the times when the maintenance can be carried out.

In principle, to minimize the risk impact of a maintenance, it can be carried
out when the risk of taking the component out-of-service is the lowest. However, the
scheduling PM involves different situations, requiring different considerations in
comparing the alternatives of scheduling at power versus shutdown. Two different
situations are:
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a) routine scheduling of PM at a fixed frequency: in such a schedule, the
components’ PM schedules are clearly defined and are carried out
irrespective of their performance or of the conditions, e.g., changing a filter
in a component every six months.

b) PM needed when a degraded condition is detected for a component: in such
scheduling, a PM need is defined when, based on test or inspection of the
component, it is judged that PM is.-needed. Otherwise, the component may
experience a failure soon, implying that the condition of the component is
degraded. Forexample, changing a filter is recommended when it is judged
that the filter is sufficiently clogged and may cause a component to fail.

A risk comparison for these two situations are discussed below.

For choosing an appropriate time (shutdown or power operation) for a fixed
frequency PM, the conditional CDFs during these times can be directly compared,
i.e., if

R,(POSr) = Min {R(P), R,(POS1),...,R,(POSn)} “4.3)
then POSr is the preferred time for scheduling the PM.

When PM needs to be performed frequently, e.g., more than once a year,
then the risk contribution due to the PM can be assessed as defined in Section A
above. In that case, there may be no choice to scheduling the PM at power and effort
should be focussed on controlling the risk contributions.

In the other situation, e.g., when a component is degraded, a decision must
to be made between shutting down a plant or staying at power to carry out the PM
required. If the risk of doing the maintenance at power is judged small, then the PM
can be scheduled during power operation without further analyses. Ifa shutdown is
decided, then the risk due to the PM, rpy, (SD), consists of two parts:

= (risk due to transition from power operation to shutdown) +
(risk from the component unavailability for the duration of the PM in the

preferred shutdown POS)

For example, assuming that the preferred POS is POS4, the risk incurred to
perform the maintenance by shutting the plant down is given by:

rpm(SD) = Ry(POS1)*t; + Ry(POS2)*t, + Ry(POS3)*t; + R (POS4)*dpy
4.4)
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where
Ry(POSn) =  CDF when transrhitting through POSn
ty = time in POSk
dppm = PM duration
R,;(POS4) = conditional CDF at POS4 when the component is down for

maintenance.

On the other hand, if the decision were made to pefform the PM at power,
then the risk incurred would be given by the single PM contribution defined in
Section A, and the corresponding risk of power operation for the comparable period.
Here, the focus is on evaluating the risk to be compared with the corresponding risk
to be incurred if shutdown was decided.

tp(PO) = Ry(P) + dpy + Ro(P) * (t; + b, + 1) ‘ 4.5)
where

rppm(PO) = core-damage probability contribution for performing PM during
power operation

Ry(P) = CDF at power, when the component is not down for maintenance
Ry(P) * (t; + t, + t3) =core-damage probability for the period
(t; + t, + t3) when the component is not down

for maintenance.

A comparison of rpp(PO) and rpp4(SD) provides useful insights for carrying out the
PM at power or for shutting the plant down to perform the PM.

4.4 Example Applications

In this section, we present three examples explaining the types of analyses
discussed above.

4.4.1 Risk Impact for a Single Component

Consider that plant personnel want to perform PM twice a year on the
turbine-driven pump (TDP) of the reactor core isolation cooling (RCIC) system during
power operation. Assume that each PM takes 3 days, and the component is
unavailable for this duration. To evaluate the risk impact of this PM plan for the
component, the following PSA-based measures are to be calculated using the PSA.
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Base-Case PSA Average CDF = 2 x 10%yr.
CDF when RCIC-TDP is down for PM (R;) = 2.5 x 105/yr
CDF when RCIC-TDP maintenance unavailability is zero (Rg) = 1.8 x 10%/yr.

The single PM risk contribution can be calculated as: -

(2.5 x 107 - 1.8 x 105)/yr. « (3/365)yr.

TpMm =

= 1.9 x 107

The yearly PM contribution for the pump is calculated as:
Rpy = 2+ (1.9x 107)

= 3.8x 107

Here, the single and the yearly PM contributions are calculated using R, and Ry, but
the estimated values would have been comparable if the base-case CDF was used
instead of R,. This is because R, is significantly larger than the base case CDF,
which is comparable to Ry. In such cases, the base-case CDF can be used and an
additional CDF calculation avoided.

The new average CDF of the plant, including this planned PM, can be
estimated as the sum of the base-case CDF and the yearly PM contribution, i.e.,

2x10% + 3.8x 107
= 2.4 x 10%/yr.

In other words, the changed CDF when the planned PM for fhe pump, in
effect, will be 2.4 x 10%/yr.

4.4.2 Risk Impact of Maintenance Schedules During Power Operation

Many nuclear plants follow a fixed-frequency maintenance schedule where
multiple equipment may be taken out-of-service at the same time. As mentioned
earlier, the risk impact, i.e., the increase in CDF, can be particularly sensitive to this
situation, even though the CDF impact of taking out each equipment separately is
small. In planning this schedule, the intent is to avoid simultaneous outages of
multiple components that can cause a large increase in the CDF.

An example analysis of a 12-week rolling maintenance schedule is shown in
Table 4.2. Here, care is taken to avoid taking down redundant equipment during the
same week, i.e., the maintenances of division-A and division-B batteries are
performed during different weeks. Still, during certain weeks, multiple risk-
significant equipment may be taken out-of-service simultaneously. For example,
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Table 4.2 Example of a Rolling Maintenance Schedule

€

Week 2

Div. 1

Battery & DC Distribution (A)T
EDG (A) '

Low Pressure Core Spray

EDG Room Ventilation (A)
Switchgear Heat Removal (A)*

Div. 2

Battery & DC Distribution (B)
EDG (B) ’
Residual Heat Removal (C)
DG Room Ventilation (B)
Switchgear Heat Removal (B)*

Div. 3

Week 4

Week 6

1A,B,C, respectively signify components in Division A,B,C.

Battery & DC Distribution (C)
EDG (C)

High Pressure Core Spray
EDG Room Ventilation (C)
Switchgear Heat Removal (C)*
Plant Service Water (C)

Non-Div.
Control Rod (A)
Standby Liquid Control (B)

Div. 1

Condensate Booster (C)*
Component Cooling (C)
Condensate (C)*

Standby Liquid Control (A)
Containment Building HVAC

Div. 2
Component Cooling (B)
Residual Heat Removal (B)

*Not modeled in the PSA used.

Week 7

Week 8

Div. 3

Condensate Booster (A)
Condensate (A)*

Plant Service Air (A)

Non-Div.

Week 9

Week 10

Week 11

Week 12

Fire Water (A)
Instrument Air
Plant Service Water (B)

Div. 1

Component Cooling (A)
Condensate Booster (A)*
Condensate (A)*

RHR (A)

Shutdown SW (A)

Div. 2

Condensate Booster (B)*
Condensate (B)*

Control Rod Drive (B)
Shutdown SW (B)
Auxiliary Bldg HVAC (A)
Plant Service Water (A)

Div. 3
Shutdown Service Water (3)
Auxiliary Bldg HVAC (B)

Non-Div.

Fire Water (B)
RCIC
Supply Pool Makeup
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during the first and second week, batteries in one division, one EDG, and additional
equipment are maintained. As is done in this schedule, when a component of the
support system, e.g., service water pump for the emergency diesel generator (EDG),
and the component being supported, i.e., in this case, the EDG, are maintained
together, then the CDF impact is minimized.

Figure 4.1 shows the CDF risk profile of this maintenance schedule,
calculated incorporating the simultaneous outages of multiple components, as defined
inthe schedule. This figure conservatively assumes the same CDF level for the entire
week, implying that the components scheduled for maintenance are unavailable for
the entire week. This is a bounding assumption, because typically, maintenances or
inspections are completed much faster, whereby the high risk level will remain only
for a portion of the week.

To demonstrate how simultaneous maintenance of redundant components can
significantly affect the CDF, we present the risk profile where the schedule is slightly
altered. Here, the maintenance of the ventilation fan for EDG C is performed in the
2nd week, along with the maintenance of EDG B and its ventilation fan. Figure 4.2
shows an order of magnitude jump in CDF during the 2nd week. This type of
analysis will assure that such peaks in CDF are avoided.

In addition to controlling any CDF peaks, the increase in the average CDF
of the plant can be determined. Here, the average CDF is obtained by averaging the

CDF over 12 weeks, which is repeated every 12 weeks. For Figure 4.1, the upper
value of the average CDF due to the maintenance schedule is

12
Y R,(®,WKi)
i=1

12

= 1.7 x 10%/yr.

In the bounding case, the average plant CDF due to the PM schedule w1ll
increase by about an order of magnitude.

To control this CDF impact, three alternatives can be assessed:

a) rearrange the distribution of PM for components among the weeks,
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Figure 4.1 Core-damage frequency levels in an example of a rolling
maintenance schedule. (Note: multiple components are assumed to
remain unavailable for the entire week: a bounding scenario)
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Figure 4.2 Change in core-damage frequency level due to an undesirable
change in the example of a rolling maintenance schedule
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b) when feasible, without increasing maintenance errors, consider completing
the maintenance faster where the CDF impact is large,

c) consider reducing the frequency of maintenance, e.g., reduce EDG
maintenance from once every 12 weeks to once every 24 weeks, if such
changes will not reduce the component’s reliability.

Alternative b) and c) already may take place in a normal use of rolling
maintenance schedule; however, based on this type of analysis, the need for these
changes can be identified and assured.

Considering that the best possible distribution of components was made across the
weeks to control the risk peaks, the risk profile can be used to identify specific
alternatives.  One alternative is to assure that during the first three weeks when the
CDF peaks are highest, the maintenances are completed within two days: this will
reduce the average CDF to 7.8 x 10°%/yr., approximately a factor of 2 reduction. In
another alternative, the frequency of the components maintained dliring the first three
weeks is reduced from once every 12 weeks to once every 24 weeks, then the average
CDF fallsto 5 x 10‘6/yr., about a factor of 3 reduction.

4.4.3 Scheduling Maintenance During Power Operation Versus Shutdown

An example analysis of the risk impact of emergency diesel generator (EDG)
maintenance during power operation and shutdown s discussed to decide on a strategy
for scheduling routine maintenances. This type of analysis requxres both full power
and shutdown PSAs.

For full-power operation with an EDG in maintenance, a single conditional
CDF is calculated using the corresponding full-power PSA. The shutdown periods
are divided into several plant operational states (POSs), each represented by the
respective PSA model which is used to calculate the CDF. The pressurized water
reactor (PWR) low power and shutdown (LP&SD) model defines 15 POSs, using the
Surry plant as an example, whereas the boiling water reactor (BWR) model defines
7 POSs, using the Grand Gulf plant as an example. The impact of EDG maintenance
differs from one POS to another. Accordingly, the effect of EDG maintenance on
CDF is calculated for each POSs using the respective CDF model.

We compare the conditional CDF, given EDG is in maintenance between

power operation and shutdown periods, and among the shutdown POSs to identify the
periods when the risk impact of maintenance is minimal.
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Analysis for a PWR

The risk-impact of EDG maintenance during power operation and shutdown
periods was assessed using the corresponding PSA models for the Surry plant, a PWR
(Samanta et al., NUREG/CR-5994, 1994). The emergency power system, as
modeled in the PSA, takes credit for the third EDG that can be cross-connected.

The risk impact of EDG maintenance (in terms of conditional CDF) was
evaluated for full-power operation, and also, for different POSs 4 through 12, during
a shutdown (Figure 4.3). These POSs were chosen because EDGs are maintained
during them. The base-line CDF for each of the POSs also is shown. The risk of
EDG maintenance during early stages of cold shutdown (POS 4, 5), and midloop
operations (POS 6, 10) is relatively high; it is low during POSs 8 and 12, i.e.,
during refueling, and when the reactor coolant system (RCS) is filled after refueling.

Table 4.3 compares the risk of EDG maintenance during full-power operation
versus different shutdown POSs. Because of the earlier stage of development of the
shutdown PSA and the different uncertainties involved, the conditional CDFs
calculated with full-power PSA and shutdown PSA are not directly compared.
Accordingly, the CDFs are categorized as high (H), medium (M), and low (L). The
results show that the CDF impact of EDG maintenances during periods of shutdown
can be comparable to that during power operation.

Analysis for a BWR

The conditional CDF of an EDG out-of-service due to maintenance was
assessed for full power operation and during various stages of plant shutdown. The
low power and shutdown PSA model for the Grand Gulf plant, a BWR, is more
detailed, and therefore, the conditional CDF of EDG maintenance during power
operation versus plant shutdown was compared numerically to obtain insights into risk
(Staple et al., NUREG/CR-6166, 1994).

Both the CDF level and the increase in CDF for EDG maintenance were
calculated for full-power operation and for each of the seven plant operating states
(POSs) defined in the low-power and shutdown (LP&SD) PSA (Figure 4.4), with
EDG in maintenance. Here, the time in the x-axis is proportionally divided between
power operation and shutdown operation, considering the amount of time spent in
each of those two types of operation. Then, the shutdown period is, similarly,
proportionally divided among different shutdown POSs. The CDF level for EDG
maintenance is the smallest during refueling (POSs 6 and 7), but is significantly.
higher when the plant is in cold shutdown, when the reactor-core isolation cooling
(RCIC) system, i.e., the steam-driven source of water, is assumed to be unavailable.
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POS DEFINITIONS

POS1 -  Low Power Operation and Reactor Shutdown

POS2 - Cooldown with SGs to 345°F

POS3 - Cooldown with RHR to 200°F

POS 4 -  Cooldown with RHR to 140°F

POS S -  Draining the RCS to Midloop

POS 6 - Midloop Operation

POS 7 -  Fill for Refueling

POS 8 -  Refueling

POS 9 - Draining RCS to Midloop after Refueling

POS 10 -  Midloop Operation after Refueling
POS 11 -  Refill RCS Completely
POS 12 - RCS Heatup Solid and Draw Bubble

----- Baseline
— EDG in maintenance

SBO contribution to CDF

111 1 1 ) I - 1
456 7 8 91011 12
Shutdown Plant Operating State
(time from shutdown)

Figure 4.3 Change in CDF (due to SBO sequences) for taking an EDG out-of-
service during different shutdown plant operational states (Surry 1
nuclear plant, PWR)
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Table 4.3 Relative CDF Impact of EDG Out-of-Service for Maintenance
(Surry 1 Nuclear Plant, PWR)

Average Duration ACDF !

Plant Operational State (hrs.)! (EDG in Maintenance)
POS O (Full Power) - M
POS 4 (Cooldown with RHR to 154 H
140°F)
POS S (Draining the RCS to 46 H
Midloop)
POS 6 (Midloop Operation) ) 183 "H
POS 7 (Fill for Refueling) 374 H
POS 8 (Refueling) 810 MtoL
POS 9 (Draining RCS to Midloop 206 M
after Refueling)
POS 10 (Midloop Operation after 107 M
Refueling
POS 11 (Refill RCS Completely) 118 M
POS 12 (RCS Heatup Solid and 1840 L

Draw Bubble)

1:  H: High, M: Medium, L: Low
2:  ACDF s the increase in CDF due to EDG being out of service for maintenance from
the baseline CDF in the POS

The CDF level during low power and hot shutdown modes (POSs 2, 3, and 4) is
comparable to that during full-power operation. Similar to the PWR, the CDF level
for EDG maintenance is substantially reduced during refueling, and is considerably
higher during certain periods of shutdown.

4.5 Insights for Scheduling Maintenances
The benefit of scheduling PM during power operation primarily is, to assure
the reliable operation of the equipment, and, at the same time, reduce the burden of

maintenance during shutdown. Such scheduling is partly necessitated by the longer
fuel cycles, and also due to the desire to reduce the outage duration of a shutdown.
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Figure 4.4 Change in CDF for taking an EDG out-of-service during different

modes of plant operation (Grand Gulf nuclear station, BWR).

Scheduling a short PM during power operation may involve a small risk, but repeated
use of LCOs for PM can significantly increase the risk due to increased component
unavailability. Also, it can mask component failures being recorded. By scheduling
PMs just before Technical Specification Surveillance testing, failures may be
corrected; the test may not detect all failures in the standby period, thus yielding
optimistic reliability data. Performing PM usually requires disassembling the
equipment. Therefore, the equipment cannot be returned to service at short notice if
a need arises.

The primary motivation for scheduling all PM during shutdown is to reduce
the risk impact from the associated downtimes. When the risk impact of maintenance
downtime during the early stages of reactor shutdown is comparable with the risk
impact during power operation, a low impact can be achieved by scheduling short-
duration maintenance during power operation. Similarly, a long-duration maintenance
may be scheduled during extended periods of reactor shutdown (e. g., refueling) when
the decay heat is low and the water level is high. Also, we expect that carrying out
certain maintenances at short intervals can improve the reliability of some equipment;
this leads to a consideration of a maintenance program distributed between power
operation and shutdown periods.
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Table 4.4 presents general insights on scheduling PMs. PMs are divided into
three categories depending on the frequency at which the PM is needed since it has
bearing on scheduling the activity:

1. Scheduled PMs that need to be performed at intervals of less than 18
months, '

2.  Scheduled PMs that need to be performed at intervals of 18 months or more,

3.  Condition-directed PMs, based on test results, needed to correct degradations
of equipment which may lead to failures.
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Table 4.4 Scheduling Maintenances

Type of Problems to be Considered if
Maintenance and Maintenance Maintenance is Scheduled Insights
Frequency Duration . i ]
During Power Operation During Shutdown
1. Scheduled PMs a) SAOT e repeated use may impose ¢ unreliable component ¢ may schedule during power operation

Fixed frequency PMs
that need to be
performed between a
refueling outage (less
than 18 months)

b) Longer than
AOT

unacceptable risk

« repeated use before testing
masks failure, unreliable data
on components’ failure

® risk impact may be unac-
ceptable

during power operation

* plant outage duration can
be lengthened

* unreliable component
during power operation

® optimize PM during power operation
and shutdown

* monitor unavailability due to PM (if PM
duration or frequency during power opera-
tion is excessive, find and correct causes);
or set limit for PM duration and frequency
during power operation

® may be performed during power
operation with extended AOT to assure
reliability

e could involve exemption to AQT

* avoid "running start” on maintenance
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Table 4.4. Scheduling Maintenances (Cont'd.)

Type of Problems to be Considered if
Maintenance and Maintenance Maintenance is Scheduled Insights
Frequency Duration
During Power Operation During Shutdown
2. Scheduled PMs a) <AOT? * none  plant outage duration can  * schedule during power operation or
Fixed frequency PMs ’ be lengthened shutdown
that need to be
performed every 14 ® optimize PM program between power
to 2 yrs (or longer) operation and shutdown
b) ~AOT* ¢ uncertainty that PM can be ¢ risk impact during ¢ schedule during shutdown
completed and the component certain shutdown periods
can be returned to service may be significant ® define allowable states during plant
within an AOT. ’ shutdown, e.g., avoid early stages of

c) Longer than
AOT

 repeated use of LCOs for
such maintenance imposes
unacceptable risk

* risk impact may be unac- * risk impact during
ceptable certain shutdown periods
significant

® uncertainty that PM can be
completed and the component
can be returned to service

. shutdown.

. schedulé during shutdown

® define allowable plant configuration and

state for such maintenance

¢ allow sufficient time to complete
maintenance uninterrupted

< AOT means approximately one half of AOT or less,

* ~ AOT means durations from one half AOT to one AOT.
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Table 4.4. Scheduling Maintenances (Cont’d.)

Type of Problems to be Considered if .
Maintenance and Maintenance Maintenance is Scheduled Insights
Frequency Duration ) . R
. During Power Operation During Shutdown
3. Condition - a) <AOT * repeated use increases risk ® unnecessary risk from ¢ schedule during power operation
Directed PMs from downtimes shutting down
As needed to correct ® control or monitor frequency to avoid
degradation of ¢ increased risk during misuse
equipment power operation
(choices include
scheduling mainte- b) ~AOT * uncertainty that PM can be e larger relative risk to e schedule during power operation

nance during power
operations, waiting
until the next shut-
down, or immediately
proceeding to
shutdown)

¢) Longer than
AOT

perform maintenance
during critical phases of .
shutdown

completed and the component
may be returned to service
within an AOT

¢ increased risk of shutting
down with unreliable
equipment

® uncertainty that PM can be
completed and the component
can be returned to service

¢ long wait to perform
maintenance if a preferable
state in shutdown mode is
to be chosen

¢ for scheduling during power operation,
test of redundant component to assure
availability, before start of PM, may be
desirable

¢ depends on a number of factors, e.g.,
severity of degradation, time from next

scheduled outage, potential for common-
cause failure

® may involve changes to TS if scheduled
during power operation, e.g., increased
AOT, additional test requirements
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S. SURVEILLANCE TEST INTERVAL (STI)

Basic Concepts

Surveillance Test Interval (STI): The surveillance requirements of Technical
Specifications have a specified frequency in which the surveillance test must be
performed. The STI is the associated interval at which the surveillance test is
performed.

STIRisk Contribution: Thisis the risk contribution associated with the surveillance
test, or the STI. The STI risk contribution mainly arises from the possibility that a
component may fail between tests. By performing tests, we can limit the risk
associated with the otherwise undetected failures, called test-limited risk. Other STI
risk contributions are those caused by the test, e.g., test-caused transients.

Test-Limited Risk: The test-limited risk is the STI risk contribution that can be
limited by the test, namely by detecting failures that may have occurred since the last
test or the time when the equipment was last known to be operational.

Test-Caused Risk: Some tests may cause adverse effects, for example, due to errors
in testing causing plant transients, or to wearout of the equipment. By extending the
STI or reducing the number of tests, we generally can reduce their adverse effects.
The STI risk contribution from these adverse effects is called test-caused risk.

Standby Time-Related Failures: The failures related to deterioration and events that
occur over time are called standby time-related failure examples of which include
corrosion, erosion, and wear.

Cyclic Demand-Related Failures: The failures related to the stresses which occur
only at the instant of a demand are called cyclic demand-related failures. Examples
of such failures include electrical and mechanical stresses occurring when the
component is demanded (i.e., when the component is started).
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List of Symbols

A the time-related component failure rate per unit time

q the average component unavailability

Q;, i = 2,3,4 the average unavailability of multiple components, i.e., two, three,
or four components; the formulas are given as a function of test
strategy

Rp the STI risk contribution which is limited by the test

AR the increase in risk level associated with the component being down

R, the core-damage frequency evaluated with the component assumed to be
down

R, the core-damage frequency evaluated with the component assumed to be up

T  the surveillance test interval
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5.1 Current Practices and Issues

Surveillance tests are required to be periodically (e.g., monthly or quarterly)
performed by Technical Specifications. The periodic test interval defined in the
Technical Specifications is called the Surveillance Test Interval (STI).

The primary purpose of surveillance testing is to assure that the components
of standby safety systems will be operable when they are needed in an accident. By
testing these components, failures can be detected that may have occurred since the
last test or the time when the equipment was last known to be operational.

However, the number of surveillance tests required by Technical
Specifications is enormous, requiring the nuclear industry and the regulatory agency
to spend substantial resources on planning, conducting, and verifying them. Some
tests may even have an adverse impact on safety because of their undesirable effects
(e.g., test errors causing plant transients, or wearout of the equipment due to testing).

In general, these undesirable effects will be reduced if the STI is increased,
because then fewer tests will be conducted. By extending the STI, we also can obtain
the additional benefit of reducing resources on testing. However, an important
disadvantage here is that the fault-exposure time, i.e., the time during which the
component will be subject to failures during standby (strictly speaking, standby time-
related failures), will correspondingly increase as the STI increases.

This chapter addresses evaluation of STIs considering the STI risk
contribution that arises from the failures that may occur between tests and are
detected by the test; or in other words, the risk contribution that may be limited by
defining an STI. The undesirable or adverse effects of testing and their risk
contributions are discussed in the next chapter. For many risk-significant
components, the adverse effects of testing has important implications in extending the
STI and the methods presented in Chapter 6 should be considered. The method
presented here is applicable to a large portion of surveillance testing whose adverse
effects are negligible. We discuss how the STI for these tests can be systematically
evaluated based on the STI risk contribution that arises from the failures occurring
between tests and neglecting the adverse effects of testing.

5.2 Overview of the Risk Contributions Associated with an STI
The risk contribution associated with an STI, i.e., the STI risk contribution,
arises mainly from the possibility that the component will fail between consecutive

tests. The value of this STI risk contribution depends on the probability of the
component failing within the STI. As the time increases from the last test, the
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probability that the component is failed increases, and hence, this risk contribution
increases with time from the last test. The probability of the component being failed
drops essentially to zero after the test if it effectively detects and corrects failures.
The figure below illustrates the sawtooth pattern reflecting the failed probability
behavior. So, by performing the test, we can limit the risk associated with the
otherwise undetected failures. For this reason, we call this STI risk contribution test-
limited risk. (Itis sometimes called test-detected risk since it measures the risk from
the detection of failures between tests.)

Failed
Probability

The failed probability
increases as the time
from the last test
increases

Average
Contribution

Time —

Times of Tests

Figure 5.1 The STI risk contribution associated with the probability of the
component failing between tests

Other STI risk contributions besides the failed probability contribution can
be associated with the test if it is inefficient; these other contributions include one
arising from a test-caused failure in which the test itselfis instrumental in causing the
component to fail. Otheradverse effects include those associated with wearout of the
component, trips, and failures of other components caused by the tests.

Since we focus on surveillance tests with negligible adverse effects, the STI
risk contribution of interest here is that associated with the component failing between
tests; in other words, we will focus on the risk contribution that can be limited by the
test by detecting potential failures between consecutive tests, i.e., the test-limited risk.

The surveillance tests usually are assumed to be periodic, carried out at equal

intervals. The average of the time-dependent risk contribution between tests usually
is taken to be the STI risk contribution which is evaluated.
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The specific risk measure in calculating the STI risk contribution needs to
be defined. For components in safety systems whose function is to prevent core
damage, the most applicable measure is the core-damage frequency. Surrogate risk
" measures also can be used, such as a safety-function unavailability. For components
in safety systems whose function is to mitigate the consequence of an accident, the
applicable risk measure is the frequency of severe consequence accidents, or the
associated consequence-related risk. Surrogate measures also can be used, in which
case all the component’s relevant contributions should be included in the surrogate
measures.

5.2.1 Overview of the Risk Cont_ributions Associated with Several STIs

When several components, whose STIs are being evaluated, do not interact,
i.e. are in different minimal cutsets, then the overall STI risk contribution is the sum
of their individual contributions. For example, when several components in a system
train are tested by a given test, then the overall STI risk contribution associated with
the test is the sum of the individual contributions. When two or more components
do interact, i.e. are in the same minimal cutset, then the overall STI risk contribution
involves an appropriate multiplication of the individual contributions. The actual
calculation of the STI risk contribution is covered subsequently.

5.2.2 Risk Importances of STIs and Risk Contributions of STIs

The risk importance of an STI is defined to be the associated STI risk
contribution. The risk importance of a surveillance test is defined to be the sum of
associated risk contributions if several components are tested by a given test. The
risk importances of a set of STIs can be used to prioritize the STIs for various
applications.

5.2.3 - Basic Formula for the Component Unavailability

_ Assuming a constant, standby time-related failure rate, the average
component unavailability, q, is determined from the formula

T ,
£ (T -t)e —M)\ dt : (5‘1)

q= T
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‘ 1 -AT
=1-——Q0-
Xt e )

where
T = the surveillance test interval for the component
and
A= the time-related component failure rate per unit time.

If A\T< <1, then the above formula for q can be approximated by the
formula, ,

n

(ST

q= AT, ' ' _ ' (5.2)

which is the one most often used in PSAs. We note that \ is the time-related
component failure rate associated with failures occurring between the tests. However,
the failures detected for a component (by a surveillance test or an actual demand
during plant operation) may not all be time-related. Some of the failures may be
related to the stresses imposed on the component by demanding or starting the
component (called cyclic demand-related failures). The appropriate failure rate to use
will be addressed further in a subsequent section.

5.2.4 Basic Formula for the Test-Limited Risk for a Tested Component

As discussed earlier, we will focus on the test-limited risk here.

Let
Rp = the STI risk cc;ntribution which is detected by the test
= the test-limited risk contribution
AR = the increase in risk level associated with the component
being down
= R, -R,
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where

R, = the core-damage frequency evaluated with the component
assumed to be down (i.e., with the component
unavailability set to "True")

Ry = the core-damage frequency evaluated with the component
assumed to be up (i.e., with the component unavailability
set to "False") :

Then, the test-limited risk can be determined by the following formula (Samanta et
al., NUREG/CR-5200, 1988; Vesely, NUREG/CR-3541, 1983):

RD = qAR
- %)\T “(R,-Ry) ek )

where q represents the average probability of component failure associated with the
component failing between tests, discussed earlier. The expression (R;-Ry), or AR,
is known in reliability literature as the risk importance or Birnbaum importance,
which indicates the sensitivity of the core-damage frequency to the basic event
associated with the tested component.

Surveillance tests may have additional benefits which are not explicitly
quantified:

. They may detect potential failure mechanisms at an early stage, requiring
repair, and thus removing, or significantly decreasing, the possibility of
failure. Potential common-cause failures also may be detected.

. In much standby mechanical equipment, testing may help to prevent
corrosion or the accumulation of impurities, and lubricate various piece-
parts, so contributing to their rehability.

However, these aspects are indirectly included through component failure
rate, A, which reflects these beneficial influences of surveillance tests.

Thus, the test-limited risk associated with the probability of finding the
component failed is the average probability of component failure q times the increase
in risk level due to the failure AR. The increase in risk level AR is similar to that
evaluated for an AOT risk contribution where the component going down is due to
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its failing between tests (see, Section 3.2.6 and Appendix B). The test-limited risk
as given above is the standard test contribution used in a PSA; however, specific
details of applying the formula become important when test-limited risks are the
focus. The above formulasalso give the test-limited risk for a given component when
multiple components are included in the test; however, if some components interact
(are in the same minimal cutset), then the risk importance obtained from the PSA will
reflect the unavailabilities of the other components.

5.2.5 Basw Formula for the Test-lelted Risk When Several Nomnteractmg
Components Are Tested by a Given Test

When several noninteracting components (i.e., in different minimal cut sets)
are tested by a test then let,

AR; = the increase in risk level associated with the ith component going
down
q; = the average unavailability for the ith component associated with a

failure occurring between tests
and

Rp the test-limited risk which is detected by the test.

Then, the formula for Ry is given by

.
Rp = Y gAR;
i=1
n
2 )\TAR 69
i=1

where n represents the number of components tested.

We note that, for components in the same train, the increase in risk AR; will
be the same. When several interacting components are tested by a given test (which
is unusual), then using the minimal cutset contributions to determine the test-limited
risk is the most direct approach. This is discussed below.
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5.2.6 Using the PSA to Determine the Test-Limited Risk Contribution

The PSA can be used to calculate the increase in the risk level AR and to
obtain the component unavailability, q, the contributing factors in calculating the test-
limited risk contribution. The considerations involved in calculating R, and R, to
obtain AR are discussed in Section 3.2.6 and in Appendix B.

When the effect of change in STI for one or more components are being
evaluated, then the PSA can be directly used to calculate the change in the risk
measure, e.g., in the CDF. The calculation of PSA results where changed STIs are
included incorporates interactions among the STIs. The differences between the
results (i.e., CDF when the STIs are changed from the baseline CDF) provides the
test-limited risk contribution for changing the STIs.

In such a calculation, the contributions of common-cause failures need to be
appropriately modified. The common failure terms modeled as a function of the test
interval should be modified to reflect the new STI. Typically, common-cause failures
are modeled using a §-factor or Multiple Greek Letter model (Mosleh eta al.,
NUREG/CR-4780, 1988) where the common-cause failure of multiple component is
a function of the STI. When changing STIs, care should be taken to change this term
within the common-cause contribution. The common cause of failing multiple
components resulting from human error following a test is not a function of the STI,
but may be affected by the test strategy used.

When different test strategies are being evaluated, this human error term
needs to be evaluated. Specific assumptions that were used in quantifying the human
error common-cause term should be identified and checked if they apply for the test
strategy being analyzed. For example, if the term was developed assuming a
sequential test strategy, but a staggered test strategy is being analyzed, then the term
needs to be modified to reflect this change. The failure probability from human error
common-cause for a staggered test strategy is expected to be significantly lower than
that for the sequential test strategy.

5.2.7 Uncertainty Considerations in Evaluating Test-Limited Risks

The uncertainties associated with evaluating test-limited risks involve the
uncertainties associated with evaluating the component’s unavailability, q, and the risk
increase AR. The PSA uncertainties associated with the minimal cutsets containing
the unavailability, q, can be used to extract the uncertainties associated with STI risk
evaluations.
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5.2.8 Using Minimal Cutsets to Calculate Test-Limited Risks

The test-limited risk for a component or set of components also can be
determined by identifying those minimal cutsets which contain one or more of the STI
contributions. The sum of the relevant minimal cutset contributions then is equal to
the test-limited risk. To evaluate changes in the test-limited risks for changes in the
STlIs, the difference between the minimal cutset contributions with, and without, the
STI changes will be the difference between the test-limited risks. In using the
minimal cutsets, one should assure that the STI contributions are all included in the
set of minimal cutsets used. Even though use of the minimal cutsets gives the same
results, the above basic formulas for the test-limited risks are useful, since they show
the basic contributing factors to the STI risk. . ‘

5.2.9 Specific Considerations for the Evaluation of Multiple Test-Limited
Risks

When multiple STIs are modified or are defined, then the total test-limited
risk from the multiple STI changes or definitions needs to be properly evaluated.
Instead of using the PSA to evaluate all the modifications at a given run, the
individual test-limited risks can be evaluated one at a time, provided that the updated
STIs are used for the other relevant components. An iterative procedure then can be
employed in which individual STIs are successively updated, using the above formulas
for the individual component STI risk contributors. These one-at-a-time evaluations
or iterative evaluations are useful if acceptable criteria on test-limited risks are
defined, and the STIs are to be selected to satisfy the risk criteria.

5.2.10 Considerations in Separating the Component Failure Rate into
Time-Related and Demand-Related Contributions

Since the test-limited risk is associated with a failure occurring between tests,
the failure rate which should be used in calculating the test-limited risk should be the
standby time-related failure rate, which is associated with causes that can occur while
the component is in standby between tests. The time-related failure rate is expressed
in units of per time, such as per hour. The total failure probability of a component
sometimes is broken down into a time-related contribution plus a cyclic demand-
related contribution. Thelatter is the probability contributionassociated with failures
which are caused by demanding, starting, or cycling the component. Decomposing
the failure probability into a time-related and cyclic demand-related contribution
results in a lower test-limited risk because only part of the component’s failure rate
is treated as time-related. However, treating only part of the failure rate as being
time-related when this is not the case underestimates the test-limited risk, and this
breakdown of the failure rate needs to be justified through data analysis or
engineering analyses, if it is used. ‘

NUREG/CR-6141 5-10



SURVEILLANCE TEST INTERVAL (STI)

Also, sometimes only the failure probability, i.e., the component-
unavailability, q, may be provided without a failure rate provided. In such a case,
the effect of change in test interval cannot be evaluated unless the component test
interval, T, is used to convert the unavailability, q, in terms of A and T. When the
breakdown between time-related and cyclic demand-related contributionis unknown,
all failures can be assumed to be time-related to obtain the maximum test-limited risk
contribution.

5.2.11 Considerations in Accounting for Test Scheduling in Computing the
Test-Limited Risk

If two or more tested components are in different trains in the same system,
or more generally, if the tested components are in the same minimal cutset, then the
total test-limited risk is affected by the relative scheduling of the tests.” The standard
PSA quantification of the test-limited risk assumes that the relative test times of
components follow no specific schedule and are randomly placed with regard to one
another. By staggering the test times of components in different trains or in the same
minimal cutset, then the test-limited risk will be reduced for the same STIs as
compared to the independent PSA assumption. Conversely, if the tests are carried
out sequentially, then the test-limited risk will be increased compared to the
independent PSA assumption. Also, the human error common cause terms following
a test may be affected by other relative scheduling of the tests (or the test strategy
used). Those terms may need to be modified to reflect a change in scheduling (see
Section 5.2.6).

When test-limited risks are calculated for two or more components which
appear in the same minimal cutset, if the PSA is used to determine the test-limited
risk, then one needs to check that the tests are not actually carried out sequentially.
The test-limited risk can be adjusted to account for scheduling if specific scheduling
is incorporated into the procedures. Formulas for the adjustment factors can be
determined from standard reliability formulas for sequential, staggered, and
independenttesting. These formulas, forcomponentunavallablhtlesforcombmatlons
of up to four components, are given in the next section.

5.2.12 Formulas for the Product of Component Unavailabilities Accounting for
Test Scheduling

Let

A= the component time-related failure rate
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" and
T =" the test interval,

then formulas are given below (Nuclear Power Reactor Safety, E. Lewis, 1977) for
the unavailability contribution for a combination of similar components in the same
minimal cutset, with the first-order exponential approximationusually used ina PSA.
The test scheduling factor can be taken as the ratio of the applicable unavailability
divided by the unavailability using the PSA independence assumption.

Two-Component Unavailability Contribution Q,

Q, = %)\ZT2 Independent Tests 5.5
1 272 . .
Q, = §X T Sequential Testing (5.6)
Q, = %)\2'1‘2 Staggered Testing 6.7
Three-Component Unavailability Contribution Q;
Q; = %)\3T3 Independent Tests (5.8)
Q; = %)@Ts Sequential Testing 5.9)
Q, - 1_12>\3T3 Staggered Testing (5.10)
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Four-Component Unavailability Contribution Q,

Q= 1_16.)\4T4 Independent Tests (5.11)
Q = .;_)\4'1'4 Sequential Testing (5.12)
Q = %X‘T“ © Staggered Testing (5.13)

53 Evaluating STI Risks ‘

5.3.1 The Steps Involved in a Systematic STI Evaluation

A systematic process should be carried out when evaluating the risks
associated with either existing or proposed STIs; the steps below represent such a
systematic process. To carry out each step, the appropriate analysis described in the
earlier methodology sections needs to be conducted. Each step involved is described
briefly in the following pages. 4

Steps Involved in Systematic STI Risk Evaluations

1. Identify the STIs to be evaluated.

2. Determine the risk contribution associated with the STIs.

3. Determine the risk-based STIs which satisfy given criteria.

4, Check the STI evaluations by substitutingthe risk-based STIs and calculating

the associated risk.

s. Perform sensitivity and uncertainty evaluations to address issues and’
uncertainties associated with the STI evaluations.

6. Document the evaluations and prepare a summary table of the results.
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Step 1. Identify the STIs to be Evaluated

The STIs which are candidates for risk-based evaluations should be
identified. All the STIs in a given system or in a given set can be candidates for
possible modification. Alternatively, specific STIs can be selected, based on certain
deterministic criteria; for instance, those tests that are considered as deserving detailed
quantitative risk analyses.

Step 2. Determine the Risk Contribution Associated with the STIs

If minimal cutset contributions are used directly to determine the test-limited
risk, then the minimal cutsets should be identified which contain one or more of the
tested component unavailabilities, q. The sum of the minimal cutset contributions
then is the STI risk contribution or the test-limited risk Rp.

It also is useful to determine the contributing factors to the STI risk. The
test-limited risk, Rp, associated with failures occurring between successive tests is
given by

Rp = 4AR
where
q = the component unavailability
and
AR = the risk increase associated with the component going down.

The component unavailability, q, is given by the formula

—q_ 1 _
q = 1-5(1-e)

= 1)\T for \T< <1 )

vl

where

A= the time-related component failure rate (per unit time)
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and
T = the test interval.

If minimal cutset contributions have been summed to obtain Ry, for a given
component, then AR is simply Ry, divided by the tested unavailability q. Since the
failure of the component generally is latent, reconfigurations and modified testing
when the component is down should not be incorporated when evaluating AR.
Common-cause failure contributionsassociated with the component failure should be
incorporated.

If only a specific fraction of failures is assumed to be time-related in
estimating A, then the basis for this assumption should be given, and sensitivity
studies on the effects of varying the fraction also should be carried out.

Step 3. Determine the Risk-Based STIs which Satisfy Given Criteria

Risk-based STIs can be determined by controlling the individual STI
contributions to risk to be within given values. The sum of the test-limited risks also
can be controlled to be within acceptable values, although this control can be carried
out in Step 4 when the risk contributions from all the risk-based STIs are checked.
For risk-based test intervals selected to control individual test-limited risks, the
intervals T can be selected to be less than a certain value; e.g., R < S, where S is
a relative or absolute criterion. The formula for R, can be substituted to determine
the allowed risk-based STI. Sensitivity studies can be made to assess the effects on
the risk-based STI by using different alternatives to calculate Rp,.

Step 4. Check the STI Evaluarions by Substituting the Risk-Based .STIs and
Calculating the Associated Risk

The cumulative risk contribution from the risk-based STIs and the
interactions among the test-limited risks can be checked by recalculating the PSA
results with the risk-based STIs incorporated. The interactions among the STIs occur
when two or more risk-based STI contributions occur in the same minimal cutset.
In this case, the risk contributions are multiplied instead of being added. If the re-
evaluated PSA results are too high because of these effects, then the causes can be
identified and modified risk-based STIs defined.

Step 5. Perform Sensitivity and Uncertainty Evaluations to Address Issues and
Uncertainties Associated With the STI Evaluations

Because of the PSA uncertainties, there will be uncertainties in the test-
limited risks Ry which are calculated. These, in turn, are due to the uncertainties in
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the component unavailabilities, q, and the risk increases, AR, which are multiplied
to give Rp. The uncertainties in q and AR can be determined from the PSA, or
sensitivity studies can be undertaken. The uncertainty or sensitivity evaluation results
need to be reported.

Step 6. Document the Evaluations and Prepare a Summary Table of the Results

The STI risk evaluations carried out in the previous steps should be fully
documented with the specific data used and calculations carried out. The results
obtained in each step should be clearly identified, and the results should ‘be
summarized as a table. .

5.3.2 Data Needs for STI Evaluations

The data needs for STI evaluations are summarized below. These data are
in addition to the information available as part of the PSA study. It must be
~ emphasized that, if planned early, many of the data discussed below can be collected
when collecting data for the PSA without many additional resources.

- A list of the components being tested; any component realigned from the
safety position during a test; duration of the test; and the test frequency
recommended by the manufacturer.

- The efficiency of the test, i.e. the failure modes detected by the test (in
regard to components, support system interfaces, and so forth). Bounding
assumptions can be made if obtaining detailed information is costly.

- Surveillances that have potential for negative effects, e.g., that may cause
disturbances including the potential for introducing plant transients, or may
cause unnecessary wear of the equipment. Preliminary evaluations can be
used to identify if a detailed analysis should be performed (as presented in
Chapter 6). '

- The failures observed for a component at a surveillance test or otherwise,
may need to be evaluated to determine whether the failure mechanism is
cyclic demand-related or standby time-related. Separating failure data in to
these categories may require detailed information or engineering
judgment.
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5.4  Examples of Evaluations of Test-Limited Risks
5.4.1 Introduction

Example evaluations of test-limited risks .are given here. The risk
contributions which are calculated are STI core-damage frequency (CDF)
contributions; the examples are taken from NUREG/CR-5200 (P.K. Samanta et al.,
1988). They are described here in terms of the methodology and calculations which
" were presented in the previous chapters. The methodology is similar to that in
NUREG/CR-5200, with additional considerations and .clarifications on their
applications. '

The next section presents an example of an evaluation of an test-limited risk

“for a case where several components are tested by the same test. Then, tables are

shown of test-limited risks for given components and test intervals that were similarly

calculated. This type of evaluation can be used to prioritize STl risks. Similar tables

also can be constructed for proposed STIs. Sensitivity studies or uncertainty studies

also would be given for any assumptions or contributions which could affect the
conclusions. The last section considers risk strategies involving STIs.

54.2  Calculation of the Test-Limited Risks

Asan example of an test-limited risk evaluation, consider a surveillance test
carried out on the High Pressure Injection (HPI) System which tests the HPI pump
36C. When this pump is tested, the operation of the valve SW CV 3810 also is
tested. These are the principal components tested, as defined by the test. Because
of the actuation of the signal to the pump and the flow through the test lines, the
operation of other components tested are the valves BW1X and BW2X, SW CV 3810
and SW CV 18C, valve CV 1408B, and the valve MU18C.

To determine the test-limited risk, the minimal cutsets containing the
unavailabilitiesof one or more of these components are identified, and all the minimal
cutset contributions summed; this sum is the STI contribution for the test. For the
PSA used, the sum of the associated minimal cutset contribution is 6.8 x 10™ per
year, which is the STI contribution. We note that all the minimal cutsets are summed
which contain at least one of the components tested. If only the minimal cutset
contributions with the principal components tested are summed, then the test-limited
risk for the test will be underestimated. This will result in a small error if the
additional components tested have small minimal cutset contributions; however, in
certain cases, they can be non-negligible. Thus, a check must be made that all the
dominant minimal cutset contributionsare represented for all components included in
a test.
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To obtain the risk increase, AR, associated with the test, all the failures of
components which are tested can be set to a True State and the increase in CDF
determined. Alternatively, the test-limited risk can be divided by the component
unavailability q.

5.4.3 Tables of Test-Limited Risks

Tables 5.1 and 5.2 display the calculated test-limited risks for surveillance
tests of components in the Emergency Feedwater (EFW) system and in the HPI
system. Such displays can be used to present results for prioritizing the test-limited
risks at a plant, and for presenting the test-limited risks for proposed new STIs.
Again, such presentations should be accompanied by sensitivity studies or uncertainty
studies when sensitivities in given assumptions or data can affect the conclusions.

5.4.4 Risk Strategies Involving STIs

Ideally, the proposed STI modifications would result in a decrease or no net
increase in risk. A risk increidse arising from proposed STI relaxations can be
compensated for by risk reductions in other STI contributions, or more generally, by
risk reductions in other activities. If the risk increases are small, then risk reduction
does not need to involve large amounts of resources. For instance, configuration
control (discussed in Chapter 8), or an extra inspection or a quality assurance check
may sufﬁce In general, these strategies should be acceptable from engmeermg
considerations and not be based on numerical mampulatlons

" To reduce the risk contribution Ry, associated with an STI, the basic formula
for Ry can be used as a guide (which is one of the values of calculating the basic
contnbutmg factors to Rp):

Rp = qAR
where -
" q = the component dn‘availabilify
=1z
2

and

AR = the increase in risk level with the component down.
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Thus, to reduce the risk contributionRp,, either the component unavailability
q or the risk importance AR can be reduced. To reduce q, either the component s
failure rate or its surveillance test interval can be reduced.

The risk importance AR associated with the test-limited risk involves the
unavailabilities of the other contributors in the same minimal cutset as the STI
contribution. By examining these other contributors, strategies can be devised for
reducing AR; these can involve testing other components more frequently (especially
- if these other tests are relatively inexpensive), checking for misconfigurations before
the test is conducted, improving the reliabilities of one or more components in the
minimal cutset, or reducing the AOTs of one or more components.

Table 5.1 STI CDF Contributions for the Emergency Feedwater (EFW) System

Principal Additional
Components Type of Components Test ~STI CDF
Tested Test Tested Frequency Contribution
Pump 7A Flow CS19 Monthly . 2.9E-5

CS98

CS99

CV2802

CVY-3

CVY-4

CVY-1

CVy-2
CV2626 Stroke None Quarterly 1.6E-5
CV2620 Stroke None © Quarterly’ 1.2E-5
CVY-1 Stroke None : Quarterly 1.2E-5
Pump 7B Flow CS19 - Monthly 9.6E-6

CS98

CS99

CV”SOO
CVX-2 Stroke None Quartevrly 7.8E-6
CVX-1 Stroke None Quarterly 6.2E-6
CVY-2 Stroke None . Quarterly 2.0E-6
CV2670 Stroke None _ Quarterly 1.7E-6
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Table 5.2 STI CDF Contributions for the High Pressure Injection (HPI) System

Principal

Components Type of

Tested Test

Pump 36C & Flow
SW CV 3810 Stroke

Pump 36C Flow

SW CV3810 Stroke

Pump 36A & Flow
SW CVv3808 Stroke

Pump 36A Flow

Pump 36B & Flow
SW CV3809 Stroke

Pump 36B Flow

Additional
Components
Tested

BWI1X
CV1408B
BW2X
MU18C

SW CV3810
SW CV1i8C

BWi1X
CV1408B
BW2
MU18C

SW CVi8C

BWI1X
CV1407A
BW3X
MUI8A

SW CV3808
SW CVO018A

BW1X
CV1407A
BW3X
MU18A

BWIX
CV1407A
BW3X
MU16
MU17
MU18B
SW CV389
SW CV18B

BWI1X
CV1407A
BW3X

‘MU16

MU17
MU18B

Test

Frequency

~ Annual

Monthly

Annual

Annual

Monthly

Annual

Monthly

STI CDF
Coatribution

6.8E-5

4.4E-5

2.4E-5

1.4E-5

1.4E-5

1.4E-5

1.4E-5
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6. ADVERSE EFFECTS OF SURVEILLANCE TESTING
o Baéic Concepts

Adverse Effects of Testing: The operating experience of nuclear power plants
indicates that some surveillance tests may be associated with some of the following
adverse effects: causing plant transients, equipment wear, misconfiguration,
unavailability resulting from test downtime, radiation exposure, or unnecessary burden
on plant personnel.

Criteria for Risk-Effectiveness of a Test: If the test-limited risk is greater than'the
test-caused risk for a given test interval, then the test is risk-effective, and vice versa.

Risk-Based Test Interval: The interval for which the total risk impact of the test is
minimized. Usually, this calculated test interval is considered along with engineering
and operational considerations to define an acceptable test interval.

Risk Contributions Constituting Test-Caused Risk: The risk contributions
associated with the adverse effects of the test. If an adverse effect, e.g., test-caused
transients, is predominant among the various adverse effects, then the test-caused risk
can be approximated by the risk contribution from test-caused transients.

Test-Caused Risk: The STI risk contribution caused by testing, or associated with
the adverse effects of testing. When the adverse effects are expected to be significant
or evident from the operating experience, then this contribution should be taken into
consideration in evaluating the surveillance requirements.

Total Risk Impact of a Test: The sum of the test-limited and test-caused risk

contributions. To optimize the test interval from a risk standpoint, we need to
minimize this total risk impact associated with the test.
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List of Symbols

¢

Ntcst
ptrip

q(n,t)

the proportion by which the initiating event group is caused by the test-
caused transients, namely, the extent to which the frequency of the initiating
event group is attributable to the test-caused transients; 0 < ¢ < 1

the frequency of the initiating event group associated with the test-caused
transient ‘

the number of transient events belonging to the relevant initiating event
group

the number of transient events due to the test
the probability that a transient will occur during, or as a result of, the given
test

component unavailability as a function of the number of tests, n, performed
and the elapsed time since the last test, t

the average increase in component unavailability that results from n tests

the risk contribution which is caused by the test; Rc = Ry, + Ryear +
Rconﬁg + Rdown

the risk contribution from potential misconfiguration following test

the risk contribution associated with test downtime

the total risk impact of the test; Rt = R + Re¢

the risk contribution ffom test.-caused plant transients

the risk contribution from test-caused equipment wear

the risk contribution of the j-th initiating event group to the total plant risk

the average increase in the test-caused risk due to equipment wear resulting
from test-caused degradations of n tests on the equipment

the average risk impact limited by the test; this impact does not depend on
the number of tests
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'RT,n the total risk impact of the test comprising the test-limited risk and the test-
caused risk due to equipment wear; Ry ;, = Rp + R,

6.1 Current Practices and Issues

As briefly discussed in the previous chapter, some tests. may cause adverse
effects. When such adverse effects are expected to be significant or evident from
operating experience, then the tests should be evaluated considering both the
beneficial and adverse effects. The explicit consideration of the adverse effects along
with the beneficial effects will help to establish risk-effective surveillance
requirements that will minimize the total risk implication associated with such tests.

In general, we can reduce the adverse effects of testing by extending the
surveillance test intervals (STIs) because, then, fewer tests will be conducted.
Extending the STI may be associated with some or all of the following benefits:

1)  Plant transients are less likely to be caused by testing.
2)  The tested equipment is less likely to wear out.

3) The components involved in the test (e.g., isolation valves) are less likely to
be misconfigured after the test.

4)  The equipment’s unavailability due to downtime for the test will be decreased
because tests are less frequent.

5) Exposure of plant personnel to unnecessary radiation will be reduced.
6) Unnecessary burden on plant personnel also will be reduced.

However, as we extend the STI, the equipment will, correspondingly, be
more exposed to failures. As a result, the risk impact associated with potential
failures, or the test-limited risk, will be larger because there is a higher chance that
the equipment may fail between the periodic tests. Therefore, we need to strike a
balance between the opposing effects; i.e., the more we extend the STI, the smaller

- the adverse effects, but the greater the risk impact from the increasing fault-exposure
time.
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6.2 Test-Caused Risk and Total Risk Impact

Let -
Rp = the STI risk contribution which is detected by the test
= the test-limited risk contribution
and
Re = the STI risk contribution which is caused by the test.

the test-caused risk contribution.

We then can define the total risk impact:

Rr = the total risk contribution which is associated with the test

Rp + Re 6.1)

R is the contribution computed in PSAs. Often, R is assumed to be zero.
However, for some tests, R may be significant, as evident from operating
experience. We note that the total risk impact is defined as R + R, as opposed to
Rp - Re. The reason for this definition is that, although Ry, is beneficial risk impact,
it accounts for the risk from failures occurring between tests; the greater R, as a
result of increasing test interval, the higher will be the risk because of the mcreasmg
chance of failure between tests.

The risk-based method to quantify R, was discussed in Chépter 5. In this
chapter, we focus on R¢ and discuss how Ry can be taken into consnderatlon in
determining risk-based optimal test interval.

6.2.1 Adverse Effects of Testing

R is the risk contribution which is caused by the test itself. Table 6.1 lists
such risk contributions associated with a test, along with their causes.

The test-caused risk contributions listed in Table 6.1 are all subject to a risk
analysis based on the risk measure, core-damage frequency, or other risk measures
of higher levels, such as releases of radioactive material, offsite consequences of the
radioactive material, or public health risk. Although other risk measures at a lower
level, such as safety-system unavailability, can be used to evaluate Ry, Roongigs and
Ryowns the test-caused risk contribution due to transients, i.e., Ry, cannot be
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Table 6.1 Test-Caused Risk Contributions and Their Causes

Identifier Risk Contribution Causes of the Risk
Rip Risk from test-caused trips Human error, equipment
failure, procedural
inadequacy.
Ryear Risk from test-caused equipment Inherent characteristics of the
wear test, procedural inadequacy,
human error.
Reonfig Risk from test misconfigurations Human error, procedural
or errors in component inadequacy.
restoration
Ryown Risk associated with test down- Unavailability of the
time in carrying out the test component during the test.
Affected by the test override
' capability.

evaluated using the safety-system unavailability as the risk measure because the
unavailability will not be affected, in general, by the variation in the likelihood of a
trip occurring during a test.

The use of a same risk measure in analyzing all the different kinds of risk
contributions associated with a test will facilitate the evaluation of its risk-
effectiveness. Core-damage frequency is the lowest-level risk measure that can be
used to evaluate all the test-caused risk contributions listed in Table 6.1, and
therefore, is used here as the primary risk measure to quantify these various risk
contributions.

From Table 6.1, the risk contribution caused by a test, R, can be expressed
in a general form as:

RC = Rtrip + char + Rconﬁg *+ Ryown (6.2)
where,
Ryp = risk from test-caused plant transients
wear = Hisk from test-caused equipment wear
Reonfig = risk from potential misconfiguration following test
down = Tisk associated with test downtime
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For any specific test, a number of the contributions on the right-hand side will not be
relevant, or will not be significant. When the risk-effectiveness of a test program or
procedure for several individual components is evaluated, then the contributions for
each test plus the contributions from any interactions will need to be considered.

Besides those defined in Table 6.1, sometimes two other adverse effects of
a test may be encountered: radiation exposure to plant personnel, and unnecessary
burden on plant personnel. These two adverse effects differ from those in Table 6.1
inthat: 1) the radiation exposure to plant personnel is not amenable to a risk analysis
based on the core-damage frequency as a risk measure because the core-damage
frequency, or some other lower-level risk measures, are not affected by the amount
of the radiation exposure to plant personnel; and 2) the unnecessary burden on plant
personnel, in general, also is not suitable for a risk analysis. However, although
excluded from the quantitative risk analysis, these adverse effects can be considered
qualitatively along with the results of quantitative risk analysis for evaluating
surveillance requirements.

All these adverse effects may not be associated with a given test, or some
effects may be more significant then others. If so, we can focus on the dominant
contributions of the test, which can be identified using the insights gained from the
comprehensive examination of all Technical Specification surveillance requirements
(NUREG-1366, Lobel et al., 1990). The plant-specific data on the test also may be
reviewed, if deemed necessary. The comprehensive examination used the following,
important adverse effects, as the criteria to screen surveillance requirements that need
to be improved:

a) Plant transients

b) Unnecessary wear

c) Burden on licensee’s time

d) Exposure of personnel to radiation

Table 6.2 shows, for several example tests, the dominant adverse effects that
were identified. For example, the NUREG-1366 study identified unnecessary wear
and licensee burden as dominant adverse affects of the auxiliary feedwater (AFW)
testing. A significant cause of the unnecessary wear of the AFW pumps is testing the
pumps by recirculating flow through a minimum recirculation line which is not
adequately sized. Even if these recirculation lines are increased, frequent testing
(monthly in some plants) will contribute to the wear. The licensee burden was
determined in terms of time required that cannot be justified by the safety significance
of the surveillance.
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Table 6.2 Adverse Effects of Several Example Tests
Identified as Dominant in the NUREG-1366 Study

Surveillance Plant Unnecessary  Licensee  Radiation
Requirement : Transient Wear Burden  Exposure

Partial stroke testing of v
main steam-isolation
valve (MSIV)

Turbine overspeed pro- N v
tection '

Verify that diesel gen- vV
erator starts and reach- .
es rated speed

Fast start and loading : N
of diesel generator

Auxiliary Feedwater RV v
(AFW) Pump Testing '

Verify proper valve , N N
lineup every 31 days

for emergency core

cooling systems and

containment isolation

valves

Among the various risk contributions of Table 6.1 that are subject to risk
analyses, the risk from potential misconfiguration followingtest, R ., is evaluated
as part of human reliability analysis ina PSA (NUREG/CR-4772, Swain, 1987). The
risk associated with test downtime, Ry, can be assessed similarly as maintenance
downtime contribution, namely, by considering the fraction of time during which the
component is unavailable.

In this chapter, we show how the risk from test-caused plant transients, Ry,
and the risk from test-caused equipment wear, R, can be evaluated using a PSA.
These adverse effects generate significant safety concerns because of: 1) potential
plant transients which challenge safety systems; and 2) significant wear-out of
equipment which increases the unavailability of safety systems or functions, and
thereby, reduces the plant’s capability for mitigating accidents.
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6.2.2 Risk-Effectiveness of Testing

Once risk contributions associated with a test (or a group of tests) are
quantified, then the test can be evaluated from a risk perspective. One way is to
compare the test-limited risk contribution, Ry, with the test-caused contribution, R¢.
The test is risk-effective if the rlsk limited by the test is greater than the risk caused
. by the test:

Rp > R @ risk-effective test

Conversely, the test is risk-ineffective if the test-caused risk contribution is
greater than the test-limited risk contribution:

Re > Rp ¢ risk-ineffective test

Figure 6.1 shows a conceptual plot of the test-limited risk, the test-caused
risk, and their corresponding-total risk, versus a test parameter of interest. The
figure shows only one possible pattern of behaviors in Ry, and R; other patterns can
easily be envisioned. The test parameter can be the test interval, the probability of
a trip occurring during the test, the aging caused by the test, or any other relevant
parameter. With studies such as that conceptualized in the figure, regimes and
- conditions for risk- effective tests can be identified. Present tests can be evaluated
and criteria which ensure that the test is risk-effective can be determined. These
evaluations also can provide a basis for prioritizing the tests for their test-caused
contributions and sensitivities.

The risk-effectiveness may be evaluated by considering only some specnfic
contributions constituting Rc. Suppose that only the contribution due to test-caused
transients, Rmp, is predominant among the specific contributions of R¢. The criteria
for risk effectiveness then can be represented as: . :

R < Rp:test risk-effective with regard to test-caused transients

trip

The risk-effectiveness of the test can be evaluated with regard to test-caused
transients, even if some of the other risk contributionsare not insignificantcompared
to Ry When more test-caused contributions are considered, then broader
conclusnons can be reached.
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Total Risk

Test-Limited Risk

Risk

Test-Caused Risk

Testinterval ——

Figure 6.1 Risk contribution of surveillance testing versus test interval

Another way of evaluating the test from a risk perspective is in terms of its
total risk impact defined as: Rt = R, + R, An advantage of using total risk as a
measure to evaluate testing is that it helps to define an optimal test interval. The risk-
based, optimal test interval, Topl, can be taken from the value where Ry reaches its
minimum because we should minimize the total risk impact of the test. However, this
calculated minimum should not be taken too strictly in view of uncertainties in risk
quantification, and also other operational or practical factors.

6.3 Risk Impact of Transients Caused by Testing
6.3.1 Impact of Test-Caused Transients on the Plunt{

-Once a transient occurs during testing with the plant at power, it generally
causes the process condition of the plant to deteriorate, and consequently, causes a
reactor trip. Hence, the risk impact of the test-caused transient or the resultant trip
depends on the performance of the plant’s safety systems, and sometimes, on the
operator’s actions following the transient.

As an example, the main steam isolation valves (MSIVs) of some pressurized
water reactors (PWRs) are periodically partial-stroke tested (typically 10% closed)
during power operation. However, such a test may result in a full closure of the valve
due to an operator’s error in performing the test, or to a failure of the test equipment.
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The inadvertent full closure of the MSIV reduces the heat-removal capability of the
power conversion system, and thus, may require intervention of the neutron chain
reaction through the reactor protection system (RPS), or the operators, if the RPS
fails to properly respond. Even after the successful intervention of the heat
production in the reactor, some safety systems other than the RPS also will be
required to perform successfully to prevent potential core damage.

Therefore, to evaluate the risk impact of the transient that may occur-during
MSIV testing, we need to consider the response of the plant safety systems and the
operators to the transient. These considerations are typically done in PSAs. The
following section introduces a PSA-based formula, and then describes the procedure
for evaluating the risk impact. An example application is given in Section 6.3.3.

6.3.2 Basic Procedure for Evaluating the Risk Impact of Test-Caused
Transients

The plant transients induced by testing are a kind of initiating event from a
viewpoint of PSA because they will cause or require a reactor trip. Hence, we can
evaluate the risk impact of test-caused transients from the risk contributionassociated
with the relevant initiating event group:

N,
R,, = — Rpy_, 63
P j
Npg
= ¢ Ry
where,
Ryip = the risk contribution from test-caused plant transients

Rigj = the risk contribution of the j-th initiating event group to the total
plant risk . |

N = the number of transient events due to the test

NlE-j = the number of transient events belonging to the relevant initiating
event group
¢ = the proportion by which the initiating event group is caused by the

test-caused transients, namely, the extent to which the frequency of
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the initiating event group is attributable to the test-caused transients
O<s¢=<1

The following procedure shows how we can evaluate the risk impact of test-
caused transients using the basic formula for R,;; above, within a PSA model.

Step 1: Identify the transient categories associated with the transient that may be
caused during, or as a result of, the test

To evaluate the risk contribution due to test-caused transients using the
formulas discussed in the previous section, it first is necessary to identify the
associated transient categories that may be caused during, or as a result of, the test.
The categories associated with the test-caused transient can be identified from the
EPRI transient categories (EPRINP-2230, McClymontet al., 1982), by considering
how the test is conducted and what kinds of transients the test can cause, or has
caused in the operating history of the plant. Although a PSA, such as done in the
individual plant evaluation (IPE) studies, may not model these transients directly, we
can find initiating event groups that are associated with the transients. Also, we can
identify from licensee event reports (LERs) those transient events caused by the
testing under consideration.

_ Step 2: Associate transient categories with the plant-specific initiating event
groups

To use transient categories, the categories should be associated with the
initiating event groups modeled in the plant-specific PSA, considering the
characteristics of the transients included in the transient categories and the initiating
event groups. For this association, we can classify each of the transient categories
into the relevant initiating event group.

Step 3: Evaluate the risk contributions of the initiating event groups

The risk contribution of the specific initiating event group, say the j-th
initiating event group (Ryg ;), can be easily obtained from the plant-specific PSA by
summing up the frequencies of all the accident sequences beginning from the initiating
event group.

Step 4: Estimate ¢

We can now estimate from plant operating data the proportion ¢ by which
the frequency of the initiating event group is attributable to test-caused transients:
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i) Classify the transient events in the data base into the relevant categories,
identifying the transients due to the tests whose risk impacts are being

_ evaluated. '
it) Obtain the number of transient events associated with each of the initiating

event groups, i.e., NIE_j, by adding the numbers of transients in the
categories which are associated with the initiating event group.

iit) Obtain the number of transient events attributable to each of the given tests,
i.e., Ny, by adding the numbers of transients in the categories which are
associated with the test.

/ NlE-j'

test

iv) Calculate ¢ from Ny and Ng; ¢ = N
Step 5: Evaluate the test-caused risk contribution due to transients

The test-caused risk contribution from test-caused transients now can be
evaluated by multiplying the risk contribution of the relevant initiating event group
to the total plant risk, Ry ;, by the proportion ¢; namely, Ry, = ¢ R,

6.3.3 Example Evaluation of the Risk Impact of Test-Caused Transients - -

As a practical example, we apply the procedure to the MSIV operability
testing of a BWR. The operating experience of BWR plants suggests that the test
caused a significant number of plant transients. The PSA for a BWR conducted as
part of the NUREG-1150 study is used for evaluating the risk impact. The LERs for
30 BWRs for 1985 were used to analyze transients, assuming that all the plants
conducted MSIV testing quarterly.

Step 1: The EPRI transient categories for BWRs will be used here because we are
evaluating the risk contribution of testing at a BWR. Table 6.3 lists the
BWR categories associated with the transients that may be caused during, or
result from, the MSIV test. Only two categories are associated with the test-
caused transients, i.e., categories 6 and 7, which represent inadvertent full
closure of one MSIV, and partial MSIV closure, respectively.

Although there is another category that is connected to the MSIV, i.e.,
category 5 for main steam-isolation valve closure, the transients belonging
to this category are not caused by the MSIV testing. This particular
transient occurs when any one of various steam lines and nuclear system
malfunctionsrequire termination of steam flow from the vessel automatically
or by the operator’s action.
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Step 2: Each of the 37 BWR transient categories should now be associated with
the initiating event groups defined in the PSA; Table 6.4 shows a part of
such an association (NUREG/CR-5775, Kim et al., 1992). For instance,
the transient category 5 is classified into the initiating event group T2,
which incorporates all the transients that occur with the power conversion
system initially unavailable.

Table 6.3 Association of Test-Caused Transients
with EPRI BWR Categories

Test BWR Transient Category

MSIV Operability Test 6. Inadvertent closure of one MSIV
7. Partial MSIV closure

Table 6.4 Association of Transient Categories with Initiators

Transient
Category Definition Initiator
1 Electric load rejection ‘ T3A
2 Electric load rejection with turbine bypass valve fail- T3A
ures :

3 Turbine trip T3A
4 Turbine trip with turbine bypass valve failure T3A
b Main steam isolation valve closure T2
6 Inadvertent closure of one MSIV T2
7 Partial MSIV closure T2
8 Loss of normal condenser vacuum T2

| 9 Pressure regulator fails open T3A
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Step 3:

Step 4:

i)

iii)

1v)

Step 5:

Table 6.5 shows the risk contributions of each initiating event group, R
to the total core-damage frequency. This information is readily available
from the PSA document or the computerized PSA model; otherwise, Ry
can be derived by summing the frequencies of those accident sequences that
are induced by initiator j. The sum of the risk contributions for each of the
initiating event groups represents the average, total core-damage frequency
from the level-1 PSA. Table 6.5 shows the risk contribution of initiator T2
relevant to the MSIV testing as: R, = 5.4x1077 per year.

The proportion ¢ can be estimated as follows:

The transient events of the plant’s operating data base can be classified into
relevant transient categories of the 37 BWR categories. For instance, Table
6.6 shows the data base includes 10 transient events that can be classified
into transient category 1.

The transient that may be caused by MSIV testing is associated with
initiating event group T2 because the power conversion system (PCS) will
become unavailable if the transient occurs (refer to Table 6.5). According
to Table 6.6, the data analysis identified 18 transient events belonging to T2
initiator; there are only four transient categories belonging to T2, i.e.,
categories 5, 6, 7, and 8. The number 18 is obtained by summing the
numbers of transients for the four categories; namely, Ny, = 18.

The number of transients caused by MSIV testing, N, ,;, can be obtained by
summing the numbers of test-caused transients for categories 6 and 7 which
are shown in the last column of Table 6.6: N, = 3. Of the six transients
in categories 6 and 7, three of them, namely a half, were caused by MSIV
testing. (Some transients belonging to other categories also may have been
caused by certain types of testing. However, these are not identified in the
column of "Number of Test-Caused Transients” for other categories because
the data analysis evaluated only the MSIV test.)

Now, we can calculate the proportion: ¢ = N, / Ny, = 3/18 = 0.17;
namely, 17 % of the frequency of the initiating event group T2 is attributable
to the MSIV testing.

We can now calculate the risk contribution of transients that may be caused
by quarterly MSIV testing:

. Ryip = ¢ Ryp = 0.17 x (5.4x107/yr) = 9.0x10%/yr.
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_ Table 6.5 Risk Contributions of the Initiators

‘ : Risk .Contribution
Initiator Description o . (per year)

T1 Loss of offsite power (LOSP) transient 6:2E-6_ .
T2 Transient with the power conversion © 5.4E-7

system (PCS) unavailable

T3 Transient with the PCS initially available ~ Sum of risk

made up of T3A, T3B, and T3C contributions of
T3A, T3B, and T3C
T3A Transients of the T3 group other than 1.0E-6
those below
- T3B Transients due to an inadvertent open 4.5E-8

relief valve in the primary system

T3C. Transients involving loss of feedwater 4.7E-7
(LOFW), but with the steam side of the
PCS initially available

A . Large loss of coolant accident (LOCA) 8.4E-6
S1 Intermediate LOCA 8.6E-8

6.3.4 Basic Formulas for Sensitivity Analysis and Criteria for Risk-
Effectiveness . '

For sensitivity analyses of the test-caused risk due to transients, Ry, to the
variation in test interval, T, we can transform the expression for Ry, discussed in
Section 6.3.2, to the following formula in terms of T:

' _ ptrip - :
Rtrip - —IJ—-]: RIE—j 6.4)
where,
. = the frequency of the initiating event group associated with the test-

caused transient
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Table 6.6 Plant Operating Experience to Estimate ¢

Transient Number of Number of Test-
Category* Initiator® Transients Caused Transients
1 T3A 10
2 T3A 2
'3 T3A | 11
4 T3A 0
5 T2 3
6 T2 4 2
7 T2 2 1
8 T2 9
9 T3A 1

*For definition of these categories, see Table 6.4.
bFor definition of these initiators, see Table 6.5.

Rjg; = therisk contribution of the j-th initiating event group to the plant’s
total risk
Puip = the probability that a transient will occur during, or as a result of,

the given test

From this formula for Ry, and that for R, discussed earlier, we can
establish a criterion for risk-effectiveness of surveillance testing. The test is risk-
effective with regard to test-caused transients if:

> | 2P Rpy 65
M, R,-R,

The test is risk-ineffective if T is smaller than the value of the right-hand side.
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The risk-effectiveness criterion on the test interval should be used only when
the probability, p,p, that a transient will occur during, or as a result of, the test can
be reasonably estimated. In general, the less likely a test-caused transient will occur,
the more operating data are necessary to obtain a reasonable estimate of its
probability.

Let
Tmin = the minimum test interval, such that the test is risk-effective with
regard to test-caused transients, as long as the test interval is greater

than the minimum.

We then can derive the following expression by setting R, equal to Ry ;.

- |2 Puip Ry (6.6)

min MJ Rl - Ro

T

The risk-effectiveness criterion can be stated in terms of T,
T

nin as follows: if T >
min» the test is risk-effective; otherwise, it is risk-ineffective.

The optimal test interval, at which the total risk impact is minimized, can be
obtained from the following formula:

2 Pip Rpg.j

M, R;-R,

6.7)

which is identical to T, ;,. However, in general, T ;,
when a nonlinear unavailability model is used for Ry,.

may differ from T,y; e.g.,

6.3.5 Example Sensitivity Analysis and Interpretation of Results

To evaluate the effects of various test intervals on the plant from a risk
perspective, we can analyze the sensitivity of the risk impact of test-caused transients
to test interval. The risk impacts that need to be considered are: 1) the test-caused
contribution from transients, R;;;, 2) the test-limited contribution, Ry, and 3) the total
risk impact of the test, Ry.

Figure 6.2 shows a sensitivity analysis for MSIV operability testing which
was conducted using the following formulas discussed earlier:

RT=RD+RC

NUREG/CR-6141 6-18



ADVERSE EFFECTS OF SURVEILLANCE TESTING

Core Damage Frequency (per year)

Rrip
RT : Total Risk Impact of the Test
1E-9 0 Ry: Test-Limited Risk
Rmp: Test-Caused Risk (Transients)
1E-10 - . 1 — .
0 .50 100 150 200

MSIV Test Interval (days)

Figure 6.2 Risk-sensitivity of MSIV testing

j
Rtrip = % RlE-j

L}

1
Rp = AT *(R;-Ry)

Here, it was assumed that test-caused transients are the most dominant adverse effect
of the MSIV testing, as the NUREG-1366 study (Lobel et al., 1990) indicates (see
Table 6.2), and also that others are negligible compared to this dominant effect.
Hence, only the test-caused risk contribution from test-caused transients is compared
to the test-limited risk contribution in evaluating the risk-effectiveness of the test.

From the sensitivity analysis, we obtain the following insights:

1. Ry.;p decreases as T is increased because fewer transients are expected as the
test is conducted less frequently. However, then Ry, increases because, the
test 1s* more likely to detect a failure.

2. The curves for R and R, intersect when the test interval is approximately
54 days. This value is the minimum test interval, T_; . The test interval
must be longer than 54 days for the MSIV test to become risk-effective;
otherwise, it is risk-ineffective.
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3. The risk-effectiveness of the test with regard to test-caused transients also
can be seen by comparing the test-limited risk contribution to the test-caused
risk contribution due to transients. In the region where T > 54 days, Ry,
is larger than Ry, and thus, the test is risk-effective. Where T < 54 days,
the test is risk-ineffective.

4. This example used the LER data base for 30 BWRs for 1985, assuming that
the operability of MSIVs is tested quarterly at all the plants. However, at
some plants the MSIVs were being tested more frequently; e.g., a biweekly
surveillance when the test failure occurred. If the minimum test interval of
54 days is assumed to be applicable to this plant, the biweekly test is risk-
ineffective with regard to test-caused transients, because the interval is
shorter. Even if other types of adverse risk impacts, nonnegligible compared
to Ry, are considered, this biweekly test at the plant will be risk-
ineffective.

5. The analysis was based on a PSA and also on the analysis of plant operating
data, i.e., LERs. As a result, the quantitative results are associated with
their corresponding uncertainties. Therefore, the numerical results from this
analysis should not be taken too strictly, unless an uncertainty analysis is
performed and taken into account in the decision-making process for
evaluating the STI.

6.  Sensitivity analyses, as shown in Figure 6.2, can be very useful in defining
a test interval or evaluating a potential modification to it. The calculated,
optimal test interval, T, is 54 days, the same as T,;,; however, the curve
of Ry indicates that the total risk impact only marginally increases when T
is changed; for example, from 54 or 91 days (i.e., the current quarterly test
interval) to 150 days. We note that the more the interval is extended beyond
Top» the more the test will become risk-effective because the difference
between the test-limited risk and the test-caused risk accordingly increases.
In addition, we also should take into consideration that the sensitivity curves
of Ry, and Ry to the variation of T depend on the parameters A, the
equipment failure rate, and p,;,, the probability of a transient occurring
during testing, which are assumed constant with respect to the test interval.
The values of A and p,;, may change, especially when the test is conducted
less frequently than formerly. In such a case, the failure rate, A, may
decrease if the test had an adverse effect on the equipm%nt, or it may
increase if the test had a positive effect in terms of lubrication, cleanup,
required movement of pieceparts, and so on. The value of p,;, may increase
because the operators are more likely to make errors when testing less
frequently, When these aspects are included in the decision process, a
reasonable extension of the test interval based on the sensitivity analyses may

NUREG/CR-6141 ‘ 6-20



ADVERSE EFFECTS OF SURVEILLANCE TESTING

be limited to a factor of two or so. When experience is gained with this
extension, further modifications may be justified. !

6.3.6 Data Needs for Evaluating Test-Caused Transients

, The method presented here is based on analyzing transient events, including
those caused by tests, using the PSA-based formulas discussed in Sections 6.3.2 and
6.3.4. Hence, we need a PSA for the plant for which the adverse risk impact of
testing can be evaluated. The risk contribution of initiating event groups to the total
plant risk, may be obtained from the PSA document; otherwise, a computerized
model of the PSA can be used. The PSA computer model also can be used to
evaluate the conditional core-damage frequency with the component assumed up or
down, which is necessary to assess the beneficial risk impact of the test. .

We can obtain the transient events from the following plant operating data:

1) Performance Indicator Reports: These reports list the number of reactor
trips and safety system actuations at each plant, the date of the events, and
the numbers of the relevant licensee event reports (LERs).

2) LER System: Reactor trips are described in LERs.

When test-caused transients for a single plant are evaluated, the plant-specific
data may be sparse unless the plant’s operating experience covers a substantial period.
When this is the case, more data may be used from the operating experience of other
plants of similar vintage, such as BWR/4, assuming that the likelihood of occurrence
of test-caused transients are similar for all the plants in the data base. (The
performance indicator reports classify plants according to design classes.)

6.4 Risk Impact of Equipment Wear Caused by Testing

In this section, we consider the risk contribution associated with test-caused
wear of equipment, as another specific, test-caused risk contribution.

The Standard Technical Specifications, recently developed (September 1992),
recommend that the frequency of MSIV testing will be in accordance with the
Inservice Testing (IST) Program, or 18 months. The IST program typically requires
quarterly testing for pumps and valves, with possible relief of the test requirement
(i.e., extension of the test interval) given a reasonable justification.
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6.4.1 Concept of Stress on the Equipment

Some safety-significant components of nuclear power plants, such as an
emergency diesel generator or an auxiliary feedwater pump, are tested often enough
to raise concern about the progressive wear-out of the equipment due to the
accumulation of degradation caused by the test. This degradation may be caused by
inherent characteristics of the test, procedural inadequacy, or human error, as
discussed earlier.

Furthermore, as time passes, the component also may show aging effects,
such as corrosion or erosion. Together, these can increase the unavailability of the
component, and thereby, the unavailability of the associated safety system and
function; in turn, this can reduce the plant’s capability of mitigating an accident.

The degradation from testing and aging effects are induced by two kinds of
stresses, 1.e., demand, and standby stresses. Demand stress acts only when the
equipment is asked to function or is operating; standby stress acts while the
equipment is in the standby state. For standby components which are periodically
tested, generally, the combination of both stresses causes the equipment to degrade,
and ultimately, to fail.

To illustrate how both stresses act together to cause an equipment to fail, let
us take an example from a study of the reliability of diesel generators. Consider the
case that a connecting rod, weakened by corrosion, fails catastrophically when a
diesel is started for operation. This failure was caused by standby stress, which
induced the corrosion of the rod. However, it also was caused by demand stress,
because although the rod was in a weakened state, it would not have failed if there
had been no demand for operation.

6.4.2 Test-Caused Degradation Model to Evaluate Component Unavailability

Based on the concept of stress on equipment and the characteristics of the
degradation mechanisms caused by testing and aging, we can formulate the following
test-caused component degradation model for component unavailability:

nT+t

T A(n,t/)ydt’ (6.8)

q(n,t) = p(n)+j
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p(n) = p,° ( +p;n) ©9
An,t) = Ay * (1 +pyn) +a * (nT +t) 6.10
where,

n = the number of tests performed on the equipment

t = the time elapsed since the last test

q(n,t) = the component unavailability as a function of the number of tests

- performed and the elapsed time

p(n) = the failure probability for cyclic demand-caused failures

T = the test interval

nT + t = the time since the last renewal point

A(n,t) = the standby failure rate (per unit time) for failures occurring

between tests

Po = the residual cyclic demand-failure probability

P1 = the test degradation factor associated with demand failures

A = the residual standby time-related failure rate

P2 = the test degradation factor for standby time-related failures

o = the aging factor associated with aging alone

These expressions represent a model which was linearized from the original,
non-linear test-caused degradation model (NUREG/CR-5775, Kim et al., 1992). This
linear model can be used for most purposes and is used here.

Some of the parameters, such as the residual demand-failure probability, g,
and the residual standby time-related failure rate, A, can be obtained from the studies
on diesel generator reliability (e.g., NUREG/CR-4810, Vesely et al., 1987;
NUREG/CR-5510, Vesely et al., 1990; or EPRI-4264, Molleruset al., 1985). Other
parameters can be derived from those that are obtainable from some reports; for
example, we can derive the aging factor associated with aging alone, «, from the
linear aging rate of the aging model (NUREG/CR-4769, Vesely, 1987) under certain
assumptions.

In the expressions above, the unavailability, q(n,t), and the standby failure
rate, A(n,t), are represented as a function of n and t. The reason for this functional
notation is that the standby failure rate is assumed to be affected not only by the
standby time, but also by test-caused degradation. Therefore, component
unavailability becomes a function of the number of tests performed on the component
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and the time elapsed since the last renewal. However, the cyclic demand failure
probability, p(n), is represented as a function of only the number of tests, n, i.e., it
is assumed that the cyclic demand-failure probablhty depends only on how many tests
were conducted on the component.

6.4.3 Basic Formulas for Risk-Impact Analysis and Criteria for Risk-
Effectiveness

The test-caused component degradation model provides a means to estimate
the time-dependent component unavailability and its resultant risk impact as a function
of the number of tests on the component and the time elapsed since the last overhaul.

Let l—lc'n be the average increase in the contribution to core-damage frequency
or test-caused risk resulting from test-caused degradations of n tests on the equipment.
We can evaluate Rc , using the following formula:

fzc,n = {the average risk level between [nT, nT + T}]} - {the average risk

level between [0,T]}

Aq, *(R;-Ry)

= (P,pon*'%pz)\oTn) '(RI—RO) (6.11)

where Aq, denotes the average increase in component unavailability that results from
n tests, and only the test-caused degradation effect is taken into account without
considering the aging effect, i.e., @ = 0. This formula also can be used to analyze
the sensitivity of the risk contribution due to test-caused component degradations to
variations in the number of tests or the test interval.

Based on this formula, we can establish a criterion on the number of tests for
risk-effectiveness. The n-th test is risk-effective with regard to test-caused
degradation if: A .

T y
n< , 6.12)
poP]"i Aop, T

For the n-th test to be risk-effective, the number of tests perfbrmed on the
component since the last overhaul should satisfy the above criterion. When the
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number of tests on the component is less than the value of the right-hand side in the
criterion, then the contribution to core-damage frequency caused by the test will be
less than the contribution to core-damage frequency detected by the test. Hence, the
test is risk-effective until n tests are conducted.

6.4.4  Assumptions and Limitations in Evaluating the Test-Caused Degradations

The test-caused component degradation model not only incorporates aging
effects, but separately takes into account test-caused degradation. However, the
degradation model and the formulas for evaluating the risk impact associated with
such degradations are based on the following assumptions that should be considered
in using the approaches:

¢)) Test-caused component degradations affect cyclic demand failure probability,
and also standby failure rate; i.e., the component will be more vulnerable to
both cyclic demand-related and standby time-related failures as more tests
are performed on it.

2) The standby time-related failure rate increases because of test-caused
degradation effects, as well as aging effects.

3) The time-dependent aging mechanism on the standby failure rate can be
represented by a Weibull distribution (NUREG-0492, Vesely et al., 1981).

“) The demand degradation or failure mechanism is not affected by time. In
other words, the cyclic demand failure probability depends only on the
number of tests performed on the equipment, not on the idle or dormant
time.

6.4.5 Example Application to Diesel-Generator Test

Using the test-caused degradation model, we can perform a sensitivity
analysns on the risk impact of test-caused equipment degradations versus test interval.
The emergency diesel generator (EDG) was chosen here because of the concern about
such degradations on this component, and because reliability data are available to
estimate the degradation parameters of the model. The method described can be
applied to other components.

The values of the degradation parameters, such as p; and p,, can be

estimated from the ratio for cyclic demand-related to standby time-related failures,
assuming:
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When the number of tests is large, the average increase in component
unavailability, which is evaluated by the test-caused component degradation
model, is the same as that estimated by the aging model (NUREG/CR-4769,
Vesely, 1987).

Figures 6.3 and 6.4 show the sensitivity to monthly and quarterly testing of
the diesel generators, respectively, of three differentkinds of core-damage frequency
impacts: 1) the test-limited core-damage frequency contribution, Ry, (2) the test-
caused core-damage frequency contribution due to equipment wear, Re ,» and 3) the
total core-damage frequency impact of the test, Ry ,.

The results show that the test is risk-effective for monthly testing up to 61
tests, i.e., approximately 5 years after the last overhaul, and for quarterly testing up
to 111 tests, i.e., about 28 years after the last renewal time. However, when the test
is no longer risk-effective, the total impact for quarterly testing is greater than that
for monthly testing by about a factor of 3.

Figure 6.5 shows the risk-effective lifetime for diesel generator testing as a
function of test interval. The lifetime increases with increasing test interval because
the degradation effects of the tests accumulate more slowly. However, the total risk
at the end of the lifetime also increases when the test interval is increased. For
example, if an interval of 1 month is extended to 3 months, then the risk-effective
lifetime will increase from 5 years to 28 years, i.e., by a factor of 5.6. However, as
indicated above, the total risk at the end of the lifetime for quarterly testing will be
about three times higher than that for monthly testing. (The total risk at the end of
the lifetime is 3.5E-5 per reactor-year for monthly testing, and 1.1E-4 per reactor-
year for quarterly testing.) '

The numerical results from this example should be interpreted cautiously.
The data available to estimate the degradation parameters are sparse, which
significantly influences the results; in this study, these parameters were estimated
from reliability studies of several diesel generators. For specific applications, we
recommend combining data from diesels with similar design, test, maintenance, and
overhaul characteristics, and consequently, to detemune the effectlve requlrements for
tests and overhauls
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Figure 6.3 Risk-effectiveness of monthly EDG testing
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Figure 6.4 Risk-effectiveness of quarterly EDG testing
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Figure 6.5  Risk-effective lifetime and the total test risk at the end of lifetime
for EDG testing

6.4.6 Data Needs for Evaluating Test-Caused Equipment Degradation

The method here is based on the test-caused component degradation model
and a PSA. We can use a computerized model of the PSA to assess the conditional
core-damage frequency with the component assumed up or down, i.e., R; or R,
which is necessary to evaluate the average contribution of test-caused risk due to
equipment degradations, i.e., Rc p-

To use the test-caused degradation model, we need to estimate the various
parameters for the component, such as the residual cyclic demand failure probability,
Pos the residual standby time-related failure rate, A, and the aging rate, . Several
reliability studies have been made on EDGs because of the great importance of their
reliability in nuclear plant safety, and the adverse risk implications due to frequent
testing with the ensuing degradations of equipment. Some values for the parameters
may be taken from the results of these previous studies. For instance, the aging rates
for EDGs can be obtained from NUREG/CR-4769 (Vesely, 1987), as we indicated
earlier.

However, whenever possible, the values should be obtained for the specific
component being evaluated. Particularly, one should try to estimate the test-
degradation factors associated with cyclic demand or standby time-related failures,
i.e., p; or p,, for the specific component because they may be strongly component-
specific.
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7. 'ACTION STATEMENTS REQUIRING PLANT
SHUTDOWN '

Basic Concepts

LCO Operating Risk: The risk associated with continuing power operation while
of the failed equipment is repaired. Similar to the single-event AOT risk.

LCO Shutdown Risk: The risk associated with shutting down the plant with the
failed equipment.

Risk-Comparison Approach: The approach to comparing the risk of continuing
power operation with the risk of shutting down the plant during a failure to decide on
the LCO requirement.

Operational Policy Alternatives: The available alternatives during plant operation
given one or more failures in systems needed to remove decay heat. Examples of
alternatives include whether or not to test a redundant train, and whether to go to hot
shutdown or cold shutdown to complete the repair.

Risk-Based Action Statements: Theactions(e.g., AOT for repairs, plant shutdown,
testing redundant train) for a failure situation based on risk analyses of the available

alternatives.

Chapter Outline

Discussion of Action Requirements 7.1,7.4.1
Basi;: Concepts of Comparing LCO Operating and Shutdown Risks 7.2
Considerations in Defining Risk-Based Action Statements 7.2.3,7.5
Method for Evaluating the LCO Operating and Shutdown Risks 7.3
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Example Applications to Evaluate LCO Risks 7.4.2

Formulas for Calculating the LCO Risks 7.3.3,7.3.4

Data Needs for Using the Risk-Comparison Approach 7.3.7

Recommendations for Risk-Based Acﬁon Requirements ) 7.4.3,17.5

List of Symbols

d the mean downtime

Py(t) the probability of not completing the repair until time t

Pieisp the probability that the initiating event i will occur during transition
to shutdown

Tco the core-damage probability associated with‘ continuing power

operation with the failed equipment

Isp the core-damage probability associated with shutting down the plant
with the failed equipment

TSD/IE- the conditional probability of core damage for the initiating event,
i, requiring shutdown cooling

TSD-0/IE- the conditional probability of core damage at the start of shutdown
cooling for the initiating event i

rgp.o(k~>k + 1)the conditional probability of core damage associated with the
change in plant’s state from phase k to phase k+1

Reo the core-damage frequency associated with continued power
operation with the failed equipment

Rsp(k) the core-damage frequency for phase k

Rgp/ei(t) the conditional frequency of core damage during shutdown cooling
at time t for the initiating event i

t the mean duration of phase k
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7.1 Introduction
7.1.1  Current Requirements and Definition of the Problem

Limiting conditions for operation (LCOs) define the allowed outage times
(AQOTs) and the actions to be taken if the repair cannot be completed within the AQT.
Typically, the action required is plant shutdown. In Chapter 3, we discussed methods
for analyzing AOTSs focussing on controlling the risk during power operation. This
partly addresses action requirements because the actions are applicable at the end of
the AOT. However, in situations where the risk associated with the aétion, i.e., the
risk of plant shutdown given a failure in the safety system, may be substantial, a
strategy is needed to control the risk implications. When a system needed to remove
decay heat is inoperable or degraded at power, shutting down the plant may not
necessarily reduce risk, compared to continuing power operation and giving priority
to completing the repairs. Analyzing these TS requirements and exploring various
available alternatives is the focus of this chapter.

For example, for a residual heat removal (RHR) system of a BWR plant in
the United States consisting of three trains, a 3-day AOT is defined for single-train
failures. However, the action statement requires that the plant is shut down when
failures are detected in multiple (i.e., two or three) trains.

These action requirements primarily are directed towards minimizing the risk
during power operation, assuming that shutting down the plant is relatively safe;
namely, the risk of shutdown is assumed to be negligible. This is not necessarily a
reasonable assumption for such a system that removes decay heat. A comparative
analysis of risk impacts of action alternatives can address these failure situations.

7.1.2  Failures in Systems for Removing Decay Heat

When failures occur in the following systems, the ability of the plant to
remove. decay heat may be impaired:

1. RHR system of a BWR or PWR that provides long-term removal of decay
heat

2. Auxiliary Feedwater (AFW) system of a PWR which provides feedwater to
steam generators to remove decay heat from the primary system

3. Component cooling water (CCW) system of a PWR that provides cooling
water to the RHR system ' .
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4. Standby service water (SSW) system of a BWR or PWR that subsequently
removes heat from the RHR or CCW system for the BWR or PWR,
respectively

5. Emergency power system of a BWR or PWR that providés electric power
to the systems used to remove decay heat following a reactor scram

Shutting down the plant in such failures may impose substantial risk, which
may be comparable or exceed the risk associated with continuing power operation and
giving priority to the repairs. Hence, in evaluating the AOTs or action statements for
these systems, the shutdown risk can be taken into account explicitly and compared
with the risk of continued power operation. ‘

7.2 Basic Concepts of the Comparative Analysis of LCO Risks
7.2.1 Comparison of Conditional LCO Operating and Shutdown Risks

When a safety system enters an LCO because of failure of one or more
components in the system, TS allow for one of the two alternatives: a) continue
power operation and repair the failed equipment within the defined AOT, or b) shut
down the plant to complete the repairs in a shutdown state. We call these alternatives
the basic operational alternatives, and the risks associated with these alternatives the
LCOrrisks. The risk associated with repairing the equipment while continuing power
operation is called LCO operating risk; the risk associated with shutting the plant
down is called LCO shutdown risk.

Figure 7.1 shows a conceptual plot of LCO operating and shutdown risks in
terms of core-damage frequency for failure of a system which is needed to remove
decay heat. At time A when the failure is detected, the two basic operational
alternatives are applicable, i.e., continued power operation, and plant shutdown. The
solid line represents the risk profile for continued operation, while the dotted line is
the profile for the shutdown.

Upon detecting the failure at time A, the LCO operating risk increases above
the baseline due to the increased unavailability of the initially affected (i.e., failed or
degraded) system during potential occurrences of accident scenarios requiring it to be
operational to prevent core damage. The baseline represents the level of risk
associated with power operation when no known failures exist.

The initial increase in the LCO shutdown risk, (Figure 7.1), results from the
system’s unavailability during the potential occurrences of accident scenarios initiated
by events occurring while the plant is being brought to shutdown. Specifically, the
increase in risk in the initial stage of shutdown arises from: 1) the unreliability of the
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systems which are needed during the change in plant’s state, or which must be started
up, and 2) the vulnerability of the plant to transients caused by the changes in the
plant’s state. After entering a stable shutdown state, the risk level usually decreases
with time because of the diminishing decay heat, meaning lower capacity requirements
on safety systems, and longer time available for recovery if a critical safety function
is lost during a shutdown-cooling mission. Obtaining a lower risk level in a stable
shutdown mode, compared to the continued-operation alternative, is the principal
motivation of going to shutdown.

At time B, when the component is repaired and returned to service, both
operating and shutdown risks decrease. The operating risk decreases to the baseline
risk level, i.e., the level before the failure was detected, whereas the shutdown risk
decreases below the baseline risk level for the power operational mode, because of
the much lower rate of heat production in the reactor during shutdown compared to
power operation. Another small peak in the shutdown risk at time C arises from the
unavailabilities of systems that are needed when the plant is restarted up, and the
plant’s vulnerability to transients that may be caused by the changes in the operational
mode. In this period, the risk is also a function of the rate of heat production, as
represented by a small dip which then slowly increases to the baseline risk level as
the plant reaches full power operation.

The period that is directly relevant to evaluating action requirements or
AOTs for failures in the safety systems is from time A to time B, i.e., the predicted
or actual repair time for the component. The risk over this period, i.e., core-damage
probability, can be obtained by integrating the conditional CDF to compare the LCO
operating and shutdown risks. If the operating risk is smaller than the shutdown risk,
then, from a risk point of view, the alternative of continued operation is preferable

" to the shutdown alternative, and vice versa.

7.2.2  Comparison of LCO Operating and Shutdown Risks

Figure 7.2 compares the core-damage probability (CDP) contributions over
the repair time, beginning from time A when the failure is detected. The CDP for
operating risk is smaller than that for shutdown risk until time X, when the two
curves intersect. Therefore, from a risk perspective, it is more beneficial to continue
power operation than to shut down the plant if the operability of the initially affected
system can be restored before time X. Where the repair takes longer than the period
A to X, it is advisable to shut down the plant.
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7.2.3  Other Considerations in Defining Action Requirements

The risk profiles discussed above are based on several assumptions. An
important assumption was that, in the case of the shutdown alternative, the plant is
shut down directly after the failure is detected. However, in general, some AOT may
be useful so that plant personnel can evaluate the repairs needed and restore the
operability of the failed equipment without shutting down the plant, at least for short
repairs.

Suppose that 3 days of AOT is given for a failure situation in the technical
specifications and that the plant personnel cannot repair the component within the
AOT. They may shut down the plant three days after finding the failure. In this
case, the failure will incur LCO operating risk from the time the failure was detected
until the shutdown is initiated, and also LCO shutdown risk. Compared to a plant
shutdown right after the failure detection, this case will incur a larger risk by the risk
accumulated before the plant is actually shut down. Hence, the timing of shutdown
should be considered in determining risk-effective action requirements that will
minimize the total risk impact associated with a given failure.

Furthermore, oftentimes we do not know exactly how long the repair of
certain failures will take. The distribution of repair time should be considered in
assessing the risk associated with the failures. In addition to the timing of shutdown
and the repair time, other issues should be taken into account in determining risk-
effective action requirements, e.g., whether the status of redundant train(s) should be
checked, and whether the plant should go to hot shutdown or cold shutdown as the
optimum target state. These issues can be addressed by sensitivity analyses, which
we will discuss later.

7.3 Method for Evaluating LCO Operating and Shutdown Risks

We can evaluate the LCO operating and shutdown risks using typical PSA
models, e.g., based on fault trees and event trees. Specifically, the LCO operating
risk can be easily assessed by running a computerized PSA model for full-power
operation, after appropriately modifying the unavailability of the failed equipment and
adjusting the parameter for common-cause failure. This process of quantifying the
LCO operating risk is the same as that of quantifying the risk for a downed
component, discussed in Chapter 3 and Appendix B.

Quantifying the LCO shutdown risk will be greatly facilitated if a PSA for
low-power and shutdown operations is available, such as for Surry (NUREG/CR-
6144, 1994) or Grand Gulf (NUREG/CR-6143, 1994). However, these PSAs are
available only for a few plants and, even then, the models are not computerized in a
form that can be readily usable for TS applications.
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" A method, called risk-comparison approach, was developed in a study to

analyze the action requirements for the residual heat removal and standby service
water systems of a BWR (T. Mankamo et al., NUREG/CR-5995, 1993). This
method can be used to evaluate and compare the LCO operating and shutdown risks;
also, it can address the specific features useful in modeling and quantifyingshutdown

risk.

Here, we describe the risk-comparison approach to illustrate how the LCO operating
and shutdown risks can be assessed. Figure 7.3 shows the main steps of the
approach. The following are its salient features:

1.

The risk-comparison approach uses shutdown transient diagrams (STDs) and
extended event sequence diagrams (EESDs) to model accident sequences, as
opposed to the event trees and fault trees typically used in PSAs. These tools
for sequence-modeling evolved from the need to obtain time-dependent risk
quantification in modeling shutdown-related transients, and in considering
operational alternatives in failure situations of standby safety systems. The
models incorporate initiators for various plant states, including shutdown
phases, plant responses of safety systems, and risk-significant operator
actions.

Using EESDs to model sequences involves explicit representation of
success/failure paths, and recovery paths to each sequence of events.
Modeling up to a system or subsystem level is adequate and also limits
unnecessary complexity.

Systems are modularized by grouping components into functional blocks.
An example of a typical module is an RHR pump train, including the pump,
associated isolation valves, and the minimum-flow recirculation line.

Heatup and recovery scenarios are analyzed using a simplified heat transfer
model to give credit to the diminishing level of decay heat when the plant is
shut down.

The minimal cut sets from the STD and EESD models are reduced by
retaining only the dominant contributors, supplemented by additional minimal
cut sets such that all initiating events modeled are represented.

The quantification of sequences is based on transition rates from one
plant/system state to another (expressed as probabilities per unit of time).
This feature is connected to the use of EESDs for event sequence modeling,
which incorporates plant states. This approach incorporates various time-
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dependent aspects, such as functional or operational dependencies on the
actual state of the plant, and on previous scenarios of events.

7. The risk measures, such as conditional core-damage frequency or core-
damage probability, can be evaluated for alternatives of continued power
operation and plant shutdown. Sensitivity analyses can address issues like
the timing of shutdown or the additional test requirements.

Plant Operations- Risk
and Plant/ Measures,
System States Sensitivities
Dgfmmon of » Construction of Sequence Sequence
Initiators and » STDand EESD —> Reduction > Quantification
Plant Response > Models
_T Y A
Operator Heatup and
Actions Recovery
Scenarios
System Functions, System
Dependencies »| Modularization

Figure 7.3 Main steps of the risk-comparison approach

In the remainder of this section, we discuss this approach in more detail,
especially compared to the typical event tree-fault tree approach of PSAs. Section 7.4
give an example of its application focussing on deriving the risk-based insights to
improve action requirements.

7.3.1 Shutdown Transient Diagrams and Extended Event Sequence Diagrams

Shutdown transient diagrams (STDs) are used at the highest level of the
modeling hierarchy to describe:

e Initiating events for power operation state
. Disturbance transients during a controlled shutdown

The subsequent events or plant states are represented in the STDs until the initiating

events of shutdown cooling are reached, which require the removal of decay heat
from the reactor. '
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The extended event-sequence diagrams (EESDs) are used to model the
phased missions and event sequences of plant response to those initiating events of
shutdown cooling. The event sequences in the EESDs end with undesirable states of
the plant, called near-mission failure states. Such states are those where critical
safety functions are lost and an undesired core damage will occur if the recovery
measures fail,

The EESDs primarily describe operational states, dependencies, and
preferences of equipment operation. The connection with plant hardware is made
through Boolean expressions, which describe how the functional entities are realized
by system modules. Components are grouped into functional blocks called modules
that are basic entities in the reduced block diagrams used for system modeling.

The core-damage frequency is estimated from the event sequences, derived
from the STDs and EESDs, using the initiator and transient frequencies and
unavailability estimates from the system modules. This quantification is made by
considering those relevant factors, such as the diminishing level of decay heat, the
resulting time-margin available for recovery, or the possibility of repairing the
failures which caused the LCO shutdown. ’

7.3.2 Heatup and Recovery Scenarios

The risk of shutting down is evaluated accounting for the diminishing level
of decay heat following a reactor shutdown. As the decay heat decreases, the time
margin to recover from near-mission failure states increases.

This time margin available for recovery is called heatup time, which depends
on the delaying buffers, such as the remaining water in the reactor or the subcooling
margin of the suppression pool ina BWR, or the dry-out time of steam generators in
a PWR. The relative importance of these delaying buffers depends on the specific
event sequence.

7.3.3 Basic Formulas for the Risk-Comparison Measures

Let
Ico = the core-damage probability associated with continued power
operation over the downtime of the failed equipment
Reo = the increased core-damage frequency associated with continued
power operation with the failed equipment
d = the mean downtime
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Then, the risk of continued power oberation can be assessed similarly to the single-
event AOT risk defined in Chapter 3:

fco = Reo* d | 7.1

Here, we measure R in terms of the increased CDF, and not the increase in CDF,
as used in Chapter 3. Both the shutdown risk and the continued power-operation risk
are measured in terms of the increased CDF to provide a basis for comparison.

The expected probability of core damage for the shutdown alternative, rgp,
can be obtained as

Tsp = E Pieissp * Tspie- (7.2)
i
where the summation is over all initiating events, and

Piessp = the probability that the initiating event i will occur during
the transition to shutdown,

TSD/E = the conditional probability of core damage for the initiating
event 1 requiring shutdown cooling.

We can evaluate the conditional probability of core damage for the initiator IE-i as
follows:

(o<}
ISD/E-i = Tsp-0/E-i T f t dt * Repjei(t) * Pa(t) (7.3)
=0
where
T$D-0/Es = the conditional probability of core damage at the start of

shutdown cooling for the initiator i,

Rgpnest) = the conditional core-damage frequency during shutdown
cooling at time t for the initiator i, and

Pyt the probability that the component is down at time t (i.e.,
: probability that repair is not completed by time t).

In these expressions, the CDF for a given initiating event of shutdown
cooling, Rgpg.i(t), as well as the risk variables, roq, rgp, Rog are all conditional on
a given failure. However, for simplicity, the failure condition is not explicitly
indicated in the expressions.
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7.3.4 Alternative Formula for the Risk of Shutdown

We can approximate the probability of core damage for the shutdown
alternative, rgp, by first dividing the shutdown into several phases. For instance, the
plant shutdown state may be separated into three phases: 1) power reduction (phase
1) from full power until the reactor becomes subcritical, 2) reactor cooldown (phase
2) subsequently from 0% power until the shutdown cooling system, such as the
residual heat removal system, can be used, and 3) shutdown cooling (phase 3) where
the shutdown cooling system is used to remove decay heat.

Let

rsp.o{1—2) = the conditional probability of core damage associated with the
change in plant’s state from phase 1 to phase 2

rgp.o(23) = the conditional probability of core damage associated with the
change in plant’s state from phase 2 to phase 3

As an example, rgp o(1-2) includes the contribution to CDP from potential
disconnection of external grid triggered by a turbine trip. rgp_o(2—>3) encompasses
the risk associated with the failure to start the shutdown cooling systems, or errors
in the system’s alignment, if relevant.

Then, the probability of core damage for the shutdown alternative, ryp, can
be assessed by

rgp = Rep(1) * §; + rgp o(1-2) + Rgp(2) * & + rgpo(2=3) + Rgp(3) * 4 (7.4)

where,
Rgpk) =  the core-damage frequency during phase k (k = 1, 2, or 3)
Ek = the mean duration of phase k (k = 1, 2, or 3)

Rgp(1), Rgp(2), and Rgpy(3) represent the average CDF over each phase, conditional
upon the given failure situation. If a computerized PSA model for low-power and
shutdown is available, then these CDFs can be easily assessed after adequately
changing the unavailability of the inoperable equipment.
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7.3.5  Risk Quantification for the Basic Operational Alternatives

The quantification can be performed first for the basic operational
alternatives of continued power operation (CO) and shutdown (SD), under the
following nominal assumptions:

1. Inthe SD alternative, the controlled shutdownis undertaken directly after the
fault is detected. '

2. The repairs of the detected fault or mulﬁple faults independently progress
during shutdown operations.

3. The target state of the L.CO shutdown is the cold shutdown state,
4.  Other redundant trains are tested operable and returned into standby.

The influences of the variation in these various aspects can be analyzed as
a sensitivity analysis.

7.3.6  Sensitivity Analysis to Identify Operational Policy Alternatives

For LCOs on systems that are required for shutting down the plant, the
major decision is the choice between continued power operation and transition to
shutdown. Instead of simply requiring shutdown when an AOT is exceeded, the
action statements for such a condition may provide more detailed operational
guidelines to assure better control of the risk.

The following questions suggest those operational policy alternatives that we
may need to consider: '

a) Should redundant trains undergo additional testing or inspection to identify
multiple failures immediately, or to identify an available success path so that
a sufficient AOT can be provided to complete repairs without incurring
undue risk due to continued operation?

b) Is it important for risk to assure the availability of other systems and
components through testing or inspection to minimize the risk of the

continued power operation?

c) Should an early portion of the AOT be used to decide between shutdown and
continued operation to control the total risk?
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d) When a decision to transfer to the shutdown mode has been made, should
operations proceed quickly to an operational state where alternate systems for
decay-heat removal can be used, or should the plant stay in hot shutdown to
complete the repair?

€) When a decision to transfer to shutdown mode has been made, should plant
personnel postpone any repairs until a stable shutdown state is achieved?

Answering these questions helps to define action statements that will improve
the safety significance of the Technical Specification. The risk-comparison approach
we discussed here can be used to evaluate these policy alternatives.

7.3.7 Data Needs for Evaluating Action Statements Requiring Shutdown

Data available in a PSA for full-power operation provide the basic data for
evaluating the risks of continued power operation and plant shutdown. In addition,
the PSA for low-power and shutdown operations, if available, will significantly ease
the acquisition of the data necessary to implement the risk-comparison approach,
especially the evaluation of the risk of shutdown. The low-power and shutdown PSA
typically include data, such as the durations of shutdown phases, and the frequencies
of initiators that may occur during shutdown operation, e.g., loss of residual heat-
removal.

The full-power PSA may be available for most operating plants, but the low-
power and shutdown PSA may be available only for some plants, such as Grand Gulf
and Surry. Hence, the data needed to evaluate action statements are discussed heré,
assuming that data from a full-power PSA only are available:

1. Plant-specific data on shutdown operations: To analyze shutdown phases in
detail, plant-specific information may be needed, such as operating and
abnormal procedures, shift supervisor’s log books, or monthly operating
reports. From this information, we can extract data useful for the analysis,
such as timing of the plant shutdown, operational preferences of equipment
during plant shutdown, or distribution of repair-time for the system analyzed.
For a crude analysis, the data from a low-power and shutdown PSA for a
similar type of plant could be used.

2. Plant-specific physical data: The evaluation of heatup and recovery
scenarios, including estimates of heatup time, requires some physical data on
the plant, such as the temperature of the ultimate heat sink, or the cooling
capacity of the RHR system. These data typically are available from the
plant’s final safety analysis report (FSAR).
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3. Frequency of disturbance transients during controlled shutdown: A review
of the licensee event reports (LERs) for the plant may be needed to evaluate
some items, such as the likelihood of disturbance transients during controlled
shutdown. This likelihood plays an important role in evaluating the risk for
a controlled shutdown, thereby affecting its comparison with the risk for
continued operation.

7.4 Example Application to Standby Service Water System

The method for evaluating LCO operating and shutdown risks, called risk-
comparison approach, was applied to the standby service water (SSW) system of a
BWR. The event sequences were modeled using STDs and EESDs, particularly
focussing on the transients that may occur during the transition to shutdown.

In this section, we present the results of quantifying the LCO operating and
shutdown risks for failures in the SSW system, after briefly introducing the system
and the present action requirements. We then summarize the practical insights from
these analyses to control the risk implications of such failures. There is a detailed
description of the sequence modeling and sensitivity analyses in NUREG/CR-5995 (T.
Mankamo et al., 1993). ‘

7.4.1 Standby Service Water System and Present Action Requirements

The SSW system, consisting of three subsystems, A, B, and C, removes heat
from plant equipment that require cooling water for a safe reactor shutdown. SSW
pumps A and B each has a 12,000 gpm capacity, while SSW pump C, dedicated to
the high pressure core spray (HPCS) system, has a much smaller (1,300 gpm)
capacity.

The SSW subsystems, especially A and B, provide cooling water to many
safety-significant components, such as the heat exchangers of the RHR system,
room/pump coolers for the low-pressure core-spray (LPCS) and reactor-core-isolation
© cooling (RCIC) systems, and jacket coolers of diesel generators. Hence, a failure or
degradation in the SSW system will affect the operability of other systems which are
supported by the SSW system. For example, the failure of SSW subsystem A also
will cause RHR subsystem A and DG subsystem A to be inoperable along with front-
line systems, LPCS and RCIC.

Table 7.1 summarizes the action requirements for the SSW system which are
applicable to the power operation mode. For a single failure, i.e., when SSW
subsystem A, B, or C is inoperable, the TS allows 3 days; if the operability of the
failed subsystem cannot be restored within 3 days, then the plant must be shut down.
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Table 7.1 Action Requirements for the SSW System

Inoperable SSW -Subsystems "AOT
AorBorC 3 days
"A and C" or "B and C" 3 days
AAand B* 0 hours
A, B, and C? 0 hours

*Whenever both SSW subsystems (A and B) are inoperable, if cold shutdown cannot
be attained as required by this action, the reactor’s coolant temperature should be kept
as low as practical by using alternate methods of heat removal. -

For double failures of the SSW system, the TS gives different AOTs,
depending on which subsystems are inoperable. When SSW trains A and C, or Band
C are down, the plant may continue power operation with the equipment inoperable
up to 3 days; namely, these double failures have the same AOT as the single failures.

When SSW subsystems A and B, or all SSW subsystems (triple failures) are
inoperable, the TS requires "immediate” plant shutdown (0 hours of AOT). Then,
the TS also limits the timing of shutdown so that the plant at least should be in hot

-shutdown within the next 12 hours, and in cold shutdown within the following 24
hours.

7.4.2 Risk Comparison of the Basic Operational Alternatives
Table 7.2 gives the LCO operating and shutdown risks for failures in the
SSW system. Figures7.4and 7.5 show how the conditional core-damage frequency

and core-damage probability change for the continued power operation (CO) and
shutdown (SD) alternatives in single, double, and triple failures of the SSW system.
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Table 7.2 Risk Quantification for Failures in the SSW System

Core-Damage - Crossing Point of
LCO State Frequency in Power CDF the SD/CO
(Failures of Operation State Increase Alternatives
SSW Trains) (per_year) _ Factor (days)
Baseline 2.1E-6 1.0 N/A
Single (A) 1.5E-5 7.4 ~3
Double (AB) - 3.3E-4 160 , ~3
Triple (ABC) 7.4E-3 3600 ~14

Core-Damage Probability
per Failure Situation

Continued Controlled
Operation Shutdown CDP Ratio
(CO) (SD) (SD/CO)
N/A N/A N/A
2.3E-8 S.7E-8 - 2.5
4.5E-7 9.6E-7 2.1
1.1E-5 3.3E-5 3.0
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1. Single-Failure Situation: Where one SSW train (e.g., train A) is detected
failed during power operation, the core-damage frequency increases by a
factor of about 7 over the baseline (see, Table 7.2). If the CO alternative
is taken, the core-damage frequency will remain at this level until the
operability of the failed train is restored. If the SD alternative is taken
(directly after detecting the failure), then the plani temporarily will have
higher CDF than the operating CDF during the initial transition period of
power reduction and state changes. However, after this initial increase, the
CDF slowly declines, resulting in a smaller'and smaller CDF compared to
the operating CDF. The estimate of CDP over time indicates that the risk
of continued operation is smaller than that for shutdown until about 3 days
(see, Figure 7.5).

2. Double-Failure Situation: When two SSW trains (e.g., trains A and B) are
detected failed, the CDF profiles for both CO and SD alternatives are similar
to those in a single failure, except that the CDF is increased by a factor of
160 over the baseline. Figure 7.5 shows that the CDPs for CO and SD
alternatives again intersect at about 3 days:

3. Triple-Failure Situation: Where all the three SSW trains are detected failed,
the conditional CDF dramatically increases by a factor of about 3600 over
the baseline. However, in contrast to single-and double-failures, for several
days CDF remains higher than for the CO alternative. The intersection of
the CDPs occurs about 14 days after shutdown. '

Figure 7.4 compares the SD risk profile for triple failures, with those for
single and double failures.. When all SSW trains are inoperable, the plant becomes
vulnerable to loss of offsitée power and loss of instrument air system initiating events,
during shutdown as well as during power operation because of the resulting loss of
the power conversion system and lack of major means to-remove decay heat. In
addition, these initiators have a higher frequency in shutdown states than in power
operation state. As a consequence, the CDF remains high in the cold shutdown state,
and the CDPs for the two alternatives cross at a long predicted repair time, i.e., 14
days (Figure 7.5).

Table 7.2 summarizes the results of this case study for failures in the SSW
system of the BWR. These results include: 1) the CDF in the power operation state,
2) the increase in CDF for the continued-operation alternative, 3) the crossing point
of the core-damage probabilities for the shutdown and continued power operation
(SD/CO) alternatives, and 4) the expected core-damage probability for different
failure situation in SD/CO alternatives along with the ratio between these
probabilities. In particular, the ratio of the CDPs for SD/CO alternatives indicates
that the SD alternative is unfavorable in all three failures of the SSW system.

7-19 NUREG/CR-6141



IIANDBOOK OF METHODS

7.4.3 LCO Recommendations for the Specific Example Analyzed

The risk-comparison analysis of fatlures in the SSW system of the particular

plant resulted in the following recommendations:

1.

The present AOT requirement for a single SSW-train failure is 3 days. This
AOT may remain the same with the additional condition that, by the end of
the first day, redundant trains are tested to assure that there are no additional
failures. If the repair of the initial failure is completed within the first day,
then no additional tests are required. If feasible, any diagnostic measure that
can determine the condition of the redundant train(s), should precede, or
replace the need for, an actual demand test, particularly when the test may
have adverse effects.

The SSW trains are tested relatively frequently during power operations
because they are run for mixing chemical additives and to test other safety-
system components. The recommendation to test redundant SSW train(s)
should not result in unnecessary additional testing. This recommended test
can be omitted if a successful test was performed recently, e.g., in the
previous 72 hours, and if there is no clear indication of a common-cause
failure.

The current LCOs distinguish among different double failures; for example,
a 3-day AOT is given for failure of SSW trains A and C, and B and C, but
shutdown is required for failure of SSW trains A and B. Similarly,
shutdown is required for failure of all three SSW trains.. This study
recommends 2 days of AOT for double- and triple-failures in the SSW
system. With this change, the AOT for all double failures in the SSW
system will be the same. This recommendation is justified because the
impacts on core-damage frequency of different double-failure combinations
are similar.

In using this 2 days of AOT for double- and triple-failures in the SSW
system, a decision needs to be made at the end of the first day whether one
of the trains can be completely repaired by the end of the second day. If,
by then, it is judged that this cannot be accomplished, then shutdown should
be initiated immediately to avoid accumulating risk during power operation.

For multiple failures, if the repair time is expected to exceed 2 days, then
shutdown should be initiated at the end of the first day, and cold shutdown
should be reached within the next 12 hours. The time to reach.cold
shutdown differs from that currently allowed (12 hours to reach hot
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7.5

shutdown, and 24 hours to reach cold shutdown), because here, to minimize
the risk impact, an orderly cold shutdown should be achieved without delay.

General Recommendations for Risk-Based Action Statements

The risk-comparison approach discussed thus far also was applied to the

auxiliary feedwater system of a PWR. Figure 7.6 graphically represents the general
recommendations drawn from these studies to improve the action statements from a
risk perspective:

1.

The use of an AOT may be defined in the following manner. The initial
portion of the AOT can be used to complete short repairs. For longer
repairs, the needed repair time is assessed within the first phase of the AOT.
If it is considered longer than the AOT, then shutdown can be initiated to
minimize the accumulation of risk during power operation with such a
failure. To identify the situation more clearly, especially where common-
cause failures are suspected, additional tests of redundant train(s) may be
conducted. Then, the applicable AOT should be followed, depending on the
outcome of the test.

In the case of multiple failures, an AOT should be provided to allow at least
one of the failed trains to.be restored to operable status. As for a single
failure, multiple failures also should have an AOT. This differs from some
current TS requirements of immediate shutdown when multiple failures are
detected. However, the AOT for multiple failures should be shorter than
that for single failures.

Assessment of risk impact of staying in a particular mode (e.g., hot
shutdown versus cold shutdown) can be used to decide on the applicable
mode to be reached when a decision is made to shut down the plant. For
example, ina BWR, the conditional CDF of staying in hot shutdown may be
high compared to cold shutdown; if so, cold shutdown should be reached
without delay. '

If small risk is incurred, especially for continuing power operation, then the
TS requirements can be relatively simple and flexible.
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Figure 7.6 Recommendations for risk-based action requirements

There are several practical points that also should be taken into account in

considering possible changes in the action requirements:

1.

If an AOT is defined, it must be sufficiently long to complete a large
percentage (e.g., ~90%) of repair needs; this will avoid any adverse effects
of incomplete or hurried repairs.

The AOTs chosen should follow discrete values normally used in Technical
Specifications such as 1 day, 2 days, 3 days, or 7 days, for ease of
implementation.

Care should be taken that the relative risk-comparison of the operation
alternatives is not the only factor in defining the action requirements. If
mechanically followed, this approach could result in longer AOTs for
multiple failures, thus possibly providing incentives to declare multiple
failures when repairs for single failures cannot be completed within the
prescribed AOT.

When AOTs for multiple failures are defined in TS, it implies that, when
one failure is repaired, the action for the remaining fewer failures needs to
be followed. There is a significant risk advantage to promptly repairing one
of the failures in the case of multiple failures. In principle, AOTs should
reflect this risk perspective, where possible, by consistently defining longer
AOTs for fewer failures.
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5. The requirement for additional testing of a redundant train should consider
its adverse effects. If feasible, any diagnostic measure that can determine
the condition of the redundant train should precede or replace the need for
an actual demand test. In the special case where testing the redundant trains

involves substantial adverse effects, then it may be more beneficial not to do

s0. '
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8. MANAGING PLANT CONFIGURATION

Basic Concepts

Configuration or Downed-Configuration: Configuration is a state of the plant and
is defined by the status of components. Multiple components which are
simultaneously down is called a downed-configuration or simply, a configuration.

Configuration Risk: Configuration is the risk associated with a specific
configuration or from occurrences of configuration during plant operation. The
configurationrisk, measured in terms of core-damage frequency, include the increase
in CDF caused by a configuration, the increase in CDP for a given occurrence of a
configuration, and the increase in CDP from occurrences of configurationin a given
time period.

Managing Back-Up Components: This involves knowing the components which can
carry out the functions as those which are down.

Managing Configuration Frequency: This involves tracking frequency at which
configurationoccurs and modifying procedures and testing to control the occurrences,
as necessary and feasible.

Managing Downed Components: This involves scheduling maintenances and tests
s0 that critical combinations of components are not down at the same time.

Managing Outage Time: This involves knowing how long a configuration exists
before the risk incurred becomes significant. It also involves knowledge of the
alternatives that can extend the time without increasing the risk.

Managing Plant Configurations: The management of plant configuration involves
specific measures to avoid occurrences of risk-significant or critical configuration.
When PSAs are directly used, it is sometimes called risk-based management of plant
configuration or risk-based configuration control.
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Risk-Significant or Critical Configuration: The risk-significant or critical
configurations are those combinations of components which when down cause large
increase in the risk measure, e.g., CDF.

Outline of the Chapter

Definitions and Issues in Managing Plant Configuration 8.1
Situations When Configuration Risk Analyses are Applicable | 8.2
A Formulas for Evaluating Configuration Risk . 8.3
"Example Analyses of Configuration Risk 8.4
Strategy and Framework for Configuration Management 8.5
List of Symbols

d  downtime during which the configuration exists.

f,

. frequency of occurrence of the configuration.

r the risk impact from the occurrence of a given configuration, measured in
terms of the core-damage probability increase. Similar to single-event AOT
risk, but addressing statuses of multiple components.

AR increase in core-damage frequency, caused by a configuration.

R, expected increase in core-damage probability, due to occurrences of
configurations over t.

In previous chapters, we discussed the risk-based analyses of AOTs and SRs
and approaches to define/modify these requirements using such analyses. In these
approaches, we primarily focussed on analyzing a single component, or a single train
of components within a safety system, at a time. However, during the operation of
a nuclear power plant, multiple components across systems may simultaneously be
unavailable, disabling multiple trains of different safety systems. A safety system
train or component may be unavailable because of failure, maintenance, or testing.
An assembly of multiple components downed at the same time is called downed-
configuration, or simply, the configuration. In this chapter, we discuss risk-based
analyses of plant configurations in defining TS requirements, and also, management
of these configurations to assure safety during operation.
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Thisconcept of managing or controlling plant configurationusing risk-based
methods encompasses many aspects of the TS and integrates many different
requirements in a cohesive manner. With the advances in the computational tools and
PSA methods, this approach is increasingly attractive and many think that similar
approaches will be used in operating nuclear power plants in the future. As discussed
here, these approaches have strong interfaces with TS and have the potential to
streamline both the requirements and their implementation during plant operation.

8.1 Definitions and Issues in Managing Plant Configurations

As defined here, a configuration is a state of the plant and is defined by the
status of the components. The configuration of a plant also is defined by what the
status of the systems and safety function are, which, in turn, depend upon the
components’ status. The components’ statuses are defined in terms of the functional
statuses, i.e., the component is operational (up-state), or not (down-state). Since we
are primarily dealing with standby safety system components, a component is in
down-state when it is detected to be failed in a surveillance test or is taken down for
maintenance or testing. It is in up-state, when it has just been successfully tested or
is operating following a demand. In most cases, the component is in standby where
its condition can be detected by a test or a demand.

During power operation and plant shutdown, the statuses of the components
change, and hence, the system statuses and plant configuration change. The plant
configurationimpacts the plant’s risk because the protection provided by a component
is lost when it is down. If design or procedural changes are instituted in the plant,
then these will cause the components’ statuses to have different effect on the system
statuses and on plant risk. The management of plant configuration becomes difficult
because the status of a standby component often is not apparent unless it is tested.

A plant configuration involving simultaneous outages of multiple components
can imply significant risk. In the language of PSA, the core-damage frequency can
be significantly higher when multiple components are unavailable, i.e., when their
functions are lost. Control of plant configuration resulting from component
unavailability is important because all plant risks, all accidents and incidents, and all
accident precursors arise because specific configurations have occurred. If
configurations are managed so that critical, high-risk ones do not occur, then risk
from plant operation would be small, and no accident or incident would occur.

TThe term configuration control or configuration management here relates to the
control of component/systemavailability and unavailability and is not concerned with
configurationcontrol or configuration management interpreted as accurate/up-to-date
recording of system drawing and the control of system modifications.
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The LCOs in TS contribute to the management of plant configurations in the
following ways:

a) assuring that repair of individual component failure is performed in the
allotted period, i.e., within the defined AOT for individual failures,

b) requiring that the plant be shutdown for failure of redundant trains within a
safety system.

Many other combinations of component outages are not explicitly addressed
in the TS which imply that simultaneous outages of these combinations are not
forbidden. Typically, these combinations can result from outages of components in
different safety systems. For example, simultaneous outage of an auxiliary feedwater
(AFW) pump and a valve in the low pressure injection system (LPIS) is not forbidden
by the TS. Simultaneous outages can occur due to various reasons:

failures of multiple components requiring repair,
- scheduled preventive maintenance of multiple components,

- component outage due to a required surveillance test, and scheduled
maintenance or failure of other co’mponents, -

- combinations resulting from testing, maintenance, and failure of components.

Unless specific measures are taken, because of the many test and
maintenance activities carried out at a plant, simultaneous outages of multiple
components are likely. Realizing that simultaneous outages cannot be completely
avoided, the management of plant configuration can help to avoid the occurrence of
risk-significant configurations.  Specifically, by identifying risk-significant
configurations, precautions can be taken such that deliberate actions, e.g., test and
maintenance, do not contribute to their occurrence. Atthe same time, configurations
with minimal risk implications can be allowed when it is advantageous for carrying
out test and maintenance. ‘

8.2 Areas of Application

Probabilistic safety assessments (PSAs) provide an effective tool to identify
the risk implications of plant configurations, i.e., the CDF of a plant due to outages
of safety-system components. This tool also can identify the risk-significant
configurations so that measures are taken to avoid or reduce the likelihood of their
occurrence.
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The evaluation of risks associated with plant configuration and their
management are considered in the following areas:

- Scheduling of Preventive Maintenance: In many cases, preventive
maintenance (PM) are routinely performed during power operation of a
nuclear power plant where multiple components are simultaneously taken
out-of-service. PSAs can be used to assess the risk implication of the PM
schedules and decide on an acceptable schedule where large peaks in risk are
avoided. Scheduling of PM was discussed in detail in Chapter 4.

- Extensions of AOTs: When extensions to AQTs are considered, there is an
increased likelihood that because of them, multiple components may be
simultaneously unavailable. The risk implications of likely combinations of
components for which AOTs may be extended can be assessed to assure that
the probability remains low of having large CDF peaks from plant
configurations as a result of these extensions.

- Control of Risk-Significant Plant Configurations: In general, PSAs can be
used to identify specific risk-significant configurations so that plant activities,
e.g., tests and maintenance, are designed or organized such that these
configurations are avoided. This type of evaluation can have three uses.
First, specific plant configurations with risk implications, not forbidden in
the TS, can be identified, and LCO action requirements, e.g., plant
shutdown, can be defined. Second, a hierarchy of important plant
configurations can be defined for personnel involved in carrying out test and
maintenance activities, and third, relaxed requirements can apply for those
configurations forbidden in TS but which have low risk impact.

8.3 Method for Analyzing Risk Due to Plant Configurations

The risk associated with a plant configuration resulting from simultaneous
outages of multiple components is similar to that associated with the outage of a single
component, i.e., the AOT risk measures discussed in Chapter 3.

In analyzing risk from plant configurations, the statuses of the components
are of interest. Component states consist of the downed state in which the component
is unavailable (has an unavailability equal to 1), the up-state in which the component
is available (has an upavailability equal to 0), and intermediate states, in which the
component has an intermediate unavailability value between O and 1. Here, the
principal interest is in measuring the risk associated with downed configuration,
because they imply large increases from baseline risk. However, when a redundant
component is tested to be available, then the risk impact maybe lower, and the
calculation of risk should account for this effect.
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An example of a downed configuration is: pump A down because of repair,
diesel B down because it is undergoing corrective maintenance, and valve A down
because it is in a closed position and the operating position is the open one. In this
sense, the interest is not on accurately assessing all configurations resulting from the
up and down states of components, but rather those with large risk implications.

Risk Measures of Plant Configuration
Similar to AOT risk analyses, three risk measures are associated with a plant
configuration. Measured in terms of core-damage frequency of a nuclear power
plant, they are:
AR = the increase in core-damage frequency (CDF) caused by the
: configuration, given that the configuration exists, which includes

components that are tested to be available,

r = the core-damage probability increase from the occurrence of a given
configuration (single CDP contribution), and

R, = the accumulated core-damage probability increase over some period
t (time-period CDP contribution). :

These measures are expressed in terms of two additional factors:
f = the frequency of occurrence of the configuration
d = the downtime during which the configuration exists

The single core-damage probability (CDP) contribution, r, is simply the
product of the CDF increase, AR, and the downtime d.

r= AR-d " @.1)

The increase in time-period core-damage probability R, from a configuration
also is simply expressed as a product:

R, =f t-AR-d ' (8.2)

expected increase in core-damage probability over time, t, due to
occurrences of frequency, f,, and duration, d.

Compared to r, R, contains the extra factors f.t, which gives the number of
times the configuration is expected to occur in a period t. Thus, R, is the increase
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in core-damage probability from all occurrences of the configuration in period t.
Since f t can be smaller or larger than one, Rt can be smaller or larger than r.

The differences among the three risk .perspectives associated with
configurations are illustrated in the figures below. Figure 8.1 is a differential
representation of the increase in the core-damage frequency, AR, over the baseline
core-damage frequency level for the duration, d, that the configuration exists. The
single-event contribution to core-damage probability, r, also is represented by the
rectangular area (the product of core-damage frequency increase AR and the
downtime d). To include the frequency of occurrence of a configuration, Figure 8.2
shows repeat occurrences of a particular configuration in an observation period. The
pointwise increase in the core-damage frequency is the same in all cases, and the
downtime in all cases was assumed to be the same.

While a nuclear power plant is operating, the same or different configuration
will occur over time. Figure 8.3 depicts the pointwise core-damage frequency level
due to occurrences of various configurations. The single core-damage probability
contribution is represented by the shaded area in the figure. Figure 8.4 shows the
time period core-damage probability contribution, R,, obtained by combining the
contributions of all occurrences of configurations. Different conditional CDF level
signifies that different combination of components was down during the period.

Use of Different Configuration Risk Measures

To prioritize plant configurations in terms of their risk implication, the
important measure is the conditional CDF increase AR, given that the configuration
has occurred. The risk-significant configuration to be avoided during test and
maintenance can be identified in terms of this measure; the other two measures, rand
R,, are not necessary for this application.

To identify an allowed period, similar to the AOT for single component
downtime, the risk measure, r, is relevant, i.e., the single-event CDP contribution for
the configuration. This measure can be used to define the period for which the
configuration can be allowed to exist, i.e., within which period one of the component
should be returned to service. This analysis is applicable for configurations where
the conditional CDF increase AR is not large, but the integral impact can be
significant if the configuration exists for long. The time-period CDF contribution,
R,, is expected to be very small since the frequency of occurrence of these
configuration typically is small. '

When measuring the overall trend of configuration risk in a plant, the
measure R, is applicable. If scheduled plant activity, e.g., routine preventive
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maintenance, results in occurrences of different plant configurations through a year,
then, along with the conditional CDF increase (AR), R, should be calculated.

Calculation of Risk from Plant Configurations

To assess the configuration risks, the important calculation is the
quantification of conditional CDF for which Standard PSA computer codes can be
used.

The precautions necessary to calculate AR are similar to those discussed in
the AOT risk analyses (Chapter 3 and Appendix B) to estimate the conditional CDF,
given a component is down. For emphasis, we briefly discuss those points
particularly relevant for calculating configuration risks.

To quantify the CDF for a given configuration, multiple component
unavailabilities that give the plant configuration in question are set to the "True" state.
These components may appear in the same minimal cut, causing a significant jump
in the cutset frequency, i.e., a cutset with relatively small frequency can become a
significant contributor to the CDF. Care should be taken to assure that cutset
truncation does not eliminate cutsets that can be a significant contributor for a given
configuration.

In this quantification, the boolean reduction process also can be very
important. Otherwise, there may be significant overestimation. Also, the basic PSA
first may need tobe modified. PSAs contain the average contributionof maintenance
downtime (based on the mean down time in a year), and correspondingly, the test
downtimes based on the average time for a test. The contributionof maintenance and
test downtime in the model should be reduced to zero because no additional
components, other than those defining the configuration, are expected to be down.
Care must be taken to exclude only the downtime contributions of the components in
the model and not all others.

To evaluate the risk impact of configurations currently disallowed by the TS,
the PSA model may need to be modified to include these combinations. PSAs take
into account the TS requirements and deliberately remove these configurations from
the model before accident sequences are quantified if they are disallowed by the TS.

Dependent or common-cause failure terms may require separate treatment.
In many cases, this term is calculated separately. and does not retain specific
component designator. This term should be modified when one or more of the
components included in this term is down. A separate calculation may be needed to
revise the estimate of this term, corresponding to the configuration being quantified.
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Figure 8.1 Illustration of the increase in core damage frequency due to
.downed-configuration
AR: Increase In Core Damage Frequency

T d: Downtime
g 1 A [] A
S
g
[,
-t
g AR. AR | T AR
E
€
o
[t
8

y \

> «— > g < > ( -
-Time —>
Figure 8.2 Ilustration of increases in core damage frequency due to repeat

occurrences of downed-configuration

8-9 NUREG/CR-6141



HANDBOOK OF METHODS

d4, dy, d3, d4 - Downtime For Different Configurations
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Figure 8.3  Illustration of configuration risk during operation of a nuclear
power plant
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Figure 8.4  Representation of time period configuration risk during operation of
a nuclear plant '
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8.4 Example Analysis of Configuration Risk at a Plant

Table 8.1 gives an example analysis of configuration risk. Here, we show
selected outage configurations, CDF when these configurationsoccur, factor increase
from the baseline CDF, and the single CDF contribution, r, for an AOT of 7 days.
This sample was selected from a detailed analyses of various outage configurations
at a plant (Samanta et al., NUREG/CR-5641). We use it to explain the management
of plant configurations discussed earlier.

Some configurationscan cause significantincreases in the plant CDF. In this
example, these configurations cause a CDF level greater than 1 x 1073/yr when they
occur. During test and maintenance, it can be assured that these components are not
deliberately taken out-of-service simultaneously. If feasible, specific plantactionscan
be defined for such configurations. Configurations in the next category do not
necessarily have larger risk impact than some of the risk-significant components. It
may be prudent to control the duration for which these configurations exist. For
example, if these configurations occur emergency repairs may be required to be
completed within one day. Other configurations with low risk impact can be
controlled by the AOT of the individual component, and if necessary, may be
candidates to be considered for allowinglonger AOT providing operational flexibility
during plant operation.

8.5 Strategy and Framework for a Risk-Based Configuration Control

PSAs provide the essential basis to achieve a risk-based configuration control
at a nuclear power plant; so far, a full-scale risk-based configuration control has not
yetbeen implemented. Here, we present a general framework which defines different
aspects of such an approach.

We focus on the four factors which determine the risk impact or safety
impact of a configuration:

the components which are simultaneously down,

the back-up components which are known to be up,

the duration of time the configuration exists (the outage time), and
the frequency at which the configuration occurs.

b S

The first factor determines the loss of capability. The second factor
determines the alternative components which are available to make up the lost
capability. The third factor determines the integrated risk impact, and the last factor
determines the accumulated risk tmpact which occurs from the configuration over
time.
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Table 8.1 Examples of High, Medium, and Low CDF-Impacting

Configurations at a Plant

CDF
Outage Configuration AR(/yr.)

High CDF Impact

Battery-B 7.2E-3
ESW-AV22
EHV-FAN-CV64

EHV-FAN-BV64 3.7E-3
ESW-AV23

Battery-B - 3.6E-3
DG-B
Medium CDF Impact

HCI-TDP 2.1E4
EHV-AV273-1

DG-C 1.2E4
ESW-MV0841

CRD-MDP-B 8.7E-5
ESW-AV23

Low CDF Ixhgéct

HCI-MV14 1.1E-5
ESF-PISL-52A

RCI-MV132 9.4E-6
ESW-MV0841
RCI-MV21

CRD-MDP-B 9.3E-6

851

443

428

25
14.3

10.4

1.3

1.1

1.1

Factor Increase = CDP Contribution
in CDF

r (AOT = 7 days)

1.4E4

7.1E-5

7.0E-5

4.0E-6

2.4E-6

. 1.7E-6

2.1E-7

1.8E-7

1.8E-7
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The four factors which determine the risk impact of a configuration may be
simply summarized: . ‘

downed components,
back-up components,
outage time, and g
frequency.

H LN

Configuration management involves managing these factors (Figure 8.5), .
called the focal points of configuration management. Figure 8.6 expands on each of
the focal points which are discussed below, and Figure 8.7 gives various techniques
to achieve these objectives.

Managing Downed Components

Managing downed components involves considering importance, scheduling,
and testing. For importance considerations, management of the downed components
involves knowing which combinations cause large risk impacts if they are down
simultaneously. Thecritical combinationsof componentscan be determined from the
plant PSA or from plant logic schematics using risk considerations. The critical
combinations basically are a function of the plant design.

Managing downed components also involves scheduling maintenances and
tests so that critical combinations of components are not down at the same time. In
preparing the surveillance schedules, or the master surveillance schedule, operational
considerations and resource constraints are important; however, avoiding critical
combinations also is an important objective.

When components are in standby, it is not always apparent which are down.
When failures of components are discovered, then additional ones may need to be
tested to assure that they are also not down, so forming a critical combination of
downed components. Thus, management also may involve testing after failure to
assure that there are no such critical configurations.

These test-after-failure considerations involve knowing which additional com-
ponents, if also down, constitute a critical configuration. These additional
components can be called critical complements, since they complement the already
downed components to form critical configurations. Furthermore, test-after-failure
considerationsinvolveknowing whether tests of these complementing componentsare
feasible and effective in determining their status.
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1. Knowledge of critical component combinations,

2. scheduling of maintenances and tests to avoid the critical combinations, and

3. knowledge of critical complementing components and effective tests which

can be performed on them.

Configuration Management

Manage Manage - Manage Manage
Components Back-up Outage Occurrence
Which Are Components Time For Frequency
Down At ForA A Given " ForA
A Given Given - Component Given
Time Configuration Configuration Configuration

Figure 8.5 Basic focal points of configuration management
Managing Back-Up Components

Managing back-up components involves knowledge and testing
considerations. To counter the loss of capability from components being down, other
components can be checked to assure they are up. Management of back-up
components involves knowing which components can carry out the same functionsas
those which are down. For a given configuration of downed components, the back-up
components are determined from a PSA model or from a plant schematic, using risk
considerations.

Management also involves knowing whether tests or inspections can be
effectively performed on the back-up components to assure they are operational. This
knowledge is obtained from plant operational and test considerations, as well as from'
considering reliability and risk.
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Thus, management of back-up components involves:

1. Knowledge of the back-up components for given confi guratlons of downed
components, and

2. knowledge of effective tests which can assure the operation of the back-up
components.

-

Managing Qutage Time .

Configuration management involves knowing how long a configuration can
exist before the risk incurred becomes significant. Sometimes configurations cannot
be avoided because of failures or of necessary corrective maintenances. Configura-
tion management involves knowing how much time there is to complete the repairs
or maintenances before the risk impact becomes significant.

The allowed outage time for a given configuration is an extension of the
allowed outage times for individual components, as defined by TS. Configuration
management involves determining allowed outage times for individual, and for
configurations of downed components. Allowable outage times for multiple downed
components can be quite different from those for single components because of their
different impacts on risk. These allowable outage times should have a sound risk
basis which not only controls risk but also reduces the burden by allowing larger’
outage times for unimportant configurations. All of these outage times can be
determined from the plant PSA (or equivalent), takmg into account the operational
and resource considerations.

Management of outage times also involves knowing the alternatives that can
extend the allowed outage time without increasing risk significantly. These
alternatives can reduce burden when necessary and basically management involves
effective testing of back-up components to assure they are up, where tests are
effective.

Thus, the management of the duration of the configuration involves:

1. Knowledge of the allowed outage time for a configuration so that there is
insignificant impact on risk, and

2. knowledge of the alternatives for extending the allowed outage time.
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Managing Frequency

Finally, configuration management involves controlling the frequency at
which configurations occur, especially risk significant ones. Controlling the
frequency, in turn, involves tracking the occurrence of configurations, and modifying
procedures and testing where necessary.

Tracking can be carried out through data collection and analyses, including
the construction of appropriate indicators. Readjusting procedures and testing to
modify the frequency involves having criteria, and identifying the relationships
between the frequency and the testing and maintenance procedures. Modifying the
procedures can involve either tightening or loosening the schedules. Operational
considerations and the plant PSA can be used for these applications.

In summary, management of configuration frequencies involves:

1. Trackihg the frequency, and
2.  controlling it through appropriate procedural changes.

8.6 Insights on Managing Plant Configurations

The insights on risk-based analyses to manage plant configurations resulting
from component outages are divided in these following categories:

Risk from plant configurations,

Calculation of configuration risk,

TS control of configuration risks, and

Use of PSAs to improve management of plant configurations.

Risk from Plant Configurations

Simultaneous outages of multiple components increase the risk level because
the protection provided by the components is lost. The conditional increase in the
risk level, e.g., conditional CDF can be significant for some configurations. At the
same time, many configurations have minimum risk implications. The expected
frequency of occurrences of the risk-significant configurations is small, and
consequently, their impact on average CDF is expected to be small. However, the
large peaks in risk that may result from plant configurations are the focus of these
assessments.
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TS Control of Configuration Risks

LCO in a TS define the duration, i.e., the AOT, for component downtimes
and also define the action requirements, e.g., plant shutdown, when multiple
components within a safety system are detected failed. These requirements control
configuration risk by :

a) forbidding simultaneous outages of many combinations that have high risk
implications,
b) controlling the duration of a configuration to the minimum of the AOTs of

the components involved.

Analyses of risk from downed components across system boundaries may
reveal additional risk- significant configurations; TS can be modified to forbid or
reduce their durations. As discussed previously, in cases where the risk of shutting
down is large or considerable, an AOT to perform prompt repair can be defined. In
several combinations, the risk implication is small and the TS control may not be
necessary.

Calculation of Configuration Risks

The completed PSAs and the software available as part of the IPE program
can be used to calculate the risks associated with different configurations. Calculation
of plant CDF when multiple components are simultaneously unavailable involves
preparing specific inputs. It also may involve regenerating cut sets to avoid
truncation errors; then, the calculation time may be considerable. Efficient software
to calculate conditional CDFs when multiple components are unavailable can be
developed, using available PSA software.

Use of PSAs to Improve Management of Plant Configurations

The method discussed in thischapter and the framework presented can be the
basis for managing plant configurations. The specific insights on using PSAs to
improve management of plant configurations are summarized as follows:

. PSAs can be used to identify outage configurations with high CDF peaks.
Such peaks can only be controlled by controlling these configurations.
Limiting the allowed configuration downtime controls its impact, but notthe
CDF peak. These configurations can be avoided in scheduling test and
maintenance.
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e PSAs can be used to categorize the configurations in terms of their CDF
levels, and strategies can be developed for their control during plant
operation. This strategy may define where immediate shutdown is desirable,
where a limited time is to be used to assure the availability of back-up
components or promptly repair one of the components, and where no -

- immediate action is necessary because of low risk implication.

e Planned maintenance schedules where multiple components are

simultaneously taken out-of-service can be analyzed using PSAs, and if
necessary, altered to assure that high peaks in risk are not incurred.
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APPENDIX A ATTRIBUTES OF PSA FOR TS APPLICATIONS

NUREG-1489, "A Review of NRC Staff Uses of Probabilistic Risk
Assessment” 1994, provides general guidance (Appendix B; Section B.4) for using
PSAs in issues resolution analyses. This guidance is applicable for TS applications.
Here, we briefly discuss the specific desirable attributes of a PSA for carrying out the
risk-based or PSA-based analyses of TS discussed in this handbook. In defining the
methods, we assumed certain attributes or features of the PSA, which are summarized
here. '

We first describe the PSA attributes on which the AOT and STI analyses (methods
discussed in Chapters 3 and 5) are based, and then discuss additional attributes on
which the applications presented in other chapters are based.

Summary of PSA Modeling Attributes for AOT and STI Applications

. A Level I PSA model in which the internal initiating events are analyzed is

: the primary basis for these analyses; to evaluate containment system AOTs
and SRs, a Level 2 PSA is the basis. To evaluate requirements relating to
external events, external event initiators should be included.

. System fault trees should be detailed enough to specifically include all the
components for which surveillances and maintenances are performed and are
to be evaluated.

- For AOT evaluations, system train level models are adequate as
long as all components belonging to the train are clearly identified
(i.e., the failure of all those components that cause the train to fail).
In using train-level models, common-cause contributions still must
be adequately treated.

- For evaluating STIs, individual component-level models are
necessary.
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¢ Component unavailability models should include significant contributions
from random failure, common-cause failure, test downtime, and maintenance
downtime.

- Additional details in terms of separating the failure rate
contributions into cyclic demand- and standby time-related
contributions can be incorporated, if justifiable, for evaluating
surveillance requirements.

- The component unavailability model needs to have the flexibility to
separate contributions from test and maintenance downtime. For
evaluating an AOT, the contribution from maintenance downtime
can be equated to zero to delete it. For an STI evaluation, the
contribution from test-downtime determines a contnbutxon to risk
from carrying out the test.

¢ Treatment of common-cause failures and human errors should be realistic;
overconservative estimates of these contributors may mask the effects of TS
measures. For example, if the estimate of human error in restoring a
component after a test is too large, then the effect of changing a test interval
‘can be underestimated in terms of its contribution to the measure of total
risk.

e The common-cause failure contributions preferably should be modeled such
that they can be modified to reflect the condition that one or more of the
components is unavailable.

¢ In addition to the dominant accident sequences identified in the basic PSA,
additional accident sequences may need to be considered which could become
non-negligible if AOTs or STIs are changed.  This - assures that
quantifications of core-damage frequency for different test and maintenance
activities are not underestimated, and also increases the number of
surveillance and maintenance activities that can be analyzed for AOTs and
SRs.

* A computer package should be used to generate accident-sequence minimal-
cut sets when components are assumed to be unavailable (i.e. down) for
surveillance or maintenance. The use of pre-processed, i.e., truncated
minimal cut sets from the base case PSA may not suffice because the cut set
important to the surveillance/maintenance condition already may have been
truncated.
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PSA Attributes for Evaluating Surveillance Test Strategy

To account for the effects of test placements for redundant components in
relation to each other (e.g., staggered or sequential test strategy), time-
dependent models and additional evaluations may be needed, using
specialized codes. Time-dependent evaluations can be made using system
fault-tree models to decide on the test strategy for the redundant components
in the system. The corresponding system unavailability can be used to
determine the core-damage frequency.

PSA Attributes for Analyzing Action Statements Réquiring Shutdown

These attributes are not considered part of PSAs that evaluate risk during

power operation, e.g., IPEs being completed for NPPs. They are PSA supplements,
developed as part of the analyses of Action Statements as discussed in NUREG/CR-
5995 (Mankamo et al. 1993).

Various stages of the shutdown cooling phasés, and operator interactions
should be modelled to assess the impact on core-damage frequency of
shutting the plant in a LCO.

Any initiating event not modelled in the basic PSA, but important during the
shutdown phases, should be modelled. Specific examples aré those events
which challenge the RHR system and which can render part of it unavailable.
Also, the initiating event frequency during the transition to shutdown may
have to be reassessed since the frequency then may differ from that during
power operation, e.g., increased loss-of-offsite power or loss of main .
feedwater frequency during transition to shutdown.

Different recovery paths applicable at various stages of shutdown should be
modelled to realistically quantify the risk of shutting down considering
diminishing decay heat levels.

Available time margins for reactor core uncovery and suppression pool
heatup (in a BWR) or steam generator dry-out (in a PWR) need to be
modelled to evaluate specific accident sequences.

PSA Attributes for Analyzing the Risk for Eqmpment Outage Configurations for
Managing Plant Configurations

The first five of these attributes particularly relate to analyses of risk from

outages of multiple components in a PM schedule.
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e System models should be constructed so that reconfiguration of component
states during testing and maintenance can be taken into account efficiently in
computations. ‘ ' o

¢ Common-cause failure modelling should retain the component designator so
that dependency is accounted for appropriately in different plant
configurations with specific components down and available components
potentially susceptible to common-cause failures.

® Errors in operator recovery actions modelled in accident sequences may need
to be reviewed to assure their applicability in different plant configurations.

* PSA models should be able to quantify plant risk levels (e.g., core damage
frequency) for different plant configurations where the status (available,
unavailable, or reconfigured) of  multiplé components can be ¢hanged.

¢ There should be negligible error due to truncation of minimal cut sets. This

" is important because the status of multiple components is changed to "True"

or "False” or to a different intermediate unavailability for a given
configuration.

¢ Quantitative capabilities should include evaluations of accumulated risk for
a given duration of a configuration and for the expected number of
configuration occurrences over a given operating period.

¢ For a given configuration, priorities can be identified for checking alternate
success paths (by checking other components to assure they are operable).

¢ For an on-line configuration management system with features to evaluate
risk levels in real ‘or near-real time, a time-dependent component
unavailability model is a useful feature. It allows the effect of specific times
at which tests are performed to be incorporated directly.

¢ For an on-line configuration management system, component unavailability
models and initiating event frequency should allow updating of the
parameters when accumulated data show that it is necessary, or at specific
intervals desired by the user.

* For an on-line configuration management system and real time evaluations,

risk levels and other information should be calculated in a timely fashion
(e.g., 3 to 5 minutes).
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U Calculation of risk levels, other information features, and the decision
implementations achieved through the system should be stored and
documented in such a manner that auditing can be performed effectively.
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APPENDIXB CALCULATION OF CONDITIONAL CDF FOR
AOT AND STI EVALUATIONS '

The analyses of risk contributions associated with AOT evaluations and some

STI evaluations involve calculating conditional CDFs using a standard PSA for the

plant. Usually, the conditional CDF is calculated to estimate the CDF when one or

more component is down either due to failure or for preventive maintenance. These

calculations are performed using PSA computer codes and involve modifying input

parameters (or data) to represent the downed condition. In this appendix, we discuss

~ the modification of the PSA input parameters and the care that should be taken in
calculating these conditional CDFs.

Conditional CDF for failure of a component

To calculate the conditional CDF when a component is failed (typically
represented by R, in this handbook), the component unavailability is changed to the
"True" or "T" state. However, the component unavailability may be modeled in
terms of many contributors: random failure, maintenance downtime, test downtime,
and common-cause failure. The common-cause failure (CCF) term represents the
failure probability of two or more redundant components which include the failed
component in question. The CCF term is modeled as a product of multiple terms,
e.g., using the B-factor model for two redundant components, the CCF term is 8
times the component unavailability from random failures, but may be represented by
one parameter.

Consider a component Q in train A of a safety system, letting QLA, QMA,
and QTA, respectively, represent the component’s unavailability from random
fatlures, maintenance downtimes, and test-downtimes. Also, let QC(={.QL.) be the
CCF term for CCF of the redundant components in trains A and B, where QL is
numerically equal to QLA and represents QLA or QLB. QLB is the unavailability
of a component in train B from random failure. Usually, the terms QLA, QMA,
QTA, and QC will be part of the PSA input data.
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To calculate the conditional CDF given the component is failed, the
component unavailability should be represented by the "T" state. This means that
QLA, QMA, and QTA should be changed to the "T" state and QC should be divided
by QLA since the component is down because of failure. In principle, out of the
three conditions (QLA, QMA, QTA) changing one of them to "T" state should
suffice. However, in many cases, truncated cutsets are used to calculate the
conditional CDF, and changing all three will assure that the failed state of the
component is represented. For this example, QC will be changed to 3, which
represents the conditional failure probability of the redundant component. When QC
represents the failure of more than two components, e.g., three components, then QC
will be converted to the failure probability of the remaining components, i.e., in this
case, two components.

Conditional CDF when a component is down (but not failed) for PM

To calculéte the conditional CDF when a component is taken down for PM
(R, for PM analyses), the CCF term needs to be treated differently than that
described above for the failure of the comiponent.

Considering the same example as above, the down state of the component is
represented by changing QLA, QMA, and QTA to "T" and by changing QC to QL,
which is numerically the same as QLB or QLA. The CCF term is changed to
represent the unavailability of the remaining component and not 3, since the initial
component is already down for PM and is not down due to failure. If the redundant
component is successfully tested before taking the component down for PM, then QC
can be equated to zero for a short-duration PM (i.e., when the duration of PM is
much less than the test interval). '

Conditional CDF when the éomponent is not down for maintenance or is tested
operable

The conditional CDF is reduced when the component is not down for
maintenance or it has just successfully been tested. The calculation of AOT and STI
risk contributions involve calculating this conditional CDF (R,). Forevaluating the
AOT risk contribution, R, signifies that the component is not down for test or
maintenance, and this condition is represented by setting test and maintenance
downtime unavailabilities to "False" or "F" state. In our example, this means that
QMA and QTA should be changed to the "F" state. For STI evaluations, R, signifies
that the component is up, which is known from the test and is represented by setting
its unavailability to "False. " In our example, this means that QLA, QMA, and QTA
should be changed to the "F" state. In many cases, the reduction in CDF from the
baseline CDF is negligible.
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Conditional CDF when multiple components are involved

To calculate conditional CDFs (R, and R,), when multiple components are
involved, the corresponding terms relating to each of the components should be
changed to the "T" or "F" state. For each component, the corresponding terms
relatingto random failures, common-cause failures, test- and maintenance-downtimes
should be converted, as discussed above. When all the components modeled by a
common-cause term are failed, then this term changes to "T" state for calculating R,.
Otherwise, it is modeled as discussed above, representing the unavailability of the
remaining components. In many PSA computer codes, the CCF term does not retain
the specific component designator, i.e., for example, a unique notationidentifying the
specific component involved may not be part of the name of the CCF term, and the
relevant term cannot directly be identified searching the names of the input parameters
of the PSA. The description of the CCF terms modeled in the PSA may need to be
examined to identify the relevant term or the input parameter.
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