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ABSTRACT
This paper describes the development and trial applications of a risk-based methodology to enhance the inspection
processes for U.S. nuclear power plants. The objectives of
risk-based methods to complement prescriptive engineering
approaches in U.S. Nuclear Regulatory Commission
(USNRC) inspection programs are presented. Insights from
time-dependent risk profiles of plant configurations and from
Individual Plant Evaluation (IPE) studies were integrated to
develop a framework for optimizing inspection efforts in
NRC regulatory initiatives. Lessons learned from NRC pilot
applications of the risk-based methodology for evaluation of
the effectiveness of operational risk management programs
at U.S. nuclear power plant sites are also discussed.
1. INTRODUCTION
The U.S. Nuclear Regulatory Commission (USNRC) staff
conducts inspection activities as part of the agency's oversight mission to assess operational safety and performance in
commercial nuclear power plants. Currently, guidance for
these inspections is provided by prescriptive procedures in
the NRC Inspection Manual and Temporary Instructions that
define the objectives and scope of the inspection effort.
This inspection process is largely based on deterministic
engineering approaches. In recognizing the needs to
improve regulatory effectiveness and to reduce the regulatory
burden on reactor licensees, the Commission has issued a
Policy Statement and an Implementation Plan to enhance the
regulatory processes by use of Probabilistic Risk Assessment
(PRA) methods [1]. Within the implementation plan, it was
also recognized mat the appropriate application of risk-based
methodologies could provide a framework for improving the
regulatory process and its effectiveness. The use of riskbased insights to identify and prioritize important inspection
areas also can help to improve inspection efforts and resource optimization during onsite review activities [2].
As part of the regulatory initiatives to support USNRC's
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ding the inspection planning process and the Maintenance
Rule Implementation program. In particular, pilot applications of the risk-based methodology were demonstrated for
the integrated assessment of plant operational performance
and on-line maintenance activities. This methodology
integrates risk-based insights from time-dependent plant
configuration risk profiles and risk information found in
existing PRA/IPE studies. The "time-dependent" terminology is used here to describe the chronological occurrence
of plant configurations during a certain time period in which
the risk profile is dependent on the configurations.
The methodology does not provide a real time risk profile
in the absolute sense, and the terms "configuration" or
"configurational control" do not imply the control of plant
drawings or design change documentation as traditionally
used in a Quality Assurance program. The methodology is
used to evaluate the relative risk variations due to specific
plant configurations, provided that the scope and use of the
results are clearly defined. In this paper, the core damage
frequency is used as a measure of risk. Limitations associated with the PRA modeling, quantification tools, and the
development of risk profiles have been recognized and will
be addressed appropriately. The development and potential
applications of the risk-based methodology are discussed in
the following sections.
2. RISK-BASED METHODOLOGY
In PRAs, the event tree/fault tree methodology provides
a logical framework to evaluate risk associated with failures
of plant systems and components, as well as the mitigation
of events. It also provides information on which specific
components have maximum impact on the particular safety
systems if the plant component should fail, or is removed
from service for maintenance or testing purposes. This
information has been used primarily to focus inspection
efforts based on risk-based prioritization of plant equipment
An approach to integrate PRA-based methodology for
prioritization of inspection activities with time-dependent
risk assessment methods will imorove the focus of inspection
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ABSTRACT
This paper describes the development and trial applications of a risk-based methodology to enhance the inspection
processes for U.S. nuclear power plants. The objectives of
risk-based methods to complement prescriptive engineering
approaches in U.S. Nuclear Regulatory Commission
(USNRC) inspection programs are presented. Insights from
time-dependent risk profiles of plant configurations and from
Individual Plant Evaluation (IPE) studies were integrated to
develop a framework for optimizing inspection efforts in
NRC regulatory initiatives. Lessons learned from NRC pilot
applications of therisk-basedmethodology for evaluation of
the effectiveness of operational risk management programs
at U.S. nuclear power plant sites are also discussed.
1. INTRODUCTION
The U.S. Nuclear Regulatory Commission (USNRC) staff
conducts inspection activities as part of the agency's oversight mission to assess operational safety and performance in
commercial nuclear power plants. Currently, guidance for
these inspections is provided by prescriptive procedures in
the NRC Inspection Manual and Temporary Instructions that
define the objectives and scope of the inspection effort.
This inspection process is largely based on deterministic
engineering approaches. In recognizing the needs to
improve regulatory effectiveness and to reduce the regulatory
burden on reactor licensees, the Commission has issued a
Policy Statement and an Implementation Plan to enhance the
regulatory processes by use of Probabilistic Risk Assessment
(PRA) methods [1]. Within the implementation plan, it was
also recognized that the appropriate application of risk-based
methodologies could provide a framework for improving the
regulatory process and its effectiveness. The use of riskbased insights to identify and prioritize important inspection
areas also can help to improve inspection efforts and resource optimization during onsite review activities [2].
As part of the regulatory initiatives to support USNRC's
PRA Implementation Plan (PIP), a risk-based methodology
was developed to enhance various regulatory processes inclu-

ding the inspection planning process and the Maintenance
Rule Implementation program. In particular, pilot applications of therisk-basedmethodology were demonstrated for
the integrated assessment of plant operational performance
and on-line maintenance activities. This methodology
integrates risk-based insights from time-dependent plant
configuration risk profiles and risk information found in
existing PRA/IPE studies. The "time-dependent'' terminology is used here to describe the chronological occurrence
of plant configurations during a certain time period in which
the risk profile is dependent on the configurations.
The methodology does not provide a real time risk profile
in the absolute sense, and the terms "configuration'' or
"configurational control" do not imply the control of plant
drawings or design change documentation as traditionally
used in a Quality Assurance program. The methodology is
used to evaluate the relative risk variations due to specific
plant configurations, provided that the scope and use of the
results are clearly defined. In this paper, the core damage
frequency is used as a measure of risk. Limitations associated with the PRA modeling, quantification tools, and the
development of risk profiles have been recognized and will
be addressed appropriately. The development and potential
applications of the risk-based methodology are discussed in
the following sections.
2. RISK-BASED METHODOLOGY
In PRAs, the event tree/fault tree methodology provides
a logical framework to evaluate risk associated with failures
of plant systems and components, as well as the mitigation
of events. It also provides information on which specific
components have maximum impact on the particular safety
systems if the plant component should fail, or is removed
from service for maintenance or testing purposes. This
information has been used primarily to focus inspection
efforts based onrisk-basedprioritization of plant equipment.
An approach to integrate PRA-based methodology for
prioritization of inspection activities with time-dependent
risk assessment methods will improve the focus of inspection
efforts on risk significant issues related to plant design fea-
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5. CONCLUSIONS
A pilot risk-based methodology has been developed to
supplement the deterministic approaches in the inspection
processes for U.S. nuclear power plants. This methodology
integrates risk insights from time-dependent plant configuration risk profiles and time-averaged risk information from
plant-specific PRA/IPEs to improve the inspection planning
process for regulatory initiatives. Applications of this
methodology can lead to a more efficient focus of inspection
efforts and possible reduction in inspection planning and
performance times. The expected result is a net safety
benefit of improved levels of safety performance at lower
regulatory costs.
On the basis of lessons learned from pilot applications of
the risk-based methodology, insights from plant configuration risk profiles were successfully used to provide the risk
perspective of plant performance trends for assessment
objectives. Risk insights on individual performance areas
such as operations, maintenance, and engineering were used
collectively to support a more focused assessment of integrated plant operational performance and operational risk
management practices. In addition to adding rigor to the
performance assessment process, these insights provide
flexibility for NRC inspectors to utilize their own field
experience to prioritize inspection efforts.
Finally, it is concluded that a time-dependent PRA
methodology was developed to evaluate the plant configuration risks, and this methodology can provide insights on
plant operational risks for NRC inspection programs. The
successful application of risk-based methodologies in these
programs and other NRC regulatory initiatives should further
boost the impetus toward a performance-based regulatory
environment
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es. However, the durations of these DG surveillances were
of short time intervals, i.e., less than one hour durations.
Thus, all CDP peaks of the CDP profile shown in Figure 9
were less than the value of 1.0E-6.
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plant configurations during the six month period is less than
the cumulative IPE profile for CDP. This indicates that the
integrated operational performance is within the risk envelope defined in the IPE study in spite of weaknesses in some
programmatic areas.
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Figure 7 Cumulative core damage probability of STPl risk
profile
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Figure 9 CDP peaks of CPS1 risk profile with superimposition of rolling maintenance schedule
In Figure 9, several clusters of CDP peaks were all noted
under a few specific work weeks of the rolling maintenance
schedule.. This indicates that the use of PRA insights for
preplanning and scheduling work activities of the rolling
maintenance programs could be improved to better coordinate the management of plant operational risk. Also, it was
found that the clustered CDP peaks were mostly due to a
two-week staggered surveillance testing schedule of the

Figure 10 Cumulative core damage probability of CPS1
risk profile
4.3 Lessons Learned
An important lesson learned from pilot applications at the
two NPP sites is the necessity of assuring the quality of the
plant configuration risk profiles to provide sound insights.
The configuration risk profiles were reviewed by three
separate review teams for accuracy, consistency, and
adequacy of the plant configurations and configuration risk
calculations. Typically, the review teams included licensee
PRA staff members, licensee senior reactor operators and
expert panel members, and the NRC team. A quality assurance (QA) review of the preliminary risk calculations should
be conducted to ensure that there is proper interpretation and
translation of outage events from plant records for PRA
calculations. Also, the QA review is performed to ensure
that realistic assumptions are considered in the PRA calculations. For example, credit for human recovery actions or the
availability of standby component trains in the PRA model
need to be appropriately considered in the risk calculations.
Another important consideration still needing further study
is the impact of outage events on initiating event frequencies
that influence the PRA calculations. In addition to assuring
the quality of configuration risk profiles, other important
lessons learned during the pilot applications include using an
efficient method to systematically identify plant configurations, evaluating the consistency of slant outase records to

Figure 7 Cumulative core damage probability of STPl risk
profile
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Figure 9 CDP peaks of CPS1 risk profile with superimposition of rolling maintenance schedule
In Figure 9, several clusters of CDP peaks were all noted
under a few specific work weeks of the rolling maintenance
schedule.. This indicates that the use of PRA insights for
preplanning and scheduling work activities of the rolling
maintenance programs could be improved to better coordinate the management of plant operational risk. Also, it was
found that the clustered CDP peaks were mostly due to a
two-week staggered surveillance testing schedule of the
diesel generators. Additional insights on maintenance practices are found by identifying CDP peaks for plant configurations with multiple combinations of 5 or more equipment
outages. Figure 10 shows that the cumulative CDP for all

Figure 10 Cumulative core damage probability of CPS1
risk profile
4.3 Lessons Learned
An important lesson learned from pilot applications at the
two NPP sites is the necessity of assuring the quality of the
plant configuration risk profiles to provide sound insights.
The configuration risk profiles were reviewed by three
separate review teams for accuracy, consistency, and
adequacy of the plant configurations and configuration risk
calculations. Typically, the review teams included licensee
PRA staff members, licensee senior reactor operators and
expert panel members, and the NRC team. A quality assurance (QA) review of the preliminary risk calculations should
be conducted to ensure that there is proper interpretation and
translation of outage events from plant records for PRA
calculations. Also, the QA review is performed to ensure
that realistic assumptions are considered in the PRA calculations. For example, credit for human recovery actions or the
availability of standby component trains in the PRA model
need to be appropriately considered in the risk calculations.
Another important consideration still needing further study
is the impact of outage events on initiating event frequencies
that influence the PRA calculations. In addition to assuring
the quality of configuration risk profiles, other important
lessons learned during the pilot applications include using an
efficient method to systematically identify plant configurations, evaluating the consistency of plant outage records to
reflect actual operational status, and having a working
knowledge of the PRA computer software and its limitations
for computational purposes.
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Figure 4 Insights from risk profiles for review of N-3/N-1 schedules
work activities in the rolling schedules were less than the
ly, very few CDF peaks have one or more plant component
value of 1.0E-6. This value of 1.0E-6 for the CDP is a
outages due to surveillance activities. This observation
decision criterion proposed by the Nuclear Energy Institute
indicates that operational surveillance tests are adequately
(NEI, formerly, NUMARC) for risk determination of
controlled to minimize any risk impact.
temporary plant conditions.
More insights on plant operational performance are
4.2 Comanche Peak Station
obtained by plotting the cumulative CDP profile. In Figure
The CDF profile of the Comanche Peak Station (CPS)
7, the cumulative CDP profile shows small increases (or
Unit 1 was plotted for equipment outage configurations
experienced over a six month period. As shown in Figure
steps) along the integrated curve to reflect the risk impact
8, this time-dependent configuration risk profile indicates
due to individual configurations. Also, the cumulative CDP
that the new average CDF value of 4.9E-5 events/ry for all
configurations during the review period is below the IPE
mean value of 5.7E-5 events/ry. The profile also shows
several CDF peaks with CDF values above 1.0E-4 events/ry,
and the highest CDF peak has a value of 4.0E-4 events/ry.
The CDF peaks with CDF values above 1.0E-4 events/ry
were due to configurations with outages of emergency diesel
generators, the turbine-driven auxiliary feedwater pump, or
the station service water system. About half of these
configuration peaks were due to diesel generator surveillanc-
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Figure 5 CDF peaks of the South Texas Project Ur.it 1
configuration risk profile
profile for STP Unit 1 configurations is below the cumulative CDP profile defined by the yearly IPE mean value.
This indicates that the integrated operational performance is
within the risk envelope defined in the IPE study as far as
equipment unavailability is concerned. In addition, no
repetitive component failures due to corrective maintenance
were identified in the configuration risk profile. This
provides a bottom-Hr.e. results-oriented evaluation of the root

iiiiiiiiiiiiiiiiiiiiiiHiiiiiimiiiiiiiiiiiiiiiniiiiiiiiiiiiiiiiiiiiiiiminiiiiiiiiiiiiiiiniiiiiiin

»'"

iminiiiiiiiiiiiiii

iiiliiiPiiliililHiliiiiiiiiiiiiiiiiiiiiiiiiiiiillilflMliiiiiiii

"'•—
—
—

":J

P~>

:

Random Failures
Unscheduled Surveillance

m
m

•'•

Work Risk
Assessment

1——•
I ""•"^

N-1

i

Work

Implementation

I —»

K

A"

I

N-Q

'

3i

.^• V.,i-W
V

Figure 4 Insights from risk profiles for review of N-3/N-1 schedules
work activities in the rolling schedules were less than the
ly, very few CDF peaks have one or more plant component
value of l.OE-6. This value of l.OE-6 for the CDP is a
outages due to surveillance activities. This observation
decision criterion proposed by the Nuclear Energy Institute
indicates that operational surveillance tests are adequately
(NEI, formerly, NUMARC) for risk determination of
controlled to minimize any risk impact.
temporary plant conditions.
4.2 Comanche Peak Station
More insights on plant operational performance are
The CDF profile of the Comanche Peak Station (CPS)
obtained by plotting the cumulative CDP profile. In Figure
Unit 1 was plotted for equipment outage configurations
7, the cumulative CDP profile shows small increases (or
experienced over a six month period. As shown in Figure
steps) along the integrated curve to reflect the risk impact
8, this time-dependent configuration risk profile indicates
due to individual configurations. Also, the cumulative CDP
that the new average CDF value of 4.9E-5 events/ry for all
configurations during the review period is below the IPE
mean value of 5.7E-5 events/ry. The profile also shows
several CDF peaks with CDF values above 1.0E-4 events/ry,
and the highest CDF peak has a value of 4.0E-4 events/ry.
The CDF peaks with CDF values above 1.0E-4 events/ry
were due to configurations with outages of emergency diesel
generators, the turbine-driven auxiliary feedwater pump, or
the station service water system. About half of these
configuration peaks were due to diesel generator surveillanc*f±£
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Figure 5 CDF peaks of the South Texas Project Unit 1
configuration risk profile
profile for STP Unit 1 configurations is below the cumulative CDP profile defined by the yearly IPE mean value.
This indicates that the integrated operational performance is
within the risk envelope defined in the IPE study as far as
equipment unavailability is concerned. In addition, no
repetitive component failures due to corrective maintenance
were identified in the configuration risk profile. This
provides a bottom-line, results-oriented evaluation of the root
cause analysis and corrective action programs. Such
observations provide useful insights on licensee performance
in the areas of maintenance and engineering support Final-
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Figure 6 CDP peaks of STP1 risk profile with superimposition of rolling maintenance schedule
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Figure 3 Operational risk insights for maintenance rule implementation assessment activities
the work schedule process for planned maintenance activities
such as pre-planned corrective maintenance, preventive and
predictive maintenance during a twelve week cycle. The 12
week rolling schedule begins with the scoping week (N-12)
and ends with the execution week (N-0). All restraints due
to random component failures and unscheduled surveillances
are usually cleared from the schedule by the N-3 week.
Work risk assessments using PRA insights are usually
performed in the N-l week prior to the work implementation
week. As shown in Figure 4, risk insights from timedependent configuration risk profiles can be used in the
review of the work plans coordinated in the N-3 and N-l
schedules. Proper decision making guidance for the execution of equipment outages within an allowable risk margin
for any emergent work can also be assessed.
4.

LESSONS LEARNED FROM PILOT APPLICATIONS

Pilot applications of therisk-basedmethodology described
here have been conducted at selected U.S. nuclear power
plants (NPPs) over the past year. The lessons learned from
pilot applications at two plant sites, namely, the Comanche
Peak and South Texas Project nuclear stations, are discussed
in this paper. These lessons learned are presented to
demonstrate potential applications for other regulatory
activities that are routinely performed using deterministic approaches.
As discussed in the preceding sections, an important
application of the methodology is its use for evaluating the
effectiveness of plant operational risk management. Thus,
the focus of the pilot plant site visits was on evaluating the
effectiveness of the proposed methodology in addressing

minimizing plant risk "As Low As Reasonably Practical", (c)
the management of plant operational risk indicates that plant
performance in operations, maintenance, and engineering
programs makes appropriate use of risk-based information,
and (d) on-line maintenance activities are conducted using
risk-based configuration management methodology. To
accomplish the above objectives, time-dependent plant
configuration risk profiles were used in the assessment of
plant performance trends. Results of using the configuration
risk profiles for evaluating plant operational performance at
the South Texas Project and Comanche Peak nuclear
stations, respectively, are presented below.
4.1 South Texas Project Station
Figure 5 shows the core damage frequency (CDF) profile
of the South Texas Project (STP) Unit 1 for equipment
outage configurations experienced over an eight month
period. This time-dependent configuration risk profile
indicates that the new average CDF value of 2.6E-5
events/reactor year (ry) for all configurations identified
during the review period is well below the IPE mean value
of 4.4E-5 events/ry. Also, the profile shows a few CDF
peaks with CDF values greater than 1.0E-4 events/ry and the
highest CDF peak has a value of 1.8E-4 events/ry. However, it should bo noted that each CDF peak represents only
the CDF if the plant operates continuously under the same
configuration for a full 12 month period. The risk due to a
given configuration is characterized not only by die height,
but also the width of the peak representing the time window.
Thus, the areas under the CDF peaks are integrated for
transformation into core damage probability (CDP) peaks for
more suitable presentation of the risk profile. Figure 6
shows the CDP profile for STP Unit 1 with the 12-week rolling maintenance schedule suoerimoosed on the risk profile
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Figure 3 Operational risk insights for maintenance rule implementation assessment activities
the work schedule process for planned maintenance activities
such as pre-planned corrective maintenance, preventive and
predictive maintenance during a twelve week cycle. The 12
week rolling schedule begins with the scoping week (N-12)
and ends with the execution week (N-0). All restraints due
to random component failures and unscheduled surveillances
are usually cleared from the schedule by the N-3 week.
Work risk assessments using PRA insights are usually
performed in the N-1 week prior to the work implementation
week. As shown in Figure 4, risk insights from timedependent configuration risk profiles can be used in the
review of the work plans coordinated in the N-3 and N-l
schedules. Proper decision making guidance for the execution of equipment outages within an allowable risk margin
for any emergent work can also be assessed.
4.

LESSONS LEARNED FROM PILOT APPLICATIONS

Pilot applications of therisk-basedmethodology described
here have been conducted at selected U.S. nuclear power
plants (NPPs) over the past year. The lessons learned from
pilot applications at two plant sites, namely, the Comanche
Peak and South Texas Project nuclear stations, are discussed
in this paper. These lessons learned are presented to
demonstrate potential applications for other regulatory
activities that are routinely performed using deterministic approaches.
As discussed in the preceding sections, an important
application of the methodology is its use for evaluating the
effectiveness of plant operational risk management. Thus,
the focus of the pilot plant site visits was on evaluating the
effectiveness of the proposed methodology in addressing
whether: (a) an operational risk management program is
established and implemented, (b) actual operational risk is
managed to a reasonable level consistent with the concept of

minimizing plant risk "As Low As Reasonably Practical", (c)
the management of plant operational risk indicates that plant
performance in operations, maintenance, and engineering
programs makes appropriate use of risk-based information,
and (d) on-line maintenance activities are conducted using
risk-based configuration management methodology. To
accomplish the above objectives, time-dependent plant
configuration risk profiles were used in the assessment of
plant performance trends. Results of using the configuration
risk profiles for evaluating plant operational performance at
the South Texas Project and Comanche Peak nuclear
stations, respectively, are presented below.
4.1 South Texas Project Station
Figure 5 shows the core damage frequency (CDF) profile
of the South Texas Project (STP) Unit 1 for equipment
outage configurations experienced over an eight month
period. This time-dependent configuration risk profile
indicates that the new average CDF value of 2.6E-5
events/reactor year (ry) for all configurations identified
during the review period is well below the IPE mean value
of 4.4E-5 events/ry. Also, the profile shows a few CDF
peaks with CDF values greater than 1.0E-4 events/ry and the
highest CDF peak has a value of 1.8E-4 events/ry. However, it should be noted that each CDF peak represents only
the CDF if the plant operates continuously under the same
configuration for a full 12 month period. The risk due to a
given configuration is characterized not only by the height,
but also the width of the peak representing the time window.
Thus, the areas under the CDF peaks are integrated for
transformation into core damage probability (CDP) peaks for
more suitable presentation of the risk profile. Figure 6
shows the CDP profile for STP Unit 1 with the 12-week rolling maintenance schedule superimposed on the risk profile.
This superimposition provides a perspective of the risk
impact of the rolling maintenance schedule on the STP Unit
1 operational performance. All CDP peaks contributed by
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tures, maintenance and test activities, and operational safety
performance.
During normal plant operations, the actual plant operational risk changes frequently depending upon the status of
plant system and component arrangement Events which
influence plant risk levels are usually related to specific
plant systems or components taken out of service due to
either random equipment failure, planned preventive/predictive maintenance, corrective maintenance, surveillance testing or operational bypass activities. The risk
contribution from such equipment unavailability conditions
depends on the risk importance of the system or component,
the duration of the outage, and the condition of the plant.
Currently, most PRAs treat unplanned equipment out-ofservice conditions as random event occurrences. Thus, the
"time-averaged" risk of such conditions represents, at best,
a long-term projection of risk for the equipment unavailabilities. The time-dependent risk profile represents the short
term variations of risk due to plant configurations occurring
during power operation. Thus, an approach for evaluating
actual operational risks due to equipment outage configurations is to develop time-dependent plant configuration risk
profiles as a tool for assessment of plant performance trends.
In order to supplement the deterministic approaches in the
regulatory processes, the USNRC and Brookhaven National
Laboratory (BNL) staff are jointly developing a risk-based
methodology for applications to enhance inspection activities. Pilot applications of the methodology for improving
the inspection planning process are discussed in this paper.
As shown in Figure 1, the major elements of the methodology include:
(a)

development of a time-dependent plant configuration
risk profile,
(b) insights from plant-specific PRA/IPE on the risk
contributions of important systems and components,
dominant accident sequences, and potential severe
accident vulnerabilities,
(c) risk-based insights from the plant configuration risk
profile, augmented with information gleaned from
plant PRA/IPE on time-averaged risk contributions, to
develop final integrated risk insights,
(d) identification and prioritization of risk significant areas
of licensee safety performance that may require increased inspection attention, and
(e) applications of results to various inspection activities
(e.g., IPAP and MRI assessments).
The above five elements are discussed in more detail
below;
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The first element is centered on the development of
time-dependent plant configuration risk profile. In ux
study, plant configuration risk profiles were developed t
identify major risk contributors and factors which impac
plant risk during at-power operation. The use of plar
configuration risk profiles during plant shutdown or refuel
ing operations was not considered at this time. An initie
step in developing a plant configuration risk profile is t<
identify the combinations of equipment outage occurrence
(e.g., single, double, or multiple component combinations
through a review of existing plant operating records. Th
types of plant records usually include the operability trackin;
logs (OTL), equipment clearance orders (ECO), Technics
Specification-related LCO logs, or maintenance work reques
(MWR) logs. A new base case model is created by remov
ing all time-averaged maintenance and test contributions it
the existing PRA model to serve as a baseline configuratioi
for the risk calculations. Then, the combinations of equipment outages occurring within the same time intervals (i.e.
time windows) are systematically identified, for risk calculations using the plant PRA model and applicable compute:
codes. Rule-based recovery actions are normally included ir
the PRA model and quantification process. However, credr
for the effects of human recovery actions, the availability 01
standby component trains, and the effects of component
outages on initiating event frequencies were also included ir
the risk calculations to obtain realistic, best estimates of risk.
Results of risk impact calculations are then plotted against
the time scale of the event occurrences with the "time
window" for each configuration. Time-dependent profiles of
core damage frequency (CDF) and core damage probability
(CDP) of plant configurations are produced for assessment
purposes. These profiles are shown in Figures 5 through 10,
and their applications will be discussed below in more detail.
The quality of atime-dependentconfiguration risk profile
depends heavily on the fidelity of the PRA model and
database to reflect the current plant configuration and
operating experience. Other factors that affect the quality
include the accuracy of outage times documented in the
plant records, completeness of the plant PRA model with
appropriate recovery actions, and proper interpretation and
translation of component outage events from the plant
records to the PRA modeled components. Finally, the
uncertainty of the database, sensitivity to cutset truncation
effects, and limitations of the PRA model for minimal cutset
manipulation are also important considerations in the
development of the time-dependent configuration risk
profile.

Regulatory Activities
* 1P4P

contribution from such equipment unavailability conditions
depends on the risk importance of the system or component,
the duration of the outage, and the condition of the plant
Currently, most PRAs treat unplanned equipment out-ofservice conditions as random event occurrences. Thus, the
"tune-averaged" risk of such conditions represents, at best,
a long-term projection of risk for the equipment unavailabilities. The time-dependent risk profile represents the short
term variations of risk due to plant configurations occurring
during power operation. Thus, an approach for evaluating
actual operational risks due to equipment outage configurations is to develop time-dependent plant configuration risk
profiles as a tool for assessment of plant performance trends.
In order to supplement the deterministic approaches in the
regulatory processes, the USNRC and Brookhaven National
Laboratory (BNL) staff are jointly developing a risk-based
methodology for applications to enhance inspection activities. Pilot applications of the methodology for improving
the inspection planning process are discussed in this paper.
As shown in Figure 1, the major elements of the methodology include:
(a) development of a time-dependent plant configuration
risk profile,
(b) insights from plant-specific PRA/IPE on the risk
contributions of important systems and components,
dominant accident sequences, and potential severe
accident vulnerabilities,
(c) risk-based insights from the plant configuration risk
profile, augmented with information gleaned from
plant PRA/IPE on time-averaged risk contributions, to
develop final integrated risk insights,
(d) identification and prioritization of risk significant areas
of licensee safety performance mat may require increased inspection attention, and
(e) applications of results to various inspection activities
(e.g., IPAP and MRI assessments).
The above five elements are discussed in more detail
below.

through a review of existing plant operating records. Th
types of plant records usually include the operability tracking
logs (OTL), equipment clearance orders (ECO), Technica
Specification-related LCO logs, or maintenance work reques
(MWR) logs. A new base case model is created by remov
ing all time-averaged maintenance and test contributions h
the existing PRA model to serve as a baseline configuratior
for the risk calculations. Then, the combinations of equipment outages occurring within the same time intervals (i.e.
time windows) are systematically identified, for risk calculations using the plant PRA model and applicable computet
codes. Rule-based recovery actions are normally included ir
the PRA model and quantification process. However, credit
for the effects of human recovery actions, the availability ol
standby component trains, and the effects of componeni
outages on initiating eventfrequencieswere also included ic
the risk calculations to obtain realistic, best estimates of risk.
Results of risk impact calculations are then plotted against
the time scale of the event occurrences with the "time
window" for each configuration. Time-dependent profiles of
core damage frequency (CDF) and core damage probability
(CDP) of plant configurations are produced for assessment
purposes. These profiles are shown in Figures 5 through 10,
and their applications will be discussed below in more detail.
The quality of a time-dependent configuration risk profile
depends heavily on the fidelity of the PRA model and
database to reflect the current plant configuration and
operating experience. Other factors that affect the quality
include the accuracy of outage times documented in the
plant records, completeness of the plant PRA model with
appropriate recovery actions, and proper interpretation and
translation of component outage events from the plant
records to the PRA modeled components. Finally, the
uncertainty of the database, sensitivity to cutset truncation
effects, and limitations of the PRA model for minimal cutset
manipulation are also important considerations in the
development of the time-dependent configuration risk
profile.

Tfme-Pepsndent
| Plant Configuration]
Rfek Profit*

Figure 1 Risk-based methodology for improving inspection planning
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The second element of the overall methodology requires
information from the standard plant-specific PRA/IPE to
provide insights on the time-averaged risk contributions of
important plant systems or components, dominant accident
sequences, risk important human performance actions, and
potential severe accident vulnerabilities. These PRA/IPE
insights provide a perspective of expected time-averaged
risks that can be used to complement the insights from the
time-dependent plant configuration risk profile for prioritization of inspection efforts.
A third element is to integrate risk-based insights from
the time-dependent plant configuration risk profiles with
time-averaged PRA information found in plant-specific IPE
studies. These integrated risk insights provide a perspective
on plant operational risks. In addition, a sound rationale is
provided for selection and ranking of plant components to
focus the inspection efforts.
The fourth element is centered on the prioritization of
inspection areas. As previously noted, the integrated risk
insights allow plant components to be prioritized based on
their risk importance. Equally as important, insights from
this prioritization of components can be used to provide
guidance to NRC inspectors in identifying the inspection
emphasis in selected areas of licensee safety performance
(e.g., operations, engineering, and maintenance). Finally, the
risk-based methodology may serve to enable the NRC staff
to weigh the risk significance of inspection findings both
during and after the inspection. Insights gained from the
analysis of risk significance of each particular inspection
finding can also be used for future inspection planning.
Such feedback would help to focus attention on the appropriate concerns in future inspection activities during the next
assessment cycle.
The risk-based methodology described above was developed to supplement the inspection activities. The approach
for blending probabilistic risk insights with deterministic
engineering judgment also provides flexibility for NRC
inspectors to utilize their own field experience on further
enhancing the inspection planning process.
3. POTENTIAL APPLICATIONS
As part of agency-wide efforts to promote efficiency in the
regulatory process, the NRC has recently initiated several
programs to enhance the inspection processes and to remove
excess regulatory burden on the licensees[3]. Among these
new initiatives are two important programs to address the
regulatory oversight of licensee safety performance: the
Integrated Performance Assessment Process and on-line
maintenance assessment activities.
Recently, on-line
maintenance assessment activities had been conducted at
some nuclear power plants in parallel with pilot reviews to
assess early implementation of the Maintenance Rule [4].
These inspection programs are still largely implemented
using the traditional deterministic approach during this early
transition to an improved regulatory environment. Thus, the
risk-based methodology was developed as a suitable strategy
to improve inspection efforts in these regulatory initiatives.

I

3.1 Integrated Performance Assessment
The Integrated Performance Assessment (IPA) methodology is intended to provide an- integrated perspective of
licensee safety performance. This IPA methodology can be
applied in the Integrated Performance Assessment Process
(IPAP) program which is an independent review of five
main performance areas. These areas are safety assessment
and corrective action, operations, engineering, maintenance,
and plant support programs. Typically, the IPAP review [5]
is implemented in a four-stage process consisting of:
(a) a preliminary assessment of licensee safety performance through review of information in previous
inspection reports, plant performance reviews, systematic assessment of licensee performance (SALP)
reports, etc., and presenting the results on a performance assessment and inspection planning tree,
(b) an onsite performance-based inspection to validate the
preliminary findings of this plant records review,
(c) the development of inspection findings and conclusions
regarding licensee performance, and identifying areas
for reduced or increased inspection attention, and
(d) an assessment of the effectiveness of NRC inspection
programs and their implementation.
Results of an IPAP assessment are provided as an input to
the SALP process and also, for inspection planning for
future inspection activities during the next SALP cycle. In
addition, the results provide valuable information on the
effectiveness of inspection programs and their implementation. Thus, the IPA methodology helps to ensure that
inspection activities are focused on areas where attention
may be required to avoid future programmatic problems.
As discussed in Section 2, this risk-based methodology
incorporates a risk perspective into the performance assessment process. The input of integrated risk insights into the
various stages of an IPA activity will add more rigor to the
assessment process, and will more efficiently focus NRC
inspection efforts. Figure 2 shows the approach to incorporating the risk perspective into the stages of IPA implementation. Risk insights from configuration risk profiles and
time-averaged PRA/IPE information can be provided as
input to determine inspection emphasis in the initial phase of
an IPA activity. As shown later in Section 4, risk insights
can be extracted from plant configuration risk profiles to
identify certain programmatic trends in overall operational
performance at a nuclear power plant. For example,
configuration "peaks" due to repetitive failures may be an
indication of weaknesses in root cause analysis and corrective action programs. There are also several observable
elements that can be used to assess the risk perspective of
other plant performance areas such as operations, maintenance, and engineering support. The observable elements
are the height of CDF or CDP peaks, duration of time windows, time separation between consecutive peaks, and the
distribution or density of CDF (or CDP) peaks due to a
particular operational activity.
The risk insights for input to the preliminary phase of the
performance assessment/inspection planning also include
time-averaged PRA information.
Time-averaged risk
information from a plant-specific PRA/IPE can provide in-
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Figure 2 Approach to incorporating the risk perspective into IPAP activities
sights on the static risk ranking of important plant systems
or components, dominant accident sequences, risk important
human actions, and potential severe accident vulnerabilities.
Together with insights from the configuration risk profiles,
such information can be utilized to prioritize the programmatic areas for inspection focus during the onsite review
activities.
In addition, the integrated risk insights can be used as
guidance to determine the risk significance of inspection
findings during and after the onsite inspection activities. An
evaluation of inspection findings on the licensee safety
performance adds more rigor to developing the final inspection recommendations. Tims, insights gained from evaluating the significance of inspection findings provide the
feedback for future inspection planning efforts and to focus
attention on prioritized concerns in future inspection activities.

evaluating the impact of maintenance activities. The pilot
MRI assessments were conducted using the Maintenance
Rule Inspection Procedure [8] which is based on guidance in
Regulatory Guide 1.160 and an industry guideline document,
NUMARC 93-01 [9]. The approach recommended in
NUMARC 93-01 for risk determination involves the use of
an expert panel utilizing the Delphi process documented in
NUREG/CR-5424 to supplement PRA/IPE insights for
identifying risk significant SSCs. The utility PRA/IPEs
usually provide information on importance measures such as
risk reduction worth, risk achievement worth, Fussell-Vesely
importance, or CDF contribution that can be used in the risk
ranking process. However, these static risk measures are
typically based on static PRA calculations. Thus, risk
significance determinations may need to be reconsidered
whenever the plant design is modified, the PRA is updated,
or plant configurations are changed due to equipment
removed from service for on-line maintenance.

3.2 On-line Maintenance Activities
Due to current pressures on economic generation of
electric power, there is a growing trend for on-line maintenance practices at nuclear power plants to reduce plant
refueling outage times. It is generally recognized that
removal from service of plant equipment for maintenance
during at-power operation has an impact on plant operational
risks. Because of the safety implications of on-line maintenance activities, NRC staff have communicated the importance ofriskmanagement of maintenance activities at power
to the nuclear industry [6]. Furthermore, the NRC Maintenance Rule (10 CFR 50.65) is to be implemented as of July
10, 1996 to regulate plant maintenance programs [7].
Implementation of the Maintenance Rule requires that a risk
or safety determination be performed for all structures,

Figure 3 shows an approach for providing risk insights
from time-dependent plant configuration risk profiles and
risk-based configuration management strategies that would
add rigor to the risk determination process prescribed in
NUMARC 93-01. The term "risk-based configuration
management" is used here to imply the monitoring and
control of plant equipment configurations based on risk
perspectives. As discussed in the above subsection, observable elements such as distribution of CDF or CDP peaks can
provide insights on the operational risk management of online maintenance activities. These insights can be provided
to evaluate the adequacy of configuration management
strategies employed to control risks associated with on-line
maintenance activities.
In planning and scheduling work activities for on-line
maintenance, rolline schedules are used to improve the
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Figure 2 Approach to incorporating the risk perspective into IPAP activities
sights on the static risk ranking of important plant systems
or components, dominant accident sequences, risk important
human actions, and potential severe accident vulnerabilities.
Together with insights from the configuration risk profiles,
such information can be utilized to prioritize the programmatic areas for inspection focus during the onsite review
activities.
In addition, the integrated risk insights can be used as
guidance to determine the risk significance of inspection
findings during and after the onsite inspection activities. An
evaluation of inspection findings on the licensee safety
performance adds more rigor to developing the final inspection recommendations. Thus, insights gained from evaluating the significance of inspection findings provide the
feedback for future inspection planning efforts and to focus
attention on prioritized concerns in future inspection activities.
3.2 On-line Maintenance Activities
Due to current pressures on economic generation of
electric power, there is a growing trend for on-line maintenance practices at nuclear power plants to reduce plant
refueling outage times. It is generally recognized that
removal from service of plant equipment for maintenance
during at-power operation has an impact on plant operational
risks. Because of the safety implications of on-line maintenance activities, NRC staff have communicated the importance of risk management of maintenance activities at power
to the nuclear industry [6]. Furthermore, the NRC Maintenance Rule (10 CFR 50.65) is to be implemented as of July
10, 1996 to regulate plant maintenance programs [7].
Implementation of the Maintenance Rule requires that a risk
or safety determination be performed for all structures,
systems, and components (SSCs) within the scope of the
rule.
As a result of the rulemaking, NRC staff have conducted
pilot assessments ofMaintenance Rule Implementation(MRI)
at selected nuclear power plants to develop guidance on

evaluating the impact of maintenance activities. The pilot
MRI assessments were conducted using the Maintenance
Rule Inspection Procedure [8] which is based on guidance in
Regulatory Guide 1.160 and an industry guideline document,
NUMARC 93-01 [9], The approach recommended in
NUMARC 93-01 for risk determination involves the use of
an expert panel utilizing the Delphi process documented in
NUREG/CR-5424 to supplement PRA/IPE insights for
identifying risk significant SSCs. The utility PRA/IPEs
usually provide information on importance measures such as
risk reduction worth, risk achievement worth, Fussell-Vesely
importance, or CDF contribution that can be used in the risk
ranking process. However, these static risk measures are
typically based on static PRA calculations. Thus, risk
significance determinations may need to be reconsidered
whenever the plant design is modified, the PRA is updated,
or plant configurations are changed due to equipment
removed from service for on-line maintenance.
Figure 3 shows an approach for providing risk insights
from time-dependent plant configuration risk profiles and
risk-based configuration management strategies that would
add rigor to the risk determination process prescribed in
NUMARC 93-01. The term "risk-based configuration
management" is used here to imply the monitoring and
control of plant equipment configurations based on risk
perspectives. As discussed in the above subsection, observable elements such as distribution of CDF or CDP peaks can
provide insights on the operational risk management of online maintenance activities. These insights can be provided
to evaluate the adequacy of configuration management
strategies employed to control risks associated with on-line
maintenance activities.
In planning and scheduling work activities for on-line
maintenance, rolling schedules are used to improve the
efficiency of preplanned maintenance activities. A full 12
week rolling window schedule is usually implemented to
perform on-line maintenance safely and efficiently. In some
cases, a six week rolling schedule is used. Figure 4 shows

