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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 were based on deterministic analysis and engineering judgments.
Experiences with plant operation indicate that some elements of the requirements are unnecessarily
restrictive, while others may not be conducive to safety. Improvements in these requirements are facili-
tated by the availability of plant specific Probabilistic Safety Assessments (PSAs).

The use of risk and reliability-based methods to improve TS requirements has gained wide interest
because these methods can:

• quantitatively evaluate the risk impact and justify changes based on objective risk
arguments.

• provide a defensible basis for these requirements for regulatory applications.

The United States Nuclear Regulatory Commission (USNRQ Office of Research is sponsoring
research to develop systematic risk-based methods to improve various aspects of TS requirements. The
handbook of methods, which is being prepared, summarizes such risk-based methods.

The scope of the handbook includes reliability and risk-based methods for evaluating allowed
outage times (AOTs), action statements requiring shutdown where shutdown risk may be substantial,
surveillance test intervals (STIs), defenses against common-cause failures, managing plant configurations,
and scheduling maintenances. For each topic, the handbook summarizes methods of analysis and data
needs, outlines the insights to be gained, lists additional references, and presents examples of evaluations.

INTRODUCTION

The TS requirements for nuclear power plants define the LCOs and SRs to assure safety during
operation. These requirements, originally based on deterministic analyses and engineering judgments,
have been applied and reviewed over the years. However, experiences with plant operation indicate that
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some elements of the requirements are unnecessarily restrictive, whereas others may not be conducive
to safety.1 For various reasons, improvements or changes in these requirements become necessary, and
USNRC receives submittals from licensees to modify many aspects of the requirements."-4

With the availability of plant-specific PSA methodologies, there is a significant interest in
analyzing and justifying changes in the TS requirements using the PSA models.*1 There are many
reasons for this interest in using risk analysis or PSA-based methods:

a) a PSA-based analysis gives a quantitative assessment of the impact of the change on the
plant's risk, and so the justification for the change can be based on objective arguments,

b) changes to many requirements can be assessed consistently (using risk measures) and
assurance can be obtained that the basic intent of the TS to maintaining a margin of safety
during normal and accident conditions is not compromised, and

c) a defensible basis is presented for regulatory review and application.

Many changes to TSs were analyzed by PSA-based analysis and approved by USNRC. Also,
USNRC has sponsored research to develop systematic risk-based methods to address various aspects of
TS requirements. The handbook of methods, which is being prepared and is discussed here, will
summarize methods showing illustrative examples of how to apply such methods to improve TS
requirements.

In this paper, we briefly discuss the objectives and scope of the handbook, and give examples of
the types of analysis that will be covered.

OBJECTIVE, SCOPE. AND USES OF THE HANDBOOK

The basic objective of the handbook is to summarize risk-based methods for analyzing various
aspects of the TSs. The primary focus is to enable USNRC reviewers to assess whether proper
evaluations are made in using risk-based analysis to change the TS requirements. Therefore, for each
aspect of the TS, the handbook will summarize:

the issues to be addressed,

the methods and steps to be followed in a PSA-based application, and

with illustrative examples and insights for seeking changes to the TS requirements.

The scope of the handbook covers aspects relating to LCOs and SRs in Technical Specifications.
The handbook will address risk and reliability-based methods for evaluating:

Allowed outage times (AOTs): This includes methods for evaluating AOT requirements
both during power operation and periods of shutdown. The risk impacts of changes to
single or multiple AOT requirements also will be discussed.

Action statements requiring shutdown: This aspect particularly addresses those systems
which are needed for shutting the plant down. The risk of shutting the plant down in
failure(s) in these systems is usually substantial, and the action requirements should
compare the risk of continued operation versus shutdown.



Surveillance requirements: This includes both the surveillance test frequency (or the
surveillance test interval) and any requirement for test strategy (e.g., staggered testing,
sequential testing). Surveillance requirements during power operation and shutdown will
be included.

Treatment of common-cause failures: In deciding AOTs and SRs, the treatment of
common-cause failure is important. Specific analysis and requirements for addressing
common-cause failures will be discussed, and also, the enhancement of defenses against
these failures through TS requirements.

Management of outage configurations: The risk from simultaneous outages of multiple
components can be much larger than single component outages. TSs forbid outages of
redundant trains within a safety system, but many other combinations of components, if
simultaneously unavailable, can pose significant risk. In seeking TS changes and in
controlling operational risk, these configurations will be analyzed.

Scheduling preventive maintenance: TS LCOs are specified so that, following detection
of failure, the equipment can be repaired. However, these LCOs also are used to
perform planned preventive maintenance during power operation. Risk-based analysis
of preventive maintenance and scheduling of such maintenance will be considered in the
handbook.

The handbook is expected to have several uses:

a) It can be used for USNRC review of risk-based analysis of TS requirements submitted
by the licensee.

b) The licensee can use the handbook in preparing the submittals to USNRC,

c) Individual Plant Evaluation (IPEs) being completed can be applied to analyze TS require-
ments, and

d) The handbook will ensure consistency in the analysis and in the review process.

EXAMPLES OF APPLICATION AREAS IN THE HANDBOOK

We next give three example applications representative of those to be presented in the handbook.
The example applications presented here are:

1. LCO action statements requiring plant shutdown.

2. Surveillance test intervals addressing adverse effects.

3. Scheduling maintenance during power operation versus shutdown.

In the handbook, the following aspects will be discussed for each application area.

• summary of current TS requirements and issues,

• methods for analysis of the requirements and the treatments of the issues,



• steps in the analysis,

• data needs,

• sensitivity and uncertainty analysis,

• insights on changing the requirements based on the results of the analysis.

LCO ACTION STATEMENTS REQUIRING PLANT SHUTDOWN*

When the ability to remove decay heat is reduced during the operation of a nuclear power plant,
for example, when failures are detected in the residual heat-removal systems or standby service water
systems of a BWR, the question arises as to whether it is better to continue power generation while
repairing the failed equipment, or to go to shutdown, even though the ability to remove decay heat is
impaired. These situations are unique in the sense that the risk of shutting down, with the consequential
need to start up and operate the affected decay-heat removal systems, may be more significant than the
risk of continued operation over a usual repair time.

Technical Specifications usually limit the time available for repairs to within an allowed outage
time. If repairs cannot be made within this period, or if no time is allowed, the plant must be shut down
for the repairs.

PSA methods can be used to consistently evaluate and compare the risks of these alternative
operational strategies in failure situations, including the risk of entering plant shutdown modes.

The LCOs were primarily directed towards minimizing risk during power generation, assuming
that the shutdown states are relatively safe, i.e., the risk of a plant shutdown was assumed to be
negligible. Although this may be a reasonable assumption in many safety systems, it is not necessarily
reasonable for the decay-heat removal systems which are especially needed in the plant shutdown states.

The risk comparison approach evaluates the two principal alternatives:

• CO - Continued operation, where repairs are undertaken at a temporarily increased risk
level, while operating at full power.

• SD - Shutting down, where a controlled shutdown is made to undertake repairs.

Comparison of risks between these two alternatives is central to the approach, and is made using
several risk measures. If both incur a small risk, then a flexible allowed outage time for repairs while
operating at full power can be applied without further analysis.

Figure 1 shows an example analysis for a three-train standby service water (SSW) system in a
boiling water reactor (BWR). The figure compares the core-damage frequency (CDF) associated with
continued operation (CO), and that for plant shutdown (SD) for failures in one, two, and three SSW
trains. As shown, under die existing requirements, the risk of shutting down in these three situations is
larger than that for continued operation. These results are used, along with an analysis of available
alternatives, to suggest modifications to current action statements.
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Figure 1: Instantaneous risk frequency for continued operation (CO) and shutdown (SD)
alternatives in failure situations of the SSW system. (For example, 2:CO denotes
the CO alternative for the situation where two SSW trains are inoperable.)

APT for multiple failures:

The results show that the increase in risk is significant for multiple failures of standby service
water trains. The risk in shutting down is comparable to that for continued operation over a predicted
repair time of about 1 to 7 days, depending on the type of failure; it tends to increase for higher failure
multiplicities. This result contrasts with current allowed outage times, which allow shorter or no repair
time for multiple failures. Thus, our results suggested having a reasonable allowable outage time for
multiple train failures. However, it should be equal to or shorter than that for single train failures, to
avoid the temptation to declare additional trains inoperable to avoid plant shutdown, given that the repairs
already needed will exceed the predefined allowed outage time.

Testing redundant trains to detect latent failures in the remaining trains or to assure availability
of alternative operation paths:

Often, there is no clear requirement in the current action statements to check the status of
remaining operation paths. If the initial failure is severe and requires a long repair time, then additional
tests are recommended to check for common cause failures. Such tests are recommended during the first
part of the allowed outage time, and should be preceded by diagnostic checking to avoid unnecessary
damage to components (e.g., as would be caused by a sudden start-up of pumps). Testing also can assure
the availability of an alternative success path justifying allowed outage time to repair the failed
component.

Splitting the allowed outage time and assessing the repair and shutdown needs:

The allowed outage times for the critical failure situations can be split into twc parts, priority
being given to repair during the first phase. In most cases, the decrease in risk achieved from repairing
the initially detected failure is large, so this is the most risk-effective way to reduce the situation-specific



risk level. If the repair cannot be completed in a short time, the time needed should be assessed and the
redundant operation paths checked before the end of the first phase of the allowed outage time. If the
operability of the redundant paths is successfully assured, which is the most likely outcome, the second
part of the allowed outage time may safely be used to complete the repair. Alternatively, if more failures
are identified or no repairs are considered possible during the remaining allowed outage time, the proper
action can be decided, knowing the status of the plant systems. Usually, initiating shutdown without
incurring more risk in the power generating state will be desirable.

Timing and target state for shutdown:

In high-risk failure situations, it may not be wise to delay the shutdown or stay in the intermediate
states, when the need for shutdown becomes evident. The safest option will be to proceed quickly to the
target state, if alternative back-up systems can be made available for shutdown cooling.

10SURVEILLANCE TEST INTERVALS ADDRESSING ADVERSE EFFECTS

Surveillance tests are required in nuclear power plants to detect failures in standby equipment to
assure their availability in an accident. However, operating experience of the plants suggests that, in
addition to the beneficial effects of detecting latent faults, the tests also may have adverse effects on plant
operation or equipment. Examples of the adverse effects of testing are: (1) plant transient caused by the
test, and (2) wear-out of safety system equipment due to repeated testing. Risk-based methodology can
quantitatively evaluate both the beneficial and adverse effects of testing to decide on an acceptable test
interval.

Figure 2 shows a typical result of the risk-effectiveness evaluation with respect to transients that
may be caused by testing the main steam isolation valve (MSIV) of BWR plants. The figure shows the
sensitivity of three kinds of test-related risks to the variation of test interval, T: (1) the test-caused CDF
contribution due to transients, R ,̂,; the adverse effect of testing, (2) the test-detected CDF contribution,
RD, and (3) the total CDF impact of the test, RT, which is the sum of R,^ and RD. In this example, only
the adverse effect of transients is considered, and other adverse effects are considered negligible.

To assure the risk-effectiveness of the testing, the test interval should be chosen such that RD, the
beneficial effect of testing, is equal to or greater than the adverse effect of testing, R,^. As shown in the
figure, when T is greater than 54 days, RD is larger than R^, and the test is risk-effective; where T <
54 days, the test is risk-ineffective.

The results of this type of quantitative risk evaluation can be used to define surveillance
requirements. In many cases, additional qualitative considerations, e.g., radiation exposure to personnel
from the tests, burden of work on the operator conducting the test, should be addressed in arriving at the
requirement for test frequency.

SCHEDULING MAINTENANCE DURING POWER OPERATION VERSUS SHUTDOWN"

The original concept for separating maintenance between shutdown and power operation was to
perform as much maintenance as possible during plant shutdown to reduce the risk from component
downtimes during power operation. The need to carry out more maintenance during power operation is
based on two factors: a) longer fuel cycles and the desire to shorten plant outages, and b) the effect of
maintenance on improving the reliability of equipment.



1.0E-03

g 1.0E-04

1.0E-10
50 100 150

Test Interval for MSIV Testing (days)
200

Figure 2: Sensitivity of the core-damage frequency impact to the interval for testing the
main steam isolation valve (RD = test-detected risk impact; R^ = test-caused
risk impact due to transients; RT = total risk impact of the test).

The desire to shift certain portions of maintenance activities to power operation is based on the
following considerations:

• Many maintenance activities require a relatively short duration, e.g., changing oil, and
can significantly contribute to the reliability of the equipment.

• The level of plant risk can be maintained the same or even slightly decline when a
portion of preventive maintenance (PM) is transferred from shutdown periods to during
power operation.

• The risk during shutdown period also can be significant, and maintenance of multiple
equipment during that period can pose a high risk.

• The distribution of maintenance between power operation and shutdown periods provides
operational flexibility; scheduling of maintenance and management of maintenance
personnel become easier.

The concerns with such shifting of maintenances result from the following:

• The primary motivation for carrying out maintenance during power is to reduce the
plant's outage period.

• Many maintenance tasks could be scheduled just prior to entering a plant outage, thereby
significantly increasing the risk then.



It is clear that optimization of maintenance during power operation versus shutdown can improve
the safety of the plant. Such practices are expected to be more prevalent as the amount of maintenance
increases, and also as the number of redundancies increase, giving in a larger number of components
requiring more maintenance.

In an application, the relative advantages and disadvantages of maintenance the emergency diesel
generator (EDG) during power operation and shutdown periods are studied to determine how its mainte-
nance needs can be balanced.

To assure the reliability of EDGs, preventive maintenances are scheduled regularly. For the US
plants, on the average an EDG is unavailable for maintenance approximately 2% during power operation
and 12% of shutdown periods, i.e., considering a plant with 80 percent capacity factor, an EDG is
unavailable for maintenance about 15 days per year. An important factor in the decision is the relative
risk impact of EDG maintenance during power operation versus plant shutdown. If possible, the burden
of EDG maintenance should be on those periods when its impact on plant risk is minimal.

PSA-based calculations assess the risk impart of taking the EDG out-of-service for maintenance.
The risk impact is assessed in terms of the CDF. The conditional CDF, given that EDG is unavailable
for maintenance, is calculated to identify the risk impact during different plant operation periods
(shutdown vs. full power). For full-power operation, a single conditional CDF, given an EDG is in
maintenance, is calculated using the corresponding full-power PSA. The shutdown periods are divided
into a number of plant operational states (POSs), each represented by the respective PSA model which
is used to calculate the CDF. The low power and shutdown PSA for a pressurized water reactor has 15
defined POSs, whereas there are 7 for a boiling water reactor. The impact of EDG maintenance differs
from one POS to another. Accordingly, the effect of EDG maintenance on CDF is calculated for each
POS using the respective CDF model.

The conditional CDF, given EDG is in maintenance, between power operation and shutdown
periods, and among the shutdown POSs are compared to identify the periods when the risk-impact of
EDG maintenance is minimal.

Figure 3 gives an example analysis. The risk impact of EDG maintenance (in terms of
conditional CDF) was evaluated for full power operation, and also, for POSs 4 through 12 during a
shutdown. The reason for choosing these POSs is that EDG maintenances are performed during these
POSs, as indicated in plant records.

The figure shows the conditional CDF given EDG in maintenance, for different POSs. 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 the midioop operations (POS 6, 10) is relatively high. Times when the risk
impact of EDG maintenance is low are POS 8 and 12, i.e., during refueling, and when the RCS is filled
following refueling.
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Figure 3: CDF for SBO Sequences due to EDG Maintenance During Different Shutdown
POSs. (Scale in x-axis is proportional to average POS duration.)

The insights from this type of analysis can be used in making the decision to schedule EDG
maintenance during power operation versus shutdown.

• The risk impact of EDG maintenance during certain shutdown periods is comparable to
that during power operation. From risk considerations, scheduling short duration EDG
maintenance during power operation is acceptable. The risk impact then can be
controlled by defining allowed periods, by the availability of redundant equipment, and
by taking precautions during the maintenances such that chances for Ioss-of-offsite power
are reduced.



The risk impact of EDG maintenance during certain shutdown periods, including early
stages of cold shutdown, is considered high, and any EDG maintenance should be
avoided.

The risk impact of EDG maintenance during certain shutdown periods (e.g., refueling
POS) is negligible, so long EDG maintenance preferably should be scheduled then.

SUMMARY

A handbook is being developed to present methods for the risk-based analysis of Technical
Specification requirements in nuclear power plants. The scope of the handbook includes reliability and
risk-based methods for evaluating allowed outage time (AOTs), action statements requiring shutdown
where shutdown risk may be substantial, surveillance requirements (SRs), treatment of common-cause
failures, managing the outage configuration of equipment, and scheduling maintenances. The handbook
is expected to result in consistency both in the application of risk-based methods to improve TSs, and in
the review of such analyses.
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