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ABSTRACT urn
The Procedures for Evaluating Technical Specifications (PETS) Program

being conducted by Brookhaven National Laboratory for the Office of Research,
U.S. Nuclear Regulatory Commission (NRC), is developing various risk-based
approaches for modifying Technical Specifications (TS). This paper high-
lights the various risk-based issues being addressed by the program and pre-
sents examples that exemplify the use of PRA models for modifying TS, primar-
ily elements of the Limiting Condition of Operation (LCOs) and Surveillance
Requirements (SRs). PETS approaches to TS modification using more detailed
analysis are presented in a companion paper.

1. INTRODUCTION

1.1 Background

Technical Specifications are design and procedural limits that impose
explicit restrictions on the operation of nuclear power plants and on the
maintenance of safety systems in a pre-accident condition. A number of prob-
lems with TSs have evolved over the years and there is general agreement that
TS are complex and difficult to implement. As pointed out in NUREG-10241,
these problems are largely due to the absence of specific criteria regarding
the content of the TS. Numerous items have therefore been included within
the TS that are of vastly differing levels of safety importance; in some
cases requirements were inconsistent. Other concerns, besides being complex
and difficult for control room operators to implement, have been expressed
regarding the lack of technical basis for test frequencies and allowed down-
times of components which are symptomatic to accelerated component wear,
added maintenance, unnecessary test downtimes, introduction of human errors,
and the added potential of common-cause errors.

To address these concerns and to place TS on a more rational basis, the
U.S. nuclear industry and the U.S. NRC have embarked on parallel and coordi-
nated efforts. One of NRC's initiatives was to establish a broad-based re-
search program to examine the issues that arise in addressing various
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alternative means for evaluating the safety implications of current TS and in
seeking ways to improve on the current posture of TS.

1.2 PETS Objectives/Scope

For one, NRC's Procedures for Evaluating Technical Specifications (PETS)
Program, being conducted by Brookhaven National Laboratory (BNL) for the Of-
fice of Research (RES), is a comprehensive program structured to develop/dem-
onstrate methods utilizing risk and reliability techniques for evaluating the
scope, detailed requirements, and safety impact of TS.

Starting with a general need to develop practical methods and applicable
decision criteria that can be used to 1) augment the NRC staff review proced-
ure on submittals requesting relief from or permanent changes to current TS,
2) assist in the review/resolution of generic safety issues associated with
TS, and 3) provide guidance and insights in the evaluation of issues related
to operating procedures, the PETS program has identified how risk/relia-
bility-based models can address these needs.

The program focussed primarily on two aspects of the TS, viz., the Al-
lowed Outage Time (AOT) and Surveillance Test Interval (STI). For these two
elements of the TS various risks associated with each were identified; models
were developed that allow evaluation of these risks; possible regulatory ap-
proaches for determining AOTs/STIs were investigated as well as various cri-
teria which could be used to determine AOT/STI risk acceptability.

1.3 Summary of Efforts

The PETS Program identified2 a number of risk issues (Figure 1) which
impact on the determination of AOT/STI requirements. The relative signifi-
cance of these issues were investigated using the emergency coolant system of
the Limerick nuclear power plant as an example. A report describing the
findings was issued which showed how existing Probabilistic Risk Analysis
(PRA) models can be used to bound these risks as well as providing a prelimi-
nary indication as to how a technical review of licensee-submitted TS exemp-
tion requests could be conducted if the submittal employed probabilistic
approaches.

Using the PRA models for the Arkansas Nuclear One - Unit 1 (ANO-1), the
PETS program evaluated a complete set of the plant's AOT/STI requirements and
illustrated what the risk-impact would be if AOT/STI requirements for some
of the ANO-1 components were relaxed (increased).

Based upon these investigations, a methodology (or analysis) guide was
prepared which showed how PRA methods could be used to analyze TS risk. The
report also illustrated a possible regulatory decision process for AOT/STI
modifications and methodology guidance for AOT/STI evaluations.

In response to Generic Issue B-56 and B-61, the PETS program has devel-
oped methods and will demonstrate through application, the effectiveness of
adaptive testing (B-56) and cumulative downtime strategies (B-56/B-61). Risk
effective surveillance test intervals were analyzed for diesel generators
using time-independent (PRA) models as well as time-dependent (FRANTIC)
models.
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Figure 1. Reliability considerations for test interval
and downtime evaluations

The PETS program also continued in the development/modification of Che
FRANTIC7 code to facilitate its use in STI evaluations. Specific features
have been added8 and others are planned to evaluate realistic test schedules
in nuclear power plants.

1.4 Scope of Presentation

In this paper, the PRA methodology which could be used as a tool to per-
form AOT/STI risk evaluations is described. The methodology presented will
define how PRA models could be used to calculate AOT/STI associated risk and
also Che requirements to perform evaluations which are not part of a typical
PRA. The paper will therefore focus on 1) the risks associated with AOTs/
STIs, 2) the risk considerations when multiple AOTs/STIs are modified and 3)
the data requirements. The use of PRA models will be emphasized in this
paper illustrated largely through the aforenoted ANO-1 study. In a companion
paper9, the use of time-dependent models, e.g., FRANTIC, in evaluating the
safety impact of TS is discussed.

2. PROBLEM IDENTIFICATION

2.1 Issues

The issues that PETS has considered important for quantitatively evalu-
ating the risk impacts of current TS include:

• the level of risk evaluation,
• engineering and operational requirements that the methodology should

address,



• the role of component importance, and risk during a component outage,
• shutdown/start-up risk and cost,
• surveillance frequencies, wear-out, and demand versus time-based com-

ponent failure behavior,
• conditions for granting extended AOTs,
• test-after-failure and component monitoring,
• minimum AOT based on distribution of time to complete repairs,
• adaptive versus other types of test procedures, and
• AOTs based on cumulative downtime considerations.

Some of the broader issues are briefly discussed below.

Level of Risk Evaluation. An AOT and STI requirements methodology can
be developed with respect to risk-related measures at several different
levels. AOTs and STI requirements can be evaluated with regard to: system
unavailability, accident sequence frequencies, individual component unavaila-
bilities, frequency of core melt, and source term release fractions.

Engineering and Operational Requirements for the Methodology. Both
engineering and operational considerations are important for developing a TS
methodology. One engineering aspect of the methodology needs to address the
potential for common cause faults when a component is found to be in a failed
state. Common cause possibilities can have implications for test-after-
failure requirements. Determination of test-after-failure strategies is
being considered in PETS.

Risk and Component Importance During Outage. The increase in risk due
to a component outage is dependent on the importance of the component to risk
mitigation. Risk-based AOT and STI methods tie an AOT or STI for a component
to its importance, allowing a greater AOT or STI for a component that is less
important to risk than to one that is more important.

Shutdown/Start-up Risk and Cost. When the actual outage time exceeds
the AOT and when action statements within the TS call for moving from opera-
tional reactor level, then the system states and risks involved with moving
through the shutdown levels and then back to power operation need to be con-
sidered. One aspect that requires attention is whether or not the system
having the component out of service is required for shutdown. The risks in-
volved in going to shutdown and back to power include the increased likeli-
hood of transients occurring during start-up, the likelihood of accidents
occurring during the shutdown and start-up, and the economic costs associated
with having to shut down. For the reactor to be safely shutdown, the acci-
dental risks from shutting down should not be larger than the operating risks
with the AOT.

Surveillance Frequencies. Wear Out, and Demand/Time-Based Component
Failure Behavior. Specification of surveillance frequencies needs to in-
clude, among other things, a consideration of test-caused wear out of the
tested component, and a consideration of the component failure behavior in
terras of the portion of the failure behavior that is demand related, and the
portion that is time-based related.

Conditions for Granting Extended Allowed Outage Times. The methodology
must address the issue of granting extended AOTs for components when repair
time for a failed component has exceeded the TS limits on outage time for



chac component. An evaluation of the "one-cime" risk from extending the out-
age time is necessary. Foe example, this consideration of the one-cime risk.
from the one extension is different from the case where AOTs are specified
for the plant life and the cumulative AOT risk during the plant lifetime must
also be considered. However, when the AOTs are determined on a sound and
rigorous basis, as is the goal of the PETS project, then the requests for ex-
tensions should be relatively rare.

Test-After-Failure and Component Monitoring". For some systems, present
TS require testing of a redundant train of components when the other train
has been found to be in a failed state. If the second train is also found to
be in a failed state, the reactor must go into the shutdown procedures before
repair of either train is initiated. Several important issues arise with
this type of requirement, which the methodology must address. First, the
conditions under which the test-after-failure practice should be established
must be addressed. Second, there are certain (obvious) situations where the
decision would be made to not go into shutdown even if both trains of a
safety system were found to be in a failed state; e.g., if that; system was
required for shutdown.

AOTs Based on Cumulative Downtime Considerations. One approach for
determining AOTs is to allot a given total allowed down time for some period
of operating time. The total allotted downtime could then be used as compo-
nent failures or maintenances occur. After each failure or maintenance, the
downtime used would be subtracted from the total allotment. As further fail-
ures or maintenances occur, the expended downtimes would be subtracted from
the updated allotments. If the allotted downtime is used up before the
specified operating period is over, some corrective action would need to be
taken such as going to shutdown.

This approach is attractive since it directly controls the downtime con-
tribution over the operating period, while giving the plant flexibility in
expending the allotted downtime on specific failures and maintenances. How-
ever, there are potential problems with this approach. By controlling the
total downtime over a specified operating period, only the average risk con-
tribution over the period is controlled. At any given point in time, the
risk contribution can be significantly higher or lower than the average.
Also, when the allotment is used up, the actual risk at that time, and pro-
jected into the future, may be entirely unacceptable. The practical imple-
mentation and bookkeeping associated with the approach may also create opera-
tional problems.

2.2 Determination of the Level or Bases for Evaluation

Analysis of TS evaluation can be based on any of the various levels.
The total risk measure (probability x consequence) obtained from PRA-based
evaluations is directly tied to risk and can provide the basis for cost-
benefit evaluation. Much of the evaluation in the program is expected to be
performed at the system unavailability and the accident sequence level; how-
ever, based on specific cases where consideration of shutdown risk is neces-
sary and economic impact is to be included, total risk ndasure should be
considered.

At the accident sequence level, TS are evaluated with regard to their
impact on accident sequence frequencies. This level of analysis will allow



inclusion of other issues besides the ones that can be addressed at component
and system level. This includes the consideration of the number of dominant
sequences, system interactions which are accounted for in the development of
accident sequences, Che possibility of inclusion of test caused initiating
events, and the analysis of accident sequence vulnerability due to multiple
component outages.

At the system level analysis, the TS will be evaluated based on their
impacts on system unavailability. A system level strategy will involve set-
ting a criteria at the system level (absolute or relative). System models
can be used for conducting the-unavailability calculations. Analysis at the
system level allows consideration of issues such as system reconfiguration
due to test, the surveillance test strategies (sequential, staggered, and
adaptive), and the test after failure requirements.

An analysis focused on a component level attempts to assure the relia-
bility of the component independent of its relation to the remainder of the
plant. The parameters which influence component unavailability include the
test duration, degradation due to test, test efficiency, test-caused fail-
ures, override efficiency, probability of repair, and the repair time.

3. RISKS ASSOCIAfED WITH AOTS

In this section, the risk impacts of various AOT requirements are
determined using PRA models. The methodology for evaluating the impacts of
testing and maintenance activities is presented and its application Co the
Arkansas Nuclear One Unit 1 (ANO-1) power plant is demonstrated (using core-
melt frequency as the risk measure).

3.1 AOT Risk Methodology

The operating risk of a nuclear power plant, during an AOT, is the risk
associated with the component being down and unavailable were it needed if an
accident was to occur. The formulation of various AOT risks are presented in

Refs. 3 and 10 and the risk, Ri , from various downtimes for component i

occurring over a reference period, T, is represented as: R. « («D.T)«C.«d

where u^ is the maintenance frequency, C+ is the core-raelt frequency when the

component is down and d is the AOT as specified in the technical

specifications.

AOT
The increase in risk during the downtimes is given by, AR. •

(o> T)(C+-C )«d - (<D.T)(I )d where C is the core-melt frequency when the
1 1 O 1 1 . O

component is not known to be down.

This definition of cumulative risk increase assumes that every time ihe
component is taken out of service the entire AOT period is used. The ex-
pected AOT risk can be lower since many repairs can be completed in shorter
time periods and the average time is less than the defined AOT. However,
since the whole AOT is allowed to be used, evaluating the risk with the en-
tire AOT gives, by definition, the risk which is allowed by the AOT.

The PETS program has therefore addressed three different kinds of risk
that are associated with a downtime during which an LCO is violated, viz.,



The increase in risk level (Ct-C ) at the time the component Is

known to be clown (e.g., the increase in core-melt frequency).

2. The accumulated risk increase from one downtime, ArAOT called

the single downtime risk (e.g., the increase in core-melt probabili-
ty from one downtime).

3. The accumulated risk increase from the expected number of downtimes
(u») which will oc.cur in some time period (T) which is the cumulative
downtime risk (e.g., the increase in core-melt probability in a
reactor year that is expected to occur from LCO violations).

3.2 AOT Risk Example

For example, Figure 2 presents an overlay of the single downtime risk
and cumulative downtime risk for a particular plant using current AOT values.
The single downtime risk (i.e., Ar. *(CT-C )d) has a tendency to show higher

1 1 O
risk values although for specific components the cumulative downtime risk

AOT
(i.e., AR. =» oo.TI.d) can be larger if the expected number of violations or
downtimes (ui) in time period T is greater than unity. For this particular
example, Table 1 shows the components with the highest and lowest cumulative
downtime core-raelt probability risk for LCO violation which, along with
Figure 2, show a wide range in the downtime risk. The results show that 79%
of the cumulative AOTs have core-melt contributions below 1x10" and 37% of
the AOTs have contributions below 1x10,-9
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Figure 2. Overlay of single downtime risks and cumulative downtime
risks (All systems: 97 components)



Table I. Components with Highest/Lowest Cumulative Downtime Core-Melt
Probability Risk in One Reactor Year

HIGHEST

_
Component

EFW Pump P7A
AC Bus (Trans. X5)
CWUVCH4A
HP Pump P36C
SW Pump P4C
Diesel Generator 1
CWU VCH4B
SW Pump P4B
Diesel Generator 2
EFW MOV CVY-2
EFW MOV CVX-1
EFW MOV CV2620
Batter Charger D05
AC Bus B4 CB
EDW Pump P7B
Bus RS2
ESAS C-86 Power Supply
ESAS C-91 Power Supply
Bus D01 CB 0122B
Battery Charger D04

AOTs
(hrs.)

36
24
24
60
36
168
24
36
168
36
36
36
8
8
36
8
12
12
8
8

Ave rage
Downtime
Length

7
24
7
7
7
25
7
7

25
4
4
4
8
4
7
8
4
4
4
8

Maintenance
Frequency
(Events/Hr)

3.1 E-5
5.0 E-6
6.2 E-5
3.1 E-5
2.9 E-5
6.0 E-5
6.2 E-5
2.9 E-5
6.0 E-5
1.8 E-6
1.8 E-6
1.8 E-6
2.8 E-6
1.0 E-6
3.1 E-5
1.0 E-6
6.4 E-6
6.4 E-6
1.0 E-6
2.8 E-6

Cumulative Downtime
Risk Using the

Average
Downtime
Length

1.3 E-6
6.2 E-6
1.6 E-6
6.0 E-7
7.6 E-7
5.8 E-7
8.8 E-7
5.6 E-7
2.7 E-7
1.1 E-7
1.0 E-7
1.0 E-7
4.5 E-7
2.1 E-7
4.7 E-8
1.9 E-7
5.7 E-8
5.3 E-8
8.0 E-8
1.6 E-7

AOT as
Downtime
Length

6.7 E-6
6.2 E-6
5.4 E-6
5.1 E-6
3.9 E-6
3.9 E-6
3.0 E-6
2.9 E-7
1.8 E-6
9.5 E-7
9.3 E-7
9.3 E-7
4.5 E-7
4.1 E-7
2.4 E-7
1.9 E-7
1.7 E-7
1.6 E-7
1.6 E-7
1.6 E-7

LOWEST

EPI Pump P36A
RPS Channel A Bypass
RBSS Pump P35A
HP MOV CV1220
LP MOV CV1400
VUC14A
Bus RS44B
SW MOV 3640
RBSS MOV CV2400
ESAS Logic LI35
EFW MOV CV2626
EFW MOV CVY-30
A/C Unit VE1A

60
4
36
60
60
24
8
36
36
12
36
36
4

7
4
7
4
4
4
8
4
4
4
4
4
7

3.1
1.4
3.1
4.0
4.0
4.0
1.0
4.0
4.0
1.3
1.8
1.8
6.2

E-5
E-3
E-5
E-7
E-7
E-7
E-6
E-7
E-7
E-6
E-6
E-6
E-5

1.3
6.2
1.6
6.0
7.6
5.8
8.8
5.6
2.7
1.1

E-9
E-9
E-ll
E-ll
E-12
E-12
E-12
E-13
E-12
E-l

e
e
e

9.3
1.1
3.3
2.9
1.2
4.9
3.2
2.9
3.6
4.7

E-9
E-9
E-10
E-10
E-10
E-ll
E-li
E-ll
E-12
E-12

e
e
e



3.3 AOT Risk Control

This example illustrates that in order to control the risks associated
with LCO violations both the single and cumulative downtime risk need to be
controlled. The AOT controls only one factor, the downtime in either risk.
The component importance, I (or risk impact) of the downtime or LCO violation
is the second factor that needs to be controlled. Presently, this is par-
tially controlled by design and by testing the redundant train before mainte-
nance begins. Finally, the maintenance frequency, u, is the third factor in
controlling the cumulative-downtime risk. Thus, when a component is down,
the components which can most c-ritically affect the risk, impact (importance)
of the component being down are those that are in the same minimal cutset as
the component. These are termed as the status impacting components which can
be straightforwardly obtained from PRA models. Accordingly, from a risk
standpoint, to reduce or control the importance (I) of a component going down
at least one component in each minimal cutset with the downed component
should be checked or tested before repair has begun.

The example also tends to illustrate that permanent modifications to
existing AOTs requires not only evaluations of the single downtime risk., r,
for each modification but also the sum of the cumulative risks for all the
modifications.

Further details of the analysis are provided in the cited references
where specific issues associated in evaluating single and cumulative downtime
risks are elaborated. These special issues involve component and system
interactions, system reconfigurations, and truncations of minimal cutsets.
In particular, calculating the risk impact (or importance I) requires knowing
what components have to be reconfigured to other states or positions
(statuses) before beginning repair on the downed component. Calculating the
risk impact using PRA and system models must be done using the reconfigura-
tions that are defined in the plant's TS and operating procedures.

3.4 AOT Risk Evaluation

The PETS program has indicated that in applicant submittals for proposed
permanent AOT modifications, the most comprehensive risk evaluations should
consist of evaluating the single and cumulative downtime risks at average and
maximum values. Uncertainties in the risk values from uncertainties in data
should also be addressed by either doing sensitivity or uncertainty analyses.
There are standard uncertainty and sensitivity approaches which can be used
and which are described in the PRA Procedures Guide (NUREG/CR-2300).

The overall risk (e.g., the core-melt frequency) with the modified AOTs
can also be evaluated. However, the specific downtime risk contributions
with the modified AOTs, i.e., the single downtime risk and cumulative down-
time risk should also be presented.

It Is most comprehensive to evaluate the core-melt frequency effects of
the proposed AOT modifications. However, function and system unavailability
effects can also be evaluated. At a system level, interactions need to be
addressed.

A draft analysis guide prepared by the PETS program outlines the analy-
ses that should be performed in quantifying the downtime risks.



4. RISKS ASSOCIATED WITH STIS

Paralleling Section 3, this section highlights the methodology for eval-
uating STI risks. An example, using ANO-1, typifies the analysis procedure
for using PRA models.

4.1 STI Risk Methodology

The risk impact of a test consists of two aspects - the risk reduction
due to the outcome of the -test and the risk increases due to the performance
of the test itself. Detailed development of the risk impact of a surveil-
lance test is presented in Ref. 4 and a bounding representation of the risk

STI + — STI
impact can be described as, R. ™ q.[R.-R.] where R, is the risk impact of

a surveillance test on component i considering the risk reduction aspect, q.

is the component unavailability, R* signifies the risk (expressed in terms of

core-melt frequency) when Che component is known to have failed and R~ is the

risk when the component is assumed available.

In performing a surveillance test, in many instances, a number of compo-
nents are tested together and the test can detect failures in all these com-
ponents. The risk impact of a surveillance test should therefore account for
all the tested components and associated failure modes. Thus, for n corapo-

STI r + —
nents tested by a single test, R » £ q.,[R,-R.] .

i-1 X x

4.2 STI Risk Example

The above summary of the bounding evaluation of risk impact of surveil-
lance testing does not include the risk due to the downtime, the possibility
of degradation due to test, the effect of wear-out of components, and the
test-caused transients resulting in the possibility of unscheduled shutdowns.
However, in many cases the bounding evaluation is sufficient to justify the
needed improvement in technical specifications.

For example, continuing with the example cited in Section 3, STI re-
quirements for safety systems were evaluated using the conservative methodol-
ogy presented above. In both cases, system models and accident sequences de--
fined in Reference 11 were used for calculating the conditional core-melt
frequencies. The results, shown in Figure 3, indicate that 53% of the sur-
veillance tests have core-melt contributions below lxlO"7 and 35% have con-
tributions below lxlO"8. For this case, the risk impacts of STI requirements.
can vary widely on a risk scale. Further details'* indicate that a signifi-
cant portion of these requirements may have a minimal risk impact with many
STIs extended with minimal increase in plant risk. However, those that have
significant risk impacts justify the necessity of adequate surveillance tests
for identifying the relevant failure modes of components/systems. However,
it is possible that an appropriate test strategy, e.g., staggering as com-
pared to sequential testing, may compensate modifications in the test Inter-
vals for components/trains in the high impact risk category.

In such cases where more detailed analysis is warranted, time-dependent
methods, such as FRANTIC, can be employed. Some of these details are pre-
sented in a companion paper to this meeting.
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4.3 STI Risk Control

Present surveillance testing largely focuses on reducing the between-
test (or standby) risk contributions even though these may not be the domi-
nant risk contributions. This philosophy has resulted in a large number of
tests resulting in reduced test unavailability but possible higher accident
unavailability. For better STI risk control, the risk aspects that need to
be quantified and evaluated are the risks stemming from between-test contri-
butions (i.e., from standby failures, true demand failures, and operating
phase contributions), the risk due to realignment during testing (i.e., the
at-test risk), the risks due to repair of components (i.e., the test-repair
contribution) and test strategy (i.e., the placement of tests).

4.4 STI Risk Evaluation

If the incremental risk due to the combined effect of multiple STI
changes is within acceptable levels, STI modifications can be sought provided
that assurances are made that the tests are adequate to identify all the dom-
inant failure modes. For example, implementation of an effective relia-
bility-centered surveillance program, may provide the requisite justification
for an increase in the test /nterval. However, it is believed that a signif-
icant portion of present STI requirements can be made more risk-effective
using the conservative bounding analysis that has been described.

5. SUMMARY AND CONCLUSIONS

This paper presents a brief overview of the activities being conducted
under the PETS Program for the NRC. Thru examples is showed how PRA .nodels
ca be used to address downtime and test interval risks. From a techrical
specification point of view, the paper identified the risk impacting issues;
it indicated what risks are to be controlled in modifying AOTs and STIs and
how these risks can be evaluated using conservative PRA models. In nany
areas of technical specifications the risk-based methodology developed in the
PETS Program can help provide the means to establish valid technical bases.



The paper also illustrates that baaed on the risk implications in AOTs and
STIs of risk-unimportant components, it is quite evident that such extensions
can be granted without; affecting the risk from the plants. Other issues
identified in paper, notably test-after-failure and allowed cumulative outage
time considerations, still require further study. The PETS Program is pursu-
ing investigation into these areas.
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