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- ABSTRACT

This report documents an analysis of the reliability of emergency - diesel
~ generator (EDG) power systems at U.S. commercial nuclear plants during the
period 1987-1993. To evaluate EDG power system performance -estimates are
. given ‘of individual EDG train reliability to supply emergency ac power- to the
safety-related bus. The estimates are based on EDG train performance data that
would be typical of an actual response to a low-voltage condition on a safety-
related bus for averting a station blackout event. A risk-based analysis and an
engineering analysis of trends and patterns are performed on data from EDG
operational events to provide insights into the reliability performance of EDGs
throughout the industry and at a plant-specific level. Comparisons are made to
EDG train statistics from Probabilistic Risk ~Assessments, Individual Plant
Examinations, and NUREG reports, representing 40% of the U.S. commercial
nuclear power plants. In addition, EDG train reliability estimates and associated
uncertainty intervals are compared to station blackout target reliability goals.
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EXECUTIVE SUMMARY

. This report presents an evaluatron of the performance of emergency dlesel generator (EDGQG) trains
at U S commercial nuclear power plants. The study is based on the operating experience. from 1987
through 1993, as reported in Licensee Event Reports (LERs) and Special Reports. The data extracted
from LERs and Special Reports for plants reporting under Regulatory Guide 1.108 requirements were
analyzed in three ways (referred to in this report for simplicity as RG-1.108 data). First, the EDG train
unreliability was estimated, and the factors affecting unreliability were determined. The estimates were
analyzed to uncover trends and patterns within EDG ftrain reliability. The trend and pattern analysis
yielded insights into the performance of the EDG train on plant-spec1ﬁc and industry-wide bases. Second,
comparisons were made between the estimates calculated in this report and EDG train unreliabilities
reported in the selected PRAs, IPEs, and NUREGs (PRA/IPEs). The objective of the comparisons was to
* indicate where RG-1,108 data support or fail to support the assumptions, models, and data used in the
PRA/IPEs. Third, plant-specific estimates of EDG train reliability derived from the RG-1.108 data were
calculated. These estimates were compared to the station blackout (SBO) target reliability goals. For the
non-RG-1.108 population of EDGs, the results of a cursory analysis and comparisons derived solely from
LER data associated with unplanned demands were presented

Twenty-mne plant nsk source documents PRA/IPEs were used for comparison with the EDG
reliability results obtained in this study.. The information extracted from the source documents contain
relevant EDG train statistics for 44 plants comprising 97 EDGs. The data represent approximately 40% of
the plants and EDGs at operating nuclear power plants. Of the 44 plants, 29 report in accordance with the
requirements identified in Regulatory Gurde 1. 108 e

EDG train unrellablhtles were estlmated usmg a fault tree model to combine broadly defined train
failure modes such as failure to start or failure to run into an overall EDG train unreliability. The failure
probabilities for the individual failure modes: were .calculated by reviewing the failure information,
categorizing- each failure event by failure-mode, and then estimating the corresponding number of
demands (both successes and failures). Approximate PRA/IPE-based unreliabilities were calculated from
the failure data documented in the respectlve PRA/IPE for the start, load run, and maintenance phases of

the EDG lram operatlon S ; :

The estimated EDG tram unrehablhty denved from unplanned and cychc test demand data for the
RG-1.108 plants was 0.044. The EDG train unreliability was estimated from 50 failures observed during
181 unplanned demands and 682 cyclic (18 month) surveillance tests. The observed failures were
classified as either failure to start, failure to run, or maintenance out of service.: Maintenance out of
service was further classified as to whether or not the plant was in a shutdown condition at the time of the
demand. ‘In addition, recovery of EDG trains from failures during unplanned demands were identified.
'I'he'unrehabxhty' estimate includes consideration of recovery of EDG train failures, maintenance out of
service while the plant is not in a shutdown condition, and assumes an |8-hour mission time. Maintenance
out of service is the major contributor to EDG train unreliability. Approximately 70% of the unreliability
is attributed to maintenance being performed on an EDG train at the time of an unplanned demand. If

“recovery.is excluded, the estimate of an EDG train unreliability is 0.069. The causes of unrellabrhty were
: pnmanly electncal in nature and typrcally the result of hardware malfunctions. - n

The EDG tram farlures observed durmg an unplanned demand whrch contributed. to- EDG
- unreliability appeared to be difficult for operators to diagnose and recover. These EDG train failures were
caused by problems associated with instrumentation and controls, and electrical subsystems. The failures
associated with the instrumentation and controls subsystem were difficult for plant personnel to diagnose,
and were the result of intermittent actuation of the temperature and pressure switches in the automatic
‘shutdown circuits. In approximately 50% of these failures, troubleshooting activities failed to find a
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cause for the EDG failure and the EDG was restarted without performing any corrective maintenance. In
one case the troubleshooting lasted 2.5 hours with the safety-related bus de-energized throughout the
troubleshooting The failures associated with the electrical subsystem were the result of a personnel error
in operation of a running EDG and a hardware-related problem in the timer for the sequencer »

The EDG train failures that occurred during cychc surveillance tests which .contributed to
unreliability were either the result of electrical-related - failures, or leaking/loose components. The
electrical-related failures primarily contributed to the failure to start probability. These failures were
primarily the result of blown fuses and the malfunction of relays, potentiometers, contacts, solenoids and
resistors associated with the voltage regulator, governor, and sequencer. The failures that resulted from
either leaking or loose components dominated the failure to run probability. The leaking or loose category
of failures was associated with a broad variety of components. However, the leaking or loose components
were typically the result of errors associated with maintenance (improper assembly of the components)
and either vibration or wear-induced fatigue failure. A ‘significant number' of the leaking or loose
components appeared over an hour after the EDG was running, and therefore may not be detected in the
monthly test due to the short run time of the monthly test, compared to the cychc test’s endurance run.

The average of the plant-specific RG-l 108-based estimates of EDG train unreliabihty is in
agreement (approximately 13% higher) with the average of the PRA/IPE estimates, assuming an 8-hour

run time of the EDG. Generally, the RG-1.108-based estimate for failure to start and maintenance out of

service probabilities agree with their respective PRA/IPE counterparts. However, for a 24-hour mission
time for the EDG train, the average PRA/IPE estimate of failure to run is approximately a factor of 30
higher than the corresponding RG-1.108-based estimate. Figure ES-1 provides a plot of PRA/IPE and
RG-l 108 estimates of EDG train unreliabilities and uncertamtles for RG-l 108 reporting plants

Based on the mean reliability, all of the RG-l 108 plants (44) with an EDG target reliability goal of
0.95 attain the SBO target goal provided that the unavailability of the EDG due to maintenance is ignored.
The reliability estimate for the overall population of EDGs at RG-1.108 plants with a 0.95 SBO target
goal is 0.987, with a corresponding uncertainty interval of 0.96, 0.99. For the RG-1.108 plants with a
EDG target reliability goal of 0.975, eighteen of the nineteen RG-1.108 plants, based on the mean
reliability, attain the reliability goal provided that the unavailability of the EDG due to maintenance is
ignored. The EDGs associated with the plant not achieving the 0.975 reliability goal had a mean
reliability of 0.971. However, when uncertainty is accounted for, these EDGs have approximately a 0.54
probability of meeting or exceeding the 0.975 reliability goal. The reliability estimate for the overall
population of EDGs at RG-1.108 plants with a 0.975 target goal is 0.985, w1th a corresponding
uncertainty interval of 0.95, 0.99.

The effect of maintenance unavailability on EDG'reliability is signiﬁcant based on the RG-1.108
data. The technical basis for the Station Blackout Rule assumes that such unavailability is negligible
(0.007). The estimate derived from the RG-1.108 data for maintenance out of service is 0.03. Forty of
the 44 RG-1.108 plants with a 0.95 target reliability attain the goal when comparing mean estimates. The
reliability estimate for the overall population of EDGs at RG-1.108 plants with a 0.95 target goal is 0.956,
with a corresponding uncertainty interval - of 0.92, 0.99. For the RG-1.108 plants with an EDG target
reliability goal of 0.975, none of the EDGs meet the target reliability goal. The reliability estimate for the
overall population of EDGs at RG-l 108 plants with a 0.975 target goal is 0.954, with a correspondmg
uncertamty 1nterval of 0. 91 0.98. :
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- Plant-specific unreliability & uncertainty interval
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Figure ES-1. Plot of PRA/IPE and RG-1.108 estimates of EDG train unreliabilities and uncertainties
with recovery for Regulatory Guide 1.108 reporting plants. The FTR contribution is based on the mission
time stated in the PRA/IPE (with the exception of Susquehanna and Palo Verde).
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Based on the limited failure data (i.e., unplanned demand data only) for the non-RG-1.108 plants,
reliability parameters estimated for this population of EDGs tend to agree with those generated for the RG- -
1.108 plants. The reliability estimate (without maintenance unavailability) for the overall population of
EDGs at the non-RG-1.108 plants is 0.984, with a corresponding uncertainty interval of 0.97, 0.99. This
unreliability is attributed to hardware-related failures of the output breaker that were not observed in the
RG-1.108 reporting plants. Owing to the sparseness of the non-RG-1.108 data, the reliability estimates
apply to either SBO target reliability goal. The reliability estimate for the overall population of EDGs at the
non-RG-1.108 plants with maintenance unavailability mcluded is 0.958, w1th a correspondmg uncertamty
interval 0£0.92, 0.98. Ny , v

Trendmg analys1s of the failure rate, unplanned demand rate and unrehabxhty data by year indicates o
no statistically significant trend over the 7 years of the study period. However, the smallest number of -

events for any given year did occur in 1993. The analysis of plant-specific unreliability by low-power =~

license date indicates no statistically significant trend. However, analysis of plant-specific EDG failure -
rate by low-power license date identifies a statistically significant trend. The trend indicates that the plants
with low-power license dates from 1980-1990 typically had an EDG failure rate greater than those plants
with a low-power license date prior to 1980. The trend observed by low-power license date for the EDG
failure rate requires further investigation as to the cause of the trend. Information in the LERs was not
sufficient to determine the reason for the trend. Each of the trending analyses are prov1ded in Figures

"ES-2 through 6.
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Figure ES-2. EDG unplanned demands per EDG-year with 90% confidence intervals and ﬁtted trend.
The trend is not statlstncal]y significant (P-value—O 08) : o .
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Figure ES-3. EDG fallures per EDG-year with 90% conﬁdence intervals and fitted trend. The trend is
not statistically significant (P-value=0.30).
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Flgure ES-4. EDG tram unrehabrhty by calendar year based on a constramed nomnformatrve pnor and‘
annual data. Nmety percent Bayesran intervals and a fitted trend are included. The trend is not
statistically significant (P-value=0.75).
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Figure ES-5. Plant-specific unreliability based on constrained noninformative prior distributions and an
8-hour mission, plotted against low-power license date. Ninety percent Bayesian intervals and a fitted
trend are included. The trend is not statistically significant (P-value=0.62). o
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Figure ES-6. Plant-specific EDG failures per EDG-year, plotted against low-power license date. Ninety

percent Bayesian intervals and a fitted trend are included. The trend, based on a fit of the logarithms of
the rates as a function of low-power license date, is statistically significant (P-value=0.007).
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DEFINITION OF TERMS

Common cause failure (CCF)—A set of dependent failures resulting from a common mechanism in
which more than one EDG train exists in a failed state at the same time, or within a small time interval.

EDG Train—An EDG train is a single d1esel engine, electrical generator, and the associated
support subsystems necessary to power and sequence the electncal loads on the vital ac bus Typlcally,
two or more EDG trams constltute the onsite emergency ac power system.

Failure—A malfunction of the EDG train or associated support subsystems that prevents the EDG
train from starting and running when a demand has occurred. An administrative 1noperab1]1ty, suchasa’
missed surveillance test, does not constitute a failure.

Failure to run (FTR)—A failure of the EDG train to continue to supply power to its respective
safety-related electncal bus given the EDG train successfully started

Failure to start (FT. S)—A failure of the EDG train to either manually or automatlcally start on a
bus under-voltage condition, reach rated voltage and speed, close the output breaker, or sequence safety-
related electrical loads onto the respectlve safety-related bus

Demand—An event requiring the EDG to start and supply power to the safety-related bus. This
event may be the result of a scheduled (i.e., cyclic surveillance test) or an unscheduled (i.e., unplanned)
demand. An unscheduled demand is an under—voltage condition on the EDG’s safety-related bus thereby
requiring the EDG to supply power to the affected bus. A safety injection signal is not considered an
unscheduled demand for this report, since the EDG is not required to supply power to the safety-related
bus for this plant condition.

Inoperability—An occurrence where one or more EDG trains were not fully operable as defined by
applicable plant technical specrﬁcatlons or Regulatory Guide 1. 108 Inoperablhtles may or may not be an
actual failure of the EDG train. -

Load shedding—aAutomatic removal of all electrical equipment powered on an electrical bus.

Maintenance out of . service (MOOS)—Failure of the EDG train caused by the EDG train being out
of service for elther preventatlve or corrective mamtenance at the time of an unplanned demand

Maintenance unavazlabzlxg»—Probablhty that the EDG tram is unavailable due to MOOS

Mission time—The elapsed clock time during which the EDG train is required to provide power to
the safety-related electrical bus. For an under-voltage condition on the safety-related bus, it is the length
of time to successfully recover offsite power. For EDG train testlng, itis the required test run time as

specified in the testing program (RG-1.108).

Operational Data—A term used to represent the industry operaung experience reported in LERs,
Special Reports, or monthly operating reports. It is also referred to as operational experience or industry
experience.

PRA/IPE—A term used to represent the data found in the PRAs, IPEs, and NUREGS.
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P-value—The probability that the data set would be as extreme as it is, assuming the model or
hypothesis is correct. It is the mgmﬁcance level (0.05 for this study) at which the assumed model or
hypothesis would be statistically rejected.

Recovery—-'-An act that énables the EDG train to be recovered from either an FTS or FTR failure.
Recovery of an EDG was only considered in the unplanned demand events, because these are the types of
events where recovery of power to the vital bus is necessary. Each failure reported during an unplanned
demand was evaluated to determine whether recovery of the EDG train by operator actions had occurred.
Some events identified recovery of power to the vital bus using off-site power when the EDG failed to
respond to the bus low-voltage condition. These events were not considered a successful recovery of the
EDG train because the EDG train was left in the’ failed state. In these events, the initiator of the bus low-
voltage condition was actually corrected.

Restoration failure—An incipient failure condition of the EDG train that results from a fallm'e to
restore the EDG to a standby operating condition. A restoration failure reset (RFR) condition occurs when
emergency actuations are reset and a protective trip signal (e.g., low cooling water flow/discharge
pressure, high vibration, etc.) of the EDG is present. This condition would result in tripping the EDG and
a potential station blackout if offsite power was not previously restored. A restoration failure of offsite
power (RFP) condition occurs during a parallel operation of the EDG with offsite power. During parallel
operations, failure mechanisms exist (e.g., performance of the voltage and speed regulators) for the EDG |
that are not present when operating independent of offsite power. These failure mechanisms can trip the
EDG and/or cause c]ectncal dxsturbances on the electrical bus, potentlally resultmg ina statlon blackout
condmon : : .

Safety ﬁmctzon—The requlrement that an EDG tram starts and loads its assoc1ated vital bus for the
duration of 1ts nnss1on t1mc 2 o

Sequencerﬁ&. systcm device that controls the order and tlrmng of emergency loads that are .
automatxcally loaded onto the safety-related bus. It can be dzstnbuted with various devices located
throughout the electrical system, or discrete, that is, contained in a single cabinet/panel, and is generally a
solid state device.

Self-Initiated Failure (SIF)—A special class of EDG train failure to successfully start. These
failures are differentiated from the FTS events because the demand for the EDG train also causes the
EDG train to fail to start. The demand and failure of the EDG train is typically the result of a sequencer
fault that strips the vital bus and subsequently prevents the bus from loading from the EDG train.

Unrelzabzlzty———Probablhty that the EDG tram will fail to nerform its reqmred mission (e g prov1de ‘
power to a bus for the required time).
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Emergency Diesel Generator Power
System Reliability, 1987-1993

" 1. INTRODUCTION

The U.S. Nuclear Regulatory Commission (NRC), Office for Analysis and Evaluation of Operational

Data (AEOD), in cooperation with othér NRC Offices, has undertaken an effort to ensure that the stated

NRC policy to expand the use of probabilistic risk assessment (PRA) within the agency can be

implemented consistently and predictably. As part of this effort, the AEOD Safety Programs Division is

- reviewing the functional reliability of risk-important systems in commercial nuclear power plants. The

approach is to compare the estimates and associated assumptions found in PRAs and Individual Plant

Examinations (IPEs) to actual operating experience. The first phase of the review involves the identification

of risk-important systems from a PRA perspecuve and the performance of reliability and trending analysis

on these identified systems. As part of this review, a risk-related performance evaluation of emergency
diesel generator (EDG) power systems at U S commerclal reactor plants was performed

The evaluatxon measures EDG power system performance using actua.l operating experience under
conditions most representative of circumstances that would be found in a response to a postulated loss-of-
offsxte-power event. To perform this evaluation and make comparisons to the relevant information provided
in the PRA/IPESs, it was necessary to evaluate system reliability on the individual train level. Therefore, the
reliability estimates presented in this study are based on the individual EDG trains in performing their risk-
significant function. These estimates of EDG train reliability were based on data from unplanned demands
as a result of an actual safety-related bus low-voltage condition, and surveillance tests that best simulate an
EDG train response to a safety-relaxed bus low-voltage condition. Data were not used from component
failures that did not result in the loss of the nsk-mgmﬁcant function of the EDG train. Also, partial
demands, whether unplanned and not in response to a low-voltage condition or tests that did not simulate a
complete EDG response to a low-voltage condition, were not used to estimate reliability. These partial
demands were not used to estimate reliability because they do not represent the same stresses the EDG train
would experience during a loss-of-oﬁ‘site-power event.

As a result of the focus of this study, the classxﬁcauons of the various failure modes found in this
report are based on the criteria 1dent1ﬁed in NUREG/CR-2989, Reliability of Emergency AC Power
Systems at Nuclear Power Plants.! NUREG/CR-2989 contains the results of a reliability analysis of the
onsite ac power system relative to calculating the expected frequency of a station blackout. Because of this
focus, NUREG/CR-2989 was chosen as the reference for classifications of the various EDG train failure
modes. These criteria are different from those found in Regulatory Guide 1.108, Periodic Testing of Diesel
Generator Units Used as Onsite Electrical Power Systems,” Regulatory Guide 1.9, Selection, Design, and
Testing of Emergency Diesel Generator Units Used as Class 1E Onsite Electrical Power Systems,’ and
other studres such as NSAC-108, The Reliability of Emergency Diesel Generators at U.S. Nuclear Power
Plants.’ The regulatory guides and the NSAC-108 study present criteria for evaluating EDG train
performance during testing that do not always simulate a complete EDG train response as would be
observed during a loss-of-offsite-power event. In addition, the NSAC study and regulatory guides present
different and conflicting definitions of demands, failures, and failure modes than those that would be used
in a risk-based assessment.
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The EDG train performance study was based upon the operauog experience during the period from

1987 through 1993, as reported in Licensee Event Reports (LERs) a.nd Speclal Reports. The objectives of

the study were to:

1 Esnmateunrehablhtybasedonoperauonaldataandcomparethemults with the assumptions,
models, and data used in selected probabilistic risk ass&ssment and individual plant
examinations.

o 2. Compare thc plant-specnﬁc mm of BDG tram rehabllxty to EDG targct rehablhty goals for

station blackout concerns.

3. . Providean analysis ofthe factors a.ffecung unrehabnhty and deterrmne 1fucnds and pattems are
present in the operatlonal data. o _ ;

This report is arranged as follows. Séction 1 provides an intfoduction. Soction 2_'dwcn'bm the scope
of the study, which includes a description of the EDG train and brief descriptions of the data collection and

“analysis methodologies. -Section 3 presents the results of the risk-based analysis of the operational data.

Section 4 presents the results of the mgmeenng analysis of the operatxonal data. Sectxon 5 contains the
referenccs :

Appendn: A acplams in detaxl the methods used for data oollectxon, charactenmuon, and subsequent

ﬂanalysxs Appendix B presents summary lists of the data. Appendix C summarizes the detailed statistical
analyses used to determine the results presented in Sections 3 and 4 of the body of the report.
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2. SCOPE OF STUDY

- This study documents an analysxs of the EDG train operauona.l experience durmg l987~l993 at US.

B commercial nuclear power plants. The analysxs focused on the ability of the EDG train to start and load its
associated safety-related bus for a specified mission time. For the purposes of this study, an EDG train is a
diesel engine, electric generator, and the associated support subsystems necessary to power and sequence
the electrical loads on the safety-related bus. Typically, two or more EDG trains constitute the onsite
emergency ac power system. The EDG train boundaries, data collection, failure categorization, selection of
PRAs and/or IPEs for risk-based comparison, and limitations of the study are described in this section.

The data used in this report are limited to the set of plants listed in Appendix B, Table B-1. However,
“among these plants, exclusions occurred as follows. For the newer plants, data started from the low-power
license date. Several plants were excluded due to atypical EDG trains, lack of EDGs, or because the plants
were not operauonal during the study period; these are identified in Appendix B. Table B-1 presents for
each plant the operating utllxty, the EDG manufacturer, model number, the number of EDGs, and event

reportmg cntena

All but one of the plant designs in this study include the capabxhty for at least two EDG trains to
supply power to the plant using independent safety-related buses. The one exception is at Millstone 1 where
one EDG train and a gas turbine _generator train supply ac power to the emergency ac power system. In
some cases, a swing EDG train is used that can supply power to more than one plant (but not
simultaneously) such that two plants will have a total of only three EDG trains: one EDG train dedicated
to each specific plant and the third, a swing EDG system, capable of powering either plant. There are other
EDG train configurations, as mdlcated in Table B-1. Each EDG train uses combinations of one or two
diesel engines powering one ac electrical generator The typical EDG train comprises one diesel engine per
generator. In this study, two diesel engines powering one generator were considered as one EDG train.

Diesel engines used for fire pumps, specific Appendix R purposes, or non-<class 1E backup
generators, were not included in the study. Neither were the high-pressure core spray (HPCS) EDGs
included in this study. The HPCS EDGs are a dedicated power source for the HPCS system and do not
have load/shed sequencers. Because sequencers are absent in the HPCS EDG system and they have a
special function, these data were not included in the study. HPCS EDGs will be included in a separate
HPCS rehabxhty report.. . ‘ ) : _

- 2.1 EDG Train
' 2.1.1 EDG Operating Characteristics

The EDG train is part of the standby emergency onsite ac power system and is required to be
- available as a reliable source of ac power in the event of a loss of normal ac power during all plant modes
(operating or shutdown). Normally, each plant has two safety-related buses that power the electrical loads
required for safe shutdown and emergency conditions. These buses typically receive power from either the
- auxiliary or startup transformers, which are powered from the main generator or offsite power. In the event
of the loss of offsite power or the failure of the normal power to the individual safety-related buses, an
EDG train will provide a backup source of power to its associated safety-related bus. The EDG train has
sufficient capacity to power all the loads required to safely shut the plant down or supply emergency core
cooling system (ECCS) loads on a loss-of-coolant accident (LOCA). Plant-specific technical specifications
identify the requirements for the emergency ac power system operability under various plant conditions.
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Instrumentation is provided in the control room to monitor EDG operation following an automatic
start signal. Control switches are also available to control EDG operation or manually start the EDG if
necessary. In addition, local manual controls are available in or near the EDG room. Generally, any
automatic start of the EDG train is considered an emergency start regardless of whether the start was
planned (i.c., surveillance test) or unplanned (i.e., low-voltage condition). An EDG tram is requu'ed to

' automatxcally start upon indication of the followmg

e A losspf-coolant accident (safety injection ‘signal) o
o  Alow-voltage condition on the safety-related bus.

A safety injection signal without a loss of offsite power will automatically start the EDG; however,
the EDG output breaker will not close. The EDG train will not supply power to the safety-related bus for
safety injection events unless a low-voltage condition exists. ‘The EDG will remain at rated speed and
voltage with the output breaker open until manually stopped. Should a LOCA occur during loss of offsite

‘power, the bus is first stripped of all loads (automatic load shedding), except for selected feeds for motor-

operated valves, and isolated from offsite power sources before the loading sequence begins. After the bus

' is stripped of loads, the EDG output breaker automatically closes, and the load sequencer automatxcally

restarts selected equipment at a preset time interval onto the aﬁ'ected safety-related bus.

‘A low-voltage condition on the safety-related bus requires automatxc starting of the EDG and closmg
of the output breaker to supply electrical power to desxguated equipment on the affected bus. Should a loss .
of offsite power on any safety-related bus occur, the bus is stripped of loads by a load-shedding scheme.
Automatic loading of the safety-related bus begins after the EDG has obtained rated speed and voltage and
the EDG output breaker has closed. During an under-voltage condition, the EDG train operates
independently without being in parallel with any other electrical power source. When normal power again
becomes available, theEDGtrmncanthenbeparalleledthhthegnd, unloaded, secured, and returned to
standby condition.

For most testing purposes, the EDG train is manually started, brought up to speed, synchromzed to
the plant power system, and loaded. Normally, voltage is regulated automatically. If offsite power is lost
dunng paraliel operatmn with the plant electrical system, the EDG output breaker will ‘open automatically
via an under-frequency relay. The under-frequency relay protects the EDG from an over-load condition -
during parallel operation. The under-frequency relay opens only the output breaker and is interlocked to

- operate only in parallel operation. Once the output breaker has been opened by the under-frequency relay,

an under-voltage condition on the affected bus will exist, causing the output breaker to reclose
automatically. Operation of the EDG train from this point is sxrmlar to the loss-of-offsite-power or under-
voltage condition discussed earlier.

2. 1 2 EDG Support Subsystems :

Support subsystems are necessary for sueoessful EDG train operat:on Instrument and control
subsystems function to start, stop, and provide operational control and protective trips for the EDG.
Heating and ventilation subsystems maintain the EDG room environment and supply engine combustion
air. Controls for the diesel engines are a mix of pneumatic and electrical devices, depending on the
manufacturer. These function to control the voltage and speed of the EDG. Various safety trips for the
engine and generator exist to protect the EDG. Dunng the emergency start mode of operat:on, some of
these proteotxve trips assoclated w1th the dnesel engme are bypassed
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The cooling subsystem is a closed-loop water system integral to the engine and generator and has
some external cooling medium, generally emergency service water. The lubrication oil subsystem is a
closed-loop system integral to the engine and generator consisting of a sump, various pumps, and a heat
exchanger. The fuel subsystem provides fuel oil from large external storage tanks, having a capacity for
several days of system operation, to a smaller day tank for each engine. The day tank typically has capacity
to operate the engine for 4 to 6 hours. Day tank fuel oil is supplied to the cylinder injectors, which inject the
fuel to each individual cylinder for combustion. The engine governor maintains correct engine speed by
metenng the fuel oil to each cylinder injector. An air start subsystem provides compressed air to start the
engine. The generator, exciter, and output breaker all function to deliver electrical power to the safety-
related bus.

- Automatic load sheddmg and sequencmg controls the order and timing of emergency loads that are
loaded onto the safety-related bus. The purpose of this equipment is to prevent instantaneous full loading
(ECCS loads during a LOCA event) of the engine when the output breaker is closed. The load sequencer
consists of at least two redundant, physically separated, and electrically isolated sets of circuitry, one set
for each EDG train. Each sequencer functions independently and is associated with the sensors and safety
equipment of a particular division. Each EDG train has its own independent automatic load sequencing
equipment to -load ‘the generator. The load sequencer can either be a centrally located ‘solid - state
configuration or a distributed sequencer with associated relays and timers located in the respective load
centers on the safety-related buses. The solid state sequencer is normally used in plants designed after
1980. However, some older plants may have been backfitted with this type of sequencer. The pre-1980
plants typically have the distributed sequencer. ,

2.1.3 EDG Traln Boundaries

The EDG train boundaries selected for this study are shown in Figure 1. These boundaries are
.consistent with the boundaries identified in similar studies: NUREG-1032, Evaluation of Station Blackout
Accidents at Nuclear Power Plants’ and NUREG-2989 (Reference 1).

The boundary of the EDG train includes the diesel engme electrical generator, generator exciter,
output breaker, load shedding and sequencing controls, EDG room heating/ventilating subsystems
(including com_bustlon air), the exhaust path, lubricating oil (with the device that physically controls the
cooling medium, i.e., the nearest isolation/control valve to the EDG boundary that is actuated on a start
signal), fuel oil subsystem (including all storage tanks pennanenﬂy connected to the engine supply), and the

starting compressed air subsystem All pumps, valves, valve operators, the power supply breakers for the
| powered ltems and assocxated piping for the above support subsystems are inside the boundary of the EDG

5 NUREG/CR-5500, Vol. 5




_Figure 1. Simplified EDG train schematic.
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2.2 Operational Data Collection

The sources of EDG train operational data used in this report are based on the LERs found using the
Sequence Coding and Search System (SCSS)- database, and the Speclal Reports found in the NRC’s
Nuclear Documents Systcm (NUDOCS) database.

The SCSS database was searched for all records for the years 1987 through 1993 that identified any
failure of an EDG or its associated subsystems within the system boundary defined previously in
- Section 2.1.3. The SCSS database was also searched for all unplanned enginecred safety feature (ESF)
actuations associated with the EDGs during the study period. The information encoded in the SCSS
database and included in this study encompasses both actual and potential EDG failures during all plant
operating conditions and testing. ‘Differences that may exist between the plants in reporting EDG ESF
. actuations and failures were not considered in this report. It was assumed that every plant was reporting
EDG ESF actuations and failures as required by the LER rule, 10 CFR 50.73, and in the guidance of
NUREG-1022, Event Reporting Systems 10 CFR 50.72 and 50.73.° EDG events that were reported in
accordance with the requirements of 10 CFR 50.72 were not used in this report because of the uncertainty
associated with the completen&ss of the data provided in the 10 CFR 50.72 report compared to the
information provided in the LER. The LER data provide a more detailed account of the event needed to
determine successful operation or_ failure of the EDG, the associated failure mode, and the failure
mechanism and cause. The 10 CFR 50.72 report generally only provides a brief description of the event
and does not always contain enough data to detcnmnc failure modes or other unportant telxabllxty- and nsk-
related information. ,

In addition to the LBR-based SCSS data, some plants are required by Regulatory Guide 1.108 to
report EDG train failures detected during testing in a Special Report. Approximately 60% of the plants are
requxredtoreportEDGfmlum during a test in accordance with requirements provided in Regulatory
Guide 1.108. The specific plants reporting in accordance with the regulatory guide are identified in Table

- B-1. The Special Reports provide information that is not available in the LERs. Therefore, the NUDOCS |
database was searched for all records that 1denuﬁed an EDG Speclal Report for the 1987-1993 study
period.

Because a slgmﬁcant number of plants identified in Table B-l are not requu'ed to report EDG failures
in accordance with the reporting requirements identified in Regulatory Guide 1.108, not all EDG data were
available for this report. The data available from the plants not reporting to Regulatory Guide 1.108
requirements result from unplanned ESF actuations and any associated failures observed during the ESF
actuations [10 CFR 50.73(a)}(2)(iv)], and failures that occurred as the result of a common cause mechanism

“[10 CFR 50.73(a)(2)(vii)]. As a result of the reporting differences, the plants reporting in accordance with ,
: Regulatory Guide 1.108 and 10.CFR 50.73 provnde the most complete data source for this study, see
Appendix A, Section A-2, for more details. -

- - The information encoded in thc above databases were only used to identify LERs and Special Reports
, for screening of EDG train failure data, The information -necessary for.determining reliability, such as
“classification of EDG failures, unplanned demands, failure modes, failure mechanisms, causes, etc., were

o .based on an mdependent review, from a nsk and rehabxl:ty perspecnve, of the data provxded in the LERs

Vand Specxal Reports. .
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2.2.1 Methodology for Data Characterization

: Failure Classifications—As stated above, not all EDG train events contained in the SCSS or
NUDOCS databases resulted in actual failures. The term inoperabilit;' is used here to describe any
occurrence in which the plants reported an EDG train problem either in accordance with the requirements

of 10 CFR 50.73, or Regulatory Guide 1.108. The term failure which is also an inoperability, is an event

for which the safety function of the EDG train was lost, i.c., the EDG train did not or could not supply
- electrical power to safety-related loads for the required mission time. That is, the condition reported in the
LER or Special Report was such that the EDG train would not havc been capable of respondmg toa low-
. voltage condition on its safety-related bus.

The EDG train events identified as failures in this study represent actual malﬁmctlons that prevented
_ the successﬁxl operation of the EDG train. Slow engine starting times that exceeded technical specification
* requirements were not considered failures since facility. analyses stated that a sufficient safety margin was
present to preclude core damage even with a slow engine starting time. No starts greater than 19 seconds
were observed in the data. Most late starts, were generally 10 or 12 seconds in duration, and were within a
few seconds of the technical specxﬁcatlon required start time. EDG train events reported as potential
failures because of inadequate seismic design, environmental qualification, or other similar concerns were
‘not considered failures. Administrative inoperabilities, such as late performance of a surveillance test, did
not constitute a failure for the purposes of this report. In addition, EDG train events related to trouble-
shooting activities, such as immediately after major maintenance and prior to the post-maintenance test,
were not considered failures. Also, equipment malfunctions used solely for the purposes of testing the EDG
and which did not affect the EDG’s ability to operate, were not con51dered faﬂures

The classxﬁcanon of events as failures in thls report differs from the failure criteria defined by
Regulatory Guide 1.108. Regulatory Guide 1.108 differentiates the EDG failures by either valid or non-
valid failures based on the criteria provided in the regulatory guide. Both the non-valid and valid failures
are required to be reported in the Special Reports. As discussed above, the failure classification used in this
report was based on the EDG train’s ability to supply electrical power to safety-related loads for the
required mission time. If the EDG train was capable of responding to the bus low-voltage condition, then
the event reported in the Special Report was classified as an inoperability. However, if the EDGtramwas
not capable of responding, then the event was classified as a failure,. :

, To estimate unrehablhty of the EDG train, classxﬁcatmn of the faxlure events by failure mode was
necessary. The review of the operational data identified that when the EDG receives an automatic start
signal as a result of a low-voltage condition, the EDG is required to start, obtain rated speed and voltage,

- close the output breaker to the affected safety-related bus, sequence required loads onto the bus, and
~maintain power to the bus for the duration of the mission.. Failure may occur at any pomt in thxs process
As a result, the following failure modes were observed in the operational data: - ~

¢ Maintenance out of service (MOOS) occurred if, becausc of preventative or corrective
maintenance, theEDGwasprevented from starting. .

. Faﬂuretostart(FTS)occurredxftheEDGfaﬂedtbautomatimlletart, reach rated speed and
voltage, close the output breaker, or sequence the loads onto its respective safety-related bus.

¢  Self-initiating failure (SIF) is a special type of failure to Successfully start the EDG. These

failures were differentiated from the FTS events because the event that caused the demand for
the EDG train also caused the EDG train to fail.
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e Failure to run (FTR) occurred if at any time after the EDG successfully started delivering
_ electrical power to its safety-related bus, the EDG failed to maintain electrical power while it
was requlred L v .

. .Restoratxon failure, reset (RFR) is an incipient failure, whxch occurs when emergency actuation
~ signals are reset and a protectlve trip signal (e.g., low cooling water ﬂow/dxscharge pressure,
high vibration, etc.) to the EDG is present. This condition would result in tripping the EDG and
creating a potential interruption of power. This mode does not apply to all EDGs and depends

on the design of the trip reset function.

el Rmtoration failure, pdvi}er (RFP) is an incipient failure, which occurs while attempting to
' restore the EDG to standby with the EDG operating in parallel with offsite power. During
~ parallel operations, failure mechanisms exist (e.g., relevant to the performance of the voltage
~and speed regulators) for the EDG that are not present when the EDG is operating independent
_ of offsite power. These failure mechanisms have the potential to trip the EDG and/or cause
~ electrical dxsturbanccs on the electrical bus, potentially resulting in an interruption of power to

the bus.

e Common cause failure (CCF) is a set of dependcnt failures resulting from a common
mechamsm in which more than one EDG train exists in a failed state at the same time, or within

a small time mterval

The operational data used for this report contain events relatmg to the recovery of a failed EDG train
or restoring ac power to the -safety-related bus. Recovery of an EDG train was only considered in the
unplanned demand events, since these are the types of events where recovery of power to the safety-related
bus is nmsa.ry To recover an EDG train from an FTS event, operators have to recognize that the EDG
was in a failed state, manually start the EDG, and restore EDG electrical power to the safety-related bus.
Recovery from an FTR was defined in a similar manner. Each failure reported during an unplanned
demand was evaluated to determine whether recovery of the EDG train by operator actions had occurred.
Some events identified recovery of power to the safety-related bus using off-site power when the EDG
failed to respond to the bus low-voltage condition. These events were not considered a successful recovery
oftheEDGtrambecausetheEDGtramwas left in the failed state. In these events, the initiator of the bus
low-voltage condition was all that was actually corrected. Further details of the failure characterization,
including additional measures taken to ensure completeness and correctness of the coded data, are also
included in Section A-1 of Appendix A. o

: Demand Classifications—For the purposes of estimating reliability, demand counts must be
associated with failure counts. The first issue is the determination of what types of demands and associated
failures to consider. Two criteria are important. First, each unplanned demand must reasonably
approximate conditions observed during a bus low-voltage condition. Any surveillance test selected to
estimate reliability needs to be at least as stressful on the train as a demand in response to a bus low-

“ voltage situation. For this study, this requirement meant that the entire EDG train must be exercised in the
test. Second, counts or estimates of the number of the demands and associated failures must be reliable.
Because the criteria used for estimating the reliability of the EDG train was the ability of the EDG train to
supply power to safety-related loads, unplanned demands as a result of a bus low-voltage condition and
cyclic surveillance test demands (18-month or refueling outage testing) were used to estimate EDG train
reliability.
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For this study, an EDG unplanned demand is defined as a low-voltage condition existing on the
safety-related bus that requires the EDG to provide electrical power to the affected bus with all required

~ loads sequenced onto the bus. The mission time for the unplanned demand is the time from the start of the

low-voltage condition to restoring normal electrical power to the safety-related bus. Even though an EDG
may not be at design rated load for an unplanned demand, the EDG mission was assumed to be successful
if it carried the required load for the given plant conditions. For example, if loss of normal power occurred
on a safety-related bus and the EDG train restored ac power to the bus at 25% of full load (which is the
load that was requlrcd based on plant. condmons), then the EDG train was consxdered as successfully

completing its mission,

Plant technical specifications and Regulatory Guide 1.108 require a variety of surveillance tests. The
frequency of the tests are generally monthly and every operating or refueling cycle (18 months). The latter
tests are referred to in this report as cyclic tests. Cyclic testing, as defined in Section C.2 of Regulatory
Guide 1.108, is intended to completely demonstrate the safety function capability of the EDG train. Cyclic
testing requirements simulate automatic actuation of the EDG train up through completion of the sequencer

“actions to load the safety—related bus. The cyclic test's 24-hour loaded run segment does not simulate an

actual emergency demand, since it is performed with the EDG train paralleled with the grid rather than
being in a totally independent mode. However, the data do provide important insights mto t.he ability of the
EDG train to run for extended periods of time.

A partial demonstration (e.g., monthly surveillance testing) of the EDG train’s capability was not
considered representative of the EDG train’s performance under actual accident conditions. Surveillance
testing information that does not demonstrate the EDG train’s safety function completely, as would be
observed during a bus low-voltage condition, was not used in the assessment of EDG train reliability. For
example, the monthly testing requirements identified in Regulatory Guide 1.108 do not test the sequencer
and automatic start circuitry. Because of the guidance provided in Regulatory Guide 1.108, monthly test
demands do not represent the type of demand that the EDG train would experience during a low-voltage
condition. As a result, monthly testing data were not used to estimate the reliability of the EDG train.

Another type of partial demonstration was identified in some unplanned ESF actuations of the EDG.
Some ESF actuations resulted in starting and obtaining rated speed and voltage; however, the EDG train
was not required to supply electrical power to the safety-related bus (the EDG was not loaded). These ESF
actuations may have occurred either as a result of a valid or spurious safety injection signal, or human
error. Events of this nature did not constitute a complete demonstration of the EDG train’s safety function.
Therefore, these events were excluded from the count of EDG unplanned dcmands '

For additional details on the counting of unplanned demands and surveillance test demands, see
Appendix A.
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2.3 Methodology for Analyzing Operational Data

The risk-based and engineering analyses of the operational data were based on two different data sets.
The Venn diagram presented as Figure 2 illustrates the relationship between these data sets. Data sct A
represents all the LERs and Special Reports that identified an EDG train inoperability from the above-
mentioned SCSS and NUDOCS database searches. Data set B represents the mopcrabxlmes that resulted in-
“a loss of the safety function (failure) of the EDG train. Data set B is the basis for the enginecring analysis.
Data set C.represents the actual failures identified from LERs and Special Reports for which the
corresponding demands (both failures and successes) could be counted. As a result, data set C represents
the data used in the risk-based analysis. As discussed in Section 2.2, the test demands must reasonably
approximate the stress on the system that would be experienced during a bus low-voltage condmon
Therefore, only the cyclic test demands and associated failures were used in data set C.

To eliminate any bias in the analysis of the failure and demand data in data set C and to ensure a
homogeneous population of data, three additional selection criteria on the data were imposed: (1) the data
from the plants must be reported in accordance with the same reporting requirements, (2) the data from
each plant must be statistically from the same population, and (3) the data must be consistent (i.c., from the
same population) from an engineering perspective. Each of these three criteria must be met or the results of
the analysis could be incorrectly influenced.

As a result of these three criteria, the failure and demand data that constitute data set C were not
analyzed exclusively on the ability to count the number of failures and associated demands for a risk-based
mission, but also to ensure each of the above three criteria were met. Because the cyclic test data would
provide a larger data set and additional run time information of the EDG, only the plants reporting EDG
train failures in accordance with the requirements of Regulatory Guide 1.108 were used to provide plant-
specific estimates of EDG train reliability. Therefore, the reliability analysis contained in Section 3 was
performed separately for the plants reporting in accordance with Regulatory Guide 1.108. Only population
estimates are calculated for those plants not reporting in accordance with Regulatory Guide 1.108.

A The EDG train was inoperable as defined by
apphcable techmcal speclﬁcauons

B ThesafetyfunctlonoftheEDGtramwas
~ lost (failure). - TS

C The safety ftmctlon of the EDG train was lost
(failure) and the demand count could be
determined or estimated.

Figure 2, Tlustration of the relationship between inoperability and failure data sets.
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The purpose of the engincering analysis was to provide qualitative msxghts into EDG train
performance, not to calculate quantitative estimates of reliability. Therefore, the engineering analysis used
all the EDG train failures appearing in the operational data. That is, the engineering analysis focused on
data sct B which includes data set C with an engineering analysis of the factors affecting EDG train
reliability. For the trending analysis and the data comparisons (c.g., between the plants, between EDG
-manufacturers, failure causes/mechanisms, etc.) considered in the engineering analysis, only the data from
the plants reporhngmaooordancewntthgulatoryGulde 1.108 were used to ensure a consistency in the
 results. The only data excluded in the engineering analysis were the failures attributed to MOOS. Although
the MOOS events result in the inability of the EDG train to supply power, they do not always involve an
actual failure of the EDG train. However, anunplanneddemandofanEDGtmnwhﬂemmntenanoewas
being performed on that EDG train dunng power operating conditions was considered in estimating
unreliability. .

2.4 Criteria for Selectmg PRAs and IPEs for Risk Comparlson

In order to put the operatlonal performance of the EDG trains into a risk perspectnve, a companson of
‘the operational data with a representative sample of the various PRAs and IPEs was made. To ensure a
representative sample of the nuclear power plant population was chosen, the following-guideline elements
were used to select the sample:

e A cross section of pressurized water reactors (PWRs) é.nd boiling water reactors (BWRs)

e A cross section of nuclear steam supply system (N SSS) vendors within PWRs

e Across sectlonofrw,ctorandoontamment doslgnwnhmtheNSSS vendors

o A cross section of plants with respect to annual core damage frequency due to internal events

e A cross section of the major EDG manufacturers:

ALCO Power AP
Cooper Bessemer . CB
Electro Motive (General Electric) EM
Fairbanks Morse/Colt FC
Nordberg Mfg. NM
Transamerica Delaval TD

The plants selected and the information used to make the selections are shown in Table 1. Overall,
44 plants were selected and used in the risk/reliability insights compansons The rehabxhty statistics
relevant to EDG train performance were extracted from the PRA/IPE reports’” and comparisons to the
operational information were performed. Section 3 of this report presents the results of that analysis.
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Table 1. Plants selected for PRA/IPE comparison.

Sury 1and 2 @M)

3 Loop

Plant o s ; :
(EDG mfg.) NSSS Design __ Containment CDF . Report
- RG-1.108 reporting plants
Callaway (FC) 'WEST 4Loop Dry(3) S8E-5 . IPE
Catawba 1 and 2 (TD) WEST  4Loop  IceCond. 43E-5 PFRA
Clinton (EM) GE BWR/6  TypeShMark3  26E-5 IPE
Farley 1 and 2 (FC) WEST 3Loop  Dry(3b) 13E4 IPE .
Grand Gulf (TD) 'GE BWR/6  TypeShMark3  L7E-S  NUREG/CR-4550
LaSalle 1 and 2 (EM) GE BWR/S TypeSgMark2  44E-5  NUREG/CR-4832
McGuire 1 and 2 (NM) WEST 4Loop  IceCond. 40E-S IPE
Nine Mile Point 2 (CB) "GE - BWR/S TypeSgMark2  3.1E-5 IPE
Palo Verde 1, 2, and 3 (CB) | CE 2Loop  Dry(3b) 9.0E-5 IPE
River Bend (TD) . GE BWR/6  Type ShMark 3 16E-5 IPE
Salem 1 and 2 (AP) WEST 4Loop Driy(® ‘40E-S IPE
Sequoyah 1 and 2 (EM) 'WEST- 4Loop  IceCond. 1.7E-4  NUREG/CR-4550
South Texas 1 and 2 (CB) WEST 4Loop Dry(3b) ~ 44E-5 PRA/IFE
Susquehanna 1 and 2 (CB) GE BWR/4  Type 5g Mark 2 1.1IE-7 IPE
Vogtle 1 and 2 (TD) ~ WEST 4Loop  Dry(3b) 49E-5 IPE
Waterford 3 (CB) - “CE - -~ 2Loop  Dry(2e) 1.7E-S PRA
Zion 1 and 2 (CB) - WEST- 4Loop ~ Dry(3b) 40E6  IPE
Non-RG-1.108 reporting plants
Arkansas 1 EM) B&W 2Loop - Dry(3b) 47E-5 PRA summary
Beaver Valley 2 (FC) WEST 3Loop - Sub. Atm. 194 - IPE
Brunswick 1 and 2 (NM) GE BWR/4  TypeSgMarkl  2.7E-S IPE/FRA
Calvert Cliffs 1 and 2 (FC) ~CE 2Loop . Dry(3b) . . 30E4. IPE
FitzPatrick (EM) ’ - GE - BWRM4  TypedgMarkl 1.9E<6  IPE/FRA
Indian Point 2 (AP)  "WEST - 4Loop Driy(3 . 31ES5 IPE
Indian Point 3 (AP) " WEST  4Loop _  Dry(3) .. -  44E5 IPE
Kewaunee (EM) 'WEST 2Loop D1y (2e) 6.7E-5 _IFE
Millstone 1 (FC) GE BWR/3  TypedgMark 1 1.1IE-5 IPE
Oyster Creck (EM) GE BWR2  Typed4gMarkl 3 7E6 PRA
Peach Bottom 2 (FC) GE BWR/4  Type4gMarkl - 5.5E-S - NUREG/CR-4550
WEST Sub. Atm. 74E-5  NUREG/CR-4550
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3. RISK-BASED ANALYSIS OF THE OPERATIONAL DATA

In this section, the data extracted from LERs and Special Reports for plants reporting under
Regulatory Guide 1.108 requirements were analyzed in three ways. First, the EDG train unreliability is
estimated for those plants reporting under Regulatory Guide 1.108 requirements. (The descriptor used to
identify the failure data and estimates calculated for the Regulatory Guide 1.108 plants in this study is
."RG-1.108.”) The RG-1.108 estimates are analyzed to uncover trends and patterns within EDG train
reliability in U.S. commercial nuclear power plants. The trend and pattern analysis provides m51ghts into
the performance of the EDG train on plant-specxﬁc and industry-wide bases. Second, comparisons are
made between the RG-1.108 estimates and EDG train unreliabilities reported in the selected PRAs, IPEs,
and NUREGs. The objective of the compansons is to indicate where RG-1.108 data support or fail to
support the assumptions, models, and data used in the PRAs, IPEs and NUREGS. Third, RG-1.108 plant-
specific estimates are made of EDG train reliability. These estimates are compared to the plant-specific
station blackout target reliabilities. For the non-RG-1.108 population of EDGs, the results of a cursory
analysis and comparisons denved solely from the unplanned demand data are presented. o

Twenty-nine plant risk source reports (ie., PRAs, IPEs and NUREGs) were used for comparison
with the EDG reliability results obtained in this study For the purposes of this study, the source documents
will be referred to collectively as “PRA/IPEs.” Distinctions between reference reports are noted where -
necessary. The information extracted from the source documents contain relevant EDG train statistics for
44 plants comprising 97 EDGs. The data represent approximately 40% of the plants and EDGs at
operating nuclear power plants. Of the 44 plants, 29 plants report according to Regulatory Guide 1.108
requirements. The analysis pmented in this section primarily focuses on the 29 RG-1.108 plants. The 15
non-RG-1.108 plants are evaluated in the context of the unplanned demand data reported by these plants
under 10 CFR 50.73 reporting requirements.

EDG train unreliabilities were estimated using a fault tree model to combine broadly defined train
failure modes such as failure to start or failure to run into an overall EDG unreliability. The probabilities
for the individua! failure modes were calculated by reviewing the failure information, categorizing each
failure event by failure-mode and then estimating the corresponding number of demands (both successes
and failures). Approximate PRA/IPE-based unreliabilities were calculated from the failure data for the
start, load, run, and maintenance phases of the EDG train. The EDG train-level unreliabilities and failure
probabilities extracted from the PRA/IPEs are compared to the RG-1.108 and non-RG-1.108 results A
summary of the major ﬁndmgs are presented here: : -

. Thc estimate of EDG train unreliability derived from unplanned demand and cychc test data for
plants reporting under Regulatory Guide 1.108 requirements was determined to be 0.044. This
estimate includes recovery of EDG train failures that did not require repair and assumes an

8-hour run time of the EDG. If recovery is excluded, the estimate of an EDG train unrelxablhty
is 0.069. ,

. No yea.rly trends in EDG unrehabxhty were npparent in the data for the 1987-1993 time frame

e The average of the plant-specxﬁc RG-1. 108-based estimates of EDG train unrehablhty is in
" agreement (approximately 13% higher) with the average of the PRA/IPE estimates assuming an
8-hour run time of the EDG. Generally, the RG-1.108-based estimate for failure-to-start and
maintenance out of service probability agree with their respective PRA/IPE counterparts.
However, for a 24-hour mission time for the EDG train, the PRA/IPE estimate of failure to run

is approximately a factor of 30 higher than the corresponding RG-1.108-based estimate.

¢ Based on the mean reliability, all of the RG-1.108 plants (44) with a EDG target reliability goal
of 0.95 attain the target goal, provided that the unavailability of the EDG due to maintenance is
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ignored. The reliability estimate for the overall population of EDGs at RG-1.108 plants with a
0.95 target goal is 0.987, with a corresponding uncertainty interval of 0.96, 0.99. For the

RG-1.108 plants with a EDG target reliability goal of 0.975, eighteen of the nineteen RG-1.108

plants, based on the mean reliability, attain the reliability goal, provided that the unavailability

of the EDG due to maintenance is ignored. The EDGs associated with the plant not achieving

the 0.975 reliability goal had a mean reliability of 0.971. When uncertainty is accounted for,

the EDGs at the plant not meeting the SBO target reliability have approximately a 0.54

probability of meeting or exceeding the 0.975 reliability goal. The reliability estimate for the

overall population of EDGs at RG-1.108 plants with a 0.975 target goal is 0.985, with a

corresponding uncertainty interval of 0.95, 0.99.

¢ The effects of maintenance unavailability on the EDG reliability is significant based on the RG-
‘ 1.108 plant data. The technical basis for the Station Blackout Rule assumes that such
unavailability was negligible (0.007). The estimate derived from the RG-1.108 for maintenance
out of service is 0.03. Forty of the 44 RG-1.108 plants with a 0.95 target reliability attain the
goal when comparing mean estimates. The rehabllxty estimate for the overall population of
EDGs at RG-1.108 plants with a 0.95 target goal is 0.956, with a corresponding uncertainty
interval of 0.92, 0.99. For the RG-1.108 plants with a EDG target reliability goal of 0.975,
none of the EDGs meet the target reliability goal. The rehabxhty estimate for the overall
population of EDGs at RG-1.108 plants with a 0.975 target goal is 0.954, with a corresponding
uncertainty interval of 0.91, 0.98.

e  Based on the limited failure data (i.e., unplanned demand data only) for the non-RG-1.108
plants, reliability parameters estimated for this population of EDGs tend to agree with those
generated for the RG-1.108 plants. The reliability estimate (without maintenance unavailability)
for the overall population of EDGs at the non-RG-1.108 plants is 0.984, with a corresponding
uncertainty interval of 0.97, 0.99. Due to the sparseness of these data, the reliability estimates
apply to both target reliability goals for the non-RG-1.108 plant group. The reliability estimate
for the overall population of EDGs at the non-RG-1.108 plants with maintenance unavailability
included is 0.958, with a corresponding uncertainty interval of 0.92, 0.98. '

3.1 Unreliabi’lity Eétimates Basedron RG-1.108 Data

Estimates of EDG train unrebablhty were calculated using the unplanned demands and cyclic tests
reported in the LERs and Special Reports for plants reporting under Regulatory Guide 1.108 requxrements
The RG-1.108 data were used to develop failure probabilities for the observed failure modes defined in
Section 2. The types of data (i.e., cyclic test and unplanned demands) used for est:matmg probabilities for
each of the EDG failure modes are identified in Table 2. _

In calculating failure rates for individual failure modes, the RG-1.108 failure data were analyzed and
tested (statistically) to determine if significant variability was present in the data. All data were initially
analyzed by failure mode, by plant, by year, and by source (i.., unplanned and cyclic demands). Each data
set was modeled as a binomial distribution with oonﬁdence intervals based on sampling uncertainty.

-Various statistical tests (Fisher's exact test, Pearson chi-squared test, etc.) were then used to test the
hypothesis that there is no difference between the types and sources of  data.
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Table 2. RG-1.108 failure data sources used for estimating EDG-train failure mode probabilities. ’

Regulatory Guide 1.108 reporting

Unplanned Demands - Cyclic tests
Failuremode . . failures  demands failures demands
. Failuretostart FTS) . 2 ;1 1 1364
Failure to run (FTR) - - - —_
 Early (FTRa) | 1m0 o e
Middle (FTRy) -2 5 654
. Late®TR) _ — — 1 639
Faﬂuretorecoverﬁ'omanFl‘S(FRFI‘S) 2 2 - -
FaxluretorecoverfromanF’IR(FRFI’R) 0o 3 J— —_
Maintenance out of service MOOS)* 3 112 - - —_
while not in a shutdown condition ‘
Maintenance out of service (MOOS)* , 8 ' 83 — -

while in a shutdown condition =

a. In this report, MOOS eontribuiiontouainumeﬁabiﬁtywasdetemﬁnedusingthoseunplameddcmand
failures that resulted from the EDG being unavailable because it was in maintenance at the time of the demand.

Because of concerns about the appropriateness and power of the various statistical tests and an engineering
belief that there are real differences between groups, an empirical Bayes method was used regardiess of the
results of the statistical tests for differences. The simple Bayes method was used if no empirical Bayes
could be fitted. [For more information on this aspect of the data analysis, sec Appendices A and C
(Sections A-2.1 and C-1.1) for the details of the statistical approach to evaluate the RG-1.108 data]. If the
uncertainty in the calculated failure rate was dominated by random or statistical uncertainty (also referred -
to as sampling uncertainty), then the data were pooled. If, on the other hand, the uncertainty was dominated
by the plant-to-plant (or year-to-year, between unplanned and cyclic demands, etc.) variability, then the
data were not pooled, and individual plant-specific failure rates were calculated based on the factor that
produced the variability.

The RG-1.108 failure data from cyclic testing and unplanned demands were used to estimate the FTS
and FTR probabilities, Plant-to-plant va.nabxhty (i.c., statistically significant) was detected in both the FTS
and FTR failure modes..

The EDG train run-time information reported in the unplanned demands generally lacked sufficient
detail to make an accurate determination of run times. The available data in the unplanned demand
information were not sufficient in determining if a constant failure rate existed for the EDG train. EDG
train run times were generally greater than one-half hour, but the information did not allow an assessment
to be made of when the EDG was secured. Therefore, one-half hour was assumed for the minimum run
time during an unplanned demand. To provide better accuracy in the estimation of hourly failure rates for
the FTR failure mode, data from cyclic tests were used. Even though the cyclic test data may not totally
represent the EDG train start sequence during an unplanned demand, the run period of the test represents

| EDG train performance after a successful start. The run time information identified with the cyclic test data
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is the best available source of EDG run times without surveying individual plants and searching records.
The run times extracted from the cyclic tests allow for better resolution of hourly failure rate estimates.
Three distinct FTR failure rate regimes were identified in the RG-1.108 failure data. The corresponding run
time intervals associated with these regimes were 0 to ¥ hour, ¥ hour to 14 hours, and 14 to 24 hours. The
intervals are labeled early(FTRg), middle(FTRy), and late(FTRy), respectively. An hourly failure rate
estimate is calculated for the early, middie, and late run time intervals."A constant failure rate was assumed
for each of these intervals. Data from the unplanned demands were used only in the early time frame.

The run times associated with the unplanned and cyclic tests vary, as do those associated with the
assumptions presented in the PRA/IPEs. To allow for comparisons between unreliability estimates based
on RG-1.108 data with those generated from PRA/IPESs, the hourly FTR rates derived for the three time
regimes were time integrated over the mission time specified in the plant-specific PRA/IPE. This mission
time adjustment normalizes the EDG train unreliability to the risk perspectives presented in the various
PRA/IPEs. ' ‘ ‘

For the MOOS failure mode, pooling of the unplanned demand data with cyclic test data was illogical
when estimating unreliability, since the plant is unlikely to initiate an EDG test if the EDG is out of service
for maintenance. Only MOOS events that occurred while the plant was not shutdown are included in the
unreliability estimates. No statistical plant-to-plant variability exists for the MOOS failure mode. For this
reason, only a single estimate of the mean and associated uncertainty for the overall RG-1.108 data are
calculated.

Four events were identified as CCF events in the RG-1.108 failure data. All four CCF events were
detected during cyclic testing. One of the CCF events occurred during the start sequence. The start
sequence CCF event is included in the FTS estimates. Two CCF events occurred during the load/run
segment of the test. The load/run CCF events are included in the FTR estimates. The remaining CCF event
occurred while restoring the EDG to its standby condition. This CCF event that occurred after successful
operation is not included in the reliability estimates. Additional discussion of the CCF events is found in
Section 3.3.4 and Section 4. '

Table 3 contains the probabilities and associated uncertainty intervals calculated from the RG-1.108
data for each of the failure modes. As indicated in Table 3, the probabilities of failing to recover from an
FTS and FTR were quite high. Recovery probabilities were based only on the unplanned demand data. The
high probabilities may be the result of the criteria used in this study. Recovery was only considered
possible if the EDG could be used to restore electrical power and not offsite or normal power. The

estimates are based on sparse data; therefore, only weak inferences can be made. Due to the sparseness of
the recovery data, one must make conclusions about the ability to recover a failed EDG train with caution.

3.1.1 EDG Train Unreliability

The unreliabilities of the EDG train were estimated using the simple fault tree model depicted in
Figure 3. The unreliability is estimated on a per EDG train or per safety-related bus basis. The train
estimate is based on failure data consistent with the EDG train boundary definition defined in Section 2.
The estimates of EDG train unreliability do not represent failure probability of complete loss of emergency
ac power at the plant, but of an individual train. Because these calculations are for a single train, the
contribution from CCFs are included in the appropriate failure mode. No system level results
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Table 3. Failure mode data and Bayesian probability information based on plants reportmg under Regulatory Guide 1.108 requirements.

~ Modeled ~ Bayes -
Failure mode Failures Demands variation Distribution mean and 90% interval
Failure to start (FTS) 19 1545 Planttoplant . Beta0.9,702 5.0E-4; 1.2E-2, 3.9E-2"
Failure to recover from FTS (FRFTS) 2 2 Sampling Beta2.5,0.5 4.3E-1, 8.3E-1, 1.0E-0°
Failure to run 0-0.5 hr (FTRz) 12 844  Planttoplant = Gamma025,97 ~ 42E-7,25E-2 12E-1°
Failure to run 0.5-14 hr (FTRy) 15 654  Plamttophnt  Gamma0.26, 143 5.0E-8, 1.8E-3, 8.7E-3"
Failure to run 14-24 hr (FTRy) 1 639  Sampling Gamma 145, 5706 -  2.8E-5,2.5E4, 6.TE4
Failure to recover from FTR (FRFTR) 0 3 Sampling Beta 0.5, 3.5 . 6.0E4, 1.3E-1, 4.4E-1°
Maintenance out of service (MOOS) 3 112 Sampling Beta35,1095  9.7E3,3.1E-2, 6252
while not shutdown } |
Maintenance out of service (MOOS) 8 83 Sampling Beta 8.5, 75.5 5.3E-3, ‘1 .OE.-l., 1.6E-1"
while shutdown ‘ o

a. Estimates are in units of failures per demand.

b. Estimates are in units of failures per hour.
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Figure 3. EDG train unreliability model with recovery actions.
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are provided within this report. Therefore, the reader is cautioned to use appropriate CCF quantification
techniques when calculating emergency ac power system unreliability.

Table 4 contains the estimated EDG train (safety-related bus) unreliability and associated uncertainty
intervals resulting from quantifying the fault tree using the data in Table 3. Included in Table 4 are the
probabilities for the logical combinations of failures resulting in an inoperable EDG train. Generally, there
were three mission times assumed in the PRA/IPEs: 6, 8, and 24 hours. The FTR estimate in Table 4 is
based on a mission time of 8 hours, since the 6- and 24-hour estimates of EDG train unreliability resulted
in no significant change from the train unreliability estimate based on an 8-hour mission. The
corresponding 6-hour estimate of EDG train unreliability and uncertainty are 0.016, 0.044, 0.082. The
24 estimates of EDG train unreliability and uncertainty are 0.16, 0.046, 0.088. Due to the non-sensitivity
of the EDG train estimates (based on the RG-1.108 data) to the various mission times assumed in the
PRA/IPEs, and to avoid reporting a voluminous amount of similar reliability information, only the 8-hour
estimates are discussed in this report.

3.1.2 Investigation of Possible Trends

No trend of EDG train reliability performance by year is evident, based on the RG-1.108 data
(P-value=0.75). Estimates of unreliability by year were used to identify any possible trend in EDG train
reliability performance. The statistical details for the evaluation of possible trends based on time are
presented in Section A-2.1.4 of Appendix A and in Appendix C. The data were normalized to calendar
years to identify possible year-to-year differences. The annualized unreliabilities include the probability of
recovering failed EDG trains (i.e., operator recovery of EDG train from FTS or FTR). Figure 4 trends the
unreliability by calendar year.

Table 4. EDG train unreliability and uncertamty based on RG-I 108 plant data, an 8-hour mission time,
and includes recovery.

Contributor Percentage
Contributor probability contribution
FTS*FRFTS 0.01 | 23
MOOS 0.03 68
FTR*FRFTR 0.004 9
EDG Train Unreliability (mean) 0.044 | 100
90% Uncertainty Interval 0.016, 0.083
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Figure 4. EDG train unrehabxhty by calendar year, based ona constramed nonmformatxve prior and
annual data. Ninety percent Bayesxa.n mtervals and a fitted trend are included. The trend is not statxstlcally
significant (P-value—O 75) .

3 2 Comparison of PRAs

The RG-1.108-based unrehabxhtles were compared to the results documented in. the PRA/IPEs
selected for this study. The PRA/IPEs encompass all EDG manufacturers as well as a cross section of
PWRs and BWRs. The EDG train unreliabilities were estimated from the RG-1.108 data using the fault
tree depicted in Figure 3 and include the FRFTS and FRFTR recovery events. Due to the nature of the IPE
reports, fault trec models were not readlly available for all plants. However, the failure data associated with
quantifying the EDG unavaxlabxhty were readily available in the IPEs. The fault tree models documented in
the PRA/IPEs typically include exphclt modeling “of EDG train failures resultmg from hardware faults,
human errors, support systems failures, and maintenance or test unavailabilities. However, these PRA/IPE
models are not consistent among themselves in exphcntly defining potcntxal faxlure ‘mechanisms. ‘For
example, one PRA models human error for failing to restore an EDG train after a test, another does not. To
allow comparison of PRA/IPE results to RG-1.108-based reliability parameters in the most efficient
manner, only the PRA/IPE faillire mode'data for the EDG were used.

. The averages of the PRA/IPE results for the EDG train failure modes are shown in Table 5. The
information contained in Table 5 was derived solely from the ‘plants reporting -in accordance with the
requirements identified in RG-1.108. Figure § is a plot of the plant-specific estimates derived from
PRA/IPE information and the RG-1.108 estimates and associated uncertainty bands. Several IPEs did not
report uncertainties, therefore, only a point estimate is provided for these plants. The information presented
in Table 5 and Figure 5 are grouped according to the assumed mission times stated in the respective
PRA/IPE. Further, Susquehanna reported a 72-hour mission time as part of the EDG
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Table 5. Average failure probabilities derived from PRA/IPE information for the Regulatory
Guide 1.108 reportmg plants and grouped by assumed mission time.

Plant.mxssmn time
Failuremode 24 Hour 8 Hour 6 Hour
FTS : 1.1E2 17E-2 7.0E-3
FTR probability 9.9E-2 2.0E-2 20E-2 -
FIR (perhour) . 41E-3 2.5E-3 3.3E-3
MOOS = 3.6E-2 53E3 . L6E2
Unreliability . 1.5E-1 44E2  44E2

success criteria. Thc RG-1.108 values plotted in anure 5 for Susquehanna are calculated for a 24 hour
mission time. Even though the IPE stated a 72-hour mission time, the FTR estimate derived from RG-
1.108 data is restricted to less than a 24-hour run time. Extrapolating the FTR probability to 72 hours was
not done since the failure data was based sblely on the cyclic surveillance test’s 24-hour endurance run.
The Palo Verde IPE utilized a 7-hour mission time as their success criteria. The RG-1.108 values for Palo
Verde are based on an 8-hour mission time. The difference between the 7-hour and 8-hour estimates is
negligible. The EDGs for these plants are grouped in the 24-hour and 8-hour time frames, respectively.

The PRA/IPE estimates for EDG train unreliability range from 2.3E-2 to 2.4E-1. As shown in
Figure 5, the spread in the train estimates are largest for the plants with a mission time of 24 hours reported
_in the PRA/IPE. The plants with a stated mission time of 24 hours also exhibit the greatest variability when
compared to the RG-1.108-based estimates. The average PRA/IPE estimate of EDG train unreliability for
the plants that assumed a 24-hour mission time is 1.5E-1. This is approximately a factor of threc higher
than the estimates based on RG-1.108 data. The RG-1.108 plant-specific estimates range from 4.1E-2 to
7.0E-2 for the same population of plants. For the plants with a 6- and 8-hour mission time postulated in
their PRA/IPE, generally good agreement exists between the RG-1.108 and PRA/IPE derived estimates.
The average PRA/IPE estimate for 6- and 8-hour run times is 4.4E-2. This estimate compares well to the
RG-1.108 estimate of 4.4E-2. '

Figure § reveals plant-to-plant variability based on the RG-1.108 data for four of the 11 multi-plant
sites. The corresponding PRA/IPE-derived estimates suggest no variability. Generally, the PRA/IPE for
multi-plant sites pooléd the failure data for all diesel generators at the site. A failure probability estimate
was calculated from the pooled data. This estimate was then used for all the plants at the particular site,
regardless of whether or not the plants had their own dedicated EDGs or if one ofthe’plantshadahxghcr
failure rate of the EDGs compared to the other plants. Based on the intra-site variability seen in the
RG-1.108 data, pooling the EDG train failure data at sites with multiple plants can mask the true
performance of an individual EDG train. The Catawba, McGuire, and South Texas sites demonstrate the
inter-plant variability at multi-plant sites. The plants located at these sites have their own dedicated EDG
trains with no sharing of EDG trains (i.e., swing diesels). Further insights and engineering analysis of
plant-specific records for the causes of this variability is provided in Section 4 of this report.
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Figure 5. Plot of PRA/IPE and KG-1.108 cstimates of EDG train unreliabilities and uncertainties with
recovery for Regulatory Guide 1.108 reporting plants. The FTR contribution is based on the mission time
stated in the PRA/IPE (with the exception of Susquehanna and Palo Verde).
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3.3 Additional PRA Insights

The relative contributions to EDG unrelxabxhty by individual failure modes defined in the PRA/IPEs
were compared to the estimates (without recovery) based on the RG-1.108 data. In order to make the
failure mode comparisons, the following basic events identified in the PRA/IPEs for the EDG train were
used :

FTS Failure to start
FTR Failure to run -
MOOS , Maintenance out of service.

The failure probabilities for FTS and MOOS were averaged across all the plants since these failure
modes and probabilities are independent of mission time. For the FTR averages, the hourly failure rates
reported in the PRA/IPEs were integrated over the 6-, 8-, and 24-hour time frame, respectively, for each
plant. The results for each time period were then averaged across all the plants to get a 6-, 8-, and 24-hour
FTR probability for the PRA/IPE population. For example, the hourly FTR rates reported in each of the
29 RG-1.108 plants were used to calculate a 6-hour FTR probability. The results from the 6-hour
calculation were then averaged across the 29 plants.” Similar calculations were performed for the 8-hour
‘average and the 24-hour averagc Because of the varying degrees of information available in the PRA/IPEs
and the difficulty in assigning all basic event parameters to the appropriate failure mode, providing
uncertainty intervals for the EDG train failure modes was not practical. Further, the Susquehanna IPE did
not differentiate between FTS, FTR, and MOOS. A single composite estimate was presented in the
Susquehanna IPE for the failure of the EDG on demand. The estimate of EDG train failure probability for
Susquehanna is 9.3E-2 for the "C" diesel and 2.3E-2 for the remaining diesels, and represents the
probability that the EDG completes its assigned mission (i.e., start, loads, and runs for 72 hours). Because
no separate failure probabilities are presented for FTS, FTR, or MOOS in the Susquehanna IPE only the
RG-1.108 plant-specific estimate is shown for these failure modes.

The failure mode averages derived from the PRA/IPEs and the corresponding estimates based on
RG-1.108 data are presented in Table 6. The estimates provided in Table 6 do not include the effects of
recovery. The percentage contribution (in parenthesis) for the FTS, FTR, and MOOS failure probability to
the total train unreliability are based on an 8-hour mission. Based on the PRA/JIPE -

Table 6. Failure probabilities calculated for 6-, 8-, and 24-hour mission times, based on failure rates
reported in PRA/IPEs and on the estimates calculated from the RG-1.108 data without recovery.

Failure mode PRA/IPE average RG-1.108 estimate
FTS 1.2E-2 (20%) - 1.2E-2(17%)
FTR :
6-hour k 2.2E-2 ,» - 23E2
8-hour 2.8E-2 (46%)  2.6E-2 (38%)
24-hour 1.3E-1 " 4.0E-2
MOOS  2.1E-2 (34%) 3.1E-2 (45%)
Total 6.1E-2 . 69E-2.
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averages, the FTS, FTR, and MOOS failure modes contribution to EDG train failure probability are 20,
46, and 34%, respectively. For the RG-1.108 estimates, the FTS, FTR, and MOOS contributes 17,38, and
45%, respectlvely, to the overall EDG train unreliability. The contributions based on PRA/IPE data are
generally in good agreement with those based on the RG-1.108 data. The MOOS contribution derived
from the PRA/IPE information is lower than the contribution based on RG-1.108 data. Further failure
mode details are provided in the following sections.

3.3.1 Fallure to Start

The FTS failure probability (without recovery) based on the RG-1.108 data is 1.2E-2 per demand.
The lower 5% and upper 95% uncertainty bounds for this estimate are 5.0E-4 and 3.8E-2, respectively.
Plant-to-plant variability was statistically identified; hence, an individual failure probability estimate for
FTS is calculated for each of the plants reporting under Regulatory Guide 1.108 requirements. The
PRA/IPE probability estimates of FTS range from 2.9E-3 to 3.0E-2, with an average of 1.2E-2. A
comparison of the PRA/IPE mission time specific averages for the 6-, 8-, and 24-hour PRA/IPE plants
resulted in 7.0E-3, 1.7E-2, and 1.1E-2 per demand, respectively (see Table 5). A plot of the PRA/IPE and
RG-1.108 estimates of FTS probability is provided in Figure 6.

3.3.2 Failure to Run

Analysis of the RG-1.108 data identified three distinct failure rates for the EDG run time failures.
The failure function correlated to a early time frame (i.e., less than one-half hour), a middle time frame
(half hour to 14 hours), and a late time frame (14 to 24 hours). Failure probability estimates of FTR were
calculated for each of these time frames. The failure probabilities were then transformed into a hourly
failure (See Appendix A, Section A-2.1.5 for further details). The hourly failure rates, based on the RG-
1.108 data (without recovery) for these time frames are 2.5E-2, 1.8E-3, and 2.5E-4 per hour, respectively.
In comparison to the PRA/IPE information, approximately 80% of the PRA/IPEs reviewed for this report
used a single hourly failure rate for the entire mission time. The average failure rate for these PRA/IPEs is
5.9E-3 per hour. The remaining PRA/IPEs differentiated between less than one hour and greater than one
hour failure rates. The average failure rate based on the less than hour PRA/IPE data is 1.1E-2 per hour.
The greater-than-one-hour average failure rate based on the PRA/IPE data is 2.3E-3 per hour.

The plant-specific estimates of FTR probability were calculated for the respective mission times
postulated in the PRA/IPE. The mission times postulated in PRA/IPE accidents were 6, 8, and 24 hours.
Susquehanna assumed a 72-hour mission time, but details on how this was factored into the EDG
unrehablhty estimate are not available. The RG-1.108 values for Susquehanna are calculated for a 24 hour
mission time. Even though the IPE stated a 72-hour mission time, RG-1.108 data is restricted to less than
a 24-hour run time. Extrapolating the FTR probability to 72 hours was not done since the failure data was
based solely on the cyclic surveillance test’s 24-hour endurance run. The Palo Verde IPE utilized a 7-hour
mission time as their success criteria. The RG-1.108 values for Palo Verde are based on an 8-hour mission
time. The difference between the 7-hour and 8-hour estimates is negligible. The EDGs for these plants are
grouped in the 24-hour and 8-hour time frames, respectlvely Figure 7 presents a plot of the plant-specific
FTR probabilities for 6, 8, and 24 hour mission times using the PRA/IPE and RG-1.108 data. For all three
mission times, the PRA/IPEs typically result in higher FTR probabxhttes The average PRA/IPE
contribution of FTR to EDG train unreliability based on plants w1th a mxss:on time of 6 hours is
-approximately 45%. For PRA/IPEs with =

25 NUREG/CR-5500, Vol. 5




H- RG 1.108 probability & uncertainty interval
A Plant-specific estimate @ PRA/IPE approximate value

Callaway |~ * i
Catawbal [~ ° o A
Catawba2 [~ L é
Clinton |- oA
Farleyl |- A¢
Farley2 |- A¢
Grand Gulf [~ A , e
LaSalle1 [~ : , '. o . A
LaSalle2 |~ A o
McGuirel [~ ® A
© McGuire2 |- ) L AL
NineMilePt.2 [~ A e ‘ |
Palo Verde1 [~ oA
Palo Verde 2 [~ oA
Palo Verde 3 [~ °4
RiverBend [~ © A
Salem1 |- oA |
Salem2 |- o A
Sequoyshl [~ ® A
Sequoysh2 |- ¢ A
South Texas1 |- A ®
South Texas2 |~ A ie
quuehanna 1 I~ A
Susquehanna2 [~ A
Vogtle1 |- o A
Voglte2 |~ ¢ A
Waterford3 |~ A °
Zionl |- [
Zion2 [~ e A
RG-1.108 [ i
0.00 0.01 1002 003 004 0.05
FTS probability

Figure 6. Plot of PRA/IPE and RG-1.108 estimates of failure to start probabilities without recovery for
the Regulatory Guide 1.108 reporting plants.

NUREG/CR-5500, Vol. 5 26



H—  RG 1.108 probability & uncertainty interval
A Plant-specific estimate © PRA/IPE approximate value

Catawba 1
Catawba 2
Clinton
Farley 1
Farley 2
McGuire 1
McGuire 2
River Bend
South Texas 1
South Texas 2
Susquehanna 1
Susquehanna 2

T TTT

L
s
[ ]

[ I
e 2Py

T T
>

RG-1.108 (24 hrs)

Grand Gulf
LaSalle 1
LaSalle2 -

Nine Mile Pt. 2
Palo Verde 1
Palo Verde 2
Palo Verde 3

|
.y

T T T T T
g
[

RG-1.108 8hr) |——*+—

Callaway [~ 4 @
Salem1l [~4© :
Salem2 [Ae®

Sequoyah1 .|~ Ae®
Sequoyah2 [~ Ae®

. Waterford3 |~ @ A
Vogtle2 - |~ A . ® .
Zionl [~ @

Zion2 [~ A&

RG-1.108 (6 hr) -+ —

PGSR TR TR S T R O i DU T T N S | R T DU SR I

°°°° 10050 7.5"0'100’ 0150 Tf"’di’zc’o. a o.'zso‘f
" FTR probabllity = o

| Figure 7. Plot ofPRAIIPE and RG-1,108 estimates of failure to run probabilities without recovery for the
“Regulatory Guide 1.108 reporting plants. The FTR probability is based on the mission time stated in the
PRA/IPE (with the exceptlon of Susquehanna and Palo Verde).

27 NUREG/CR-5500, Vol. 5




a mission time of 8 hours, the average contribution to EDG train unreliability due to FTR failure mode is
approximately 45%. Similarly, the average contribution from FTR for plants with mission times of 24
bours is 66% of the total EDG train unreliability reported in the PRA/IPEs (The percentages were
calculated from the information provided previously in Table 5). The 6-, 8-, and 24-hour FTR
contributions to EDG train unreliability based on RG-1.108 estimates are 35%, 38%, and 48%,
respectively,

3.3. 3 Malntenanoe Out of Service

; The MOOS failure probabxhty was estimated from the RG-1.108 data for two cases: (1) unplanned
demands while the plant was in a shutdown condition, and (2) unplanned demands while the plant was not

. in a shutdown condition. For the “shutdown” case, the plant was either in a hot shutdown, refueling, or cold

shutdown status. For the “not shutdown” case, the plant was either in a startup, power operation, or hot

standby status. The EDQG train estimates of unreliability contained in this report are based on the MOOS

~ data corresponding to a “not shutdown” condition at the plant. Even though the train estimates were
calculated assuming that the greatest risk for the plant is while the plant is not shutdown, plant conditions
(i.e., decay heat) immediately following shutdown may be similar to the plant operating status. For these
instances, the shutdown risk can be high. The estimate based on the RG-1.108 data for MOOS while the
plant is shutdown is 1.0E-1. This estimate is a factor of three higher than the estlmatc for the “not
shutdown” case.

“The MOOS contribution is a dominant contributor to EDG train unavaxlabﬂlty based on both the

- PRAVIPE information (34%) and RG-1.108 estimates (45%). The PRA/IPE average failure probability for

MOOS is 2.1E-2 per demand compared to the RG-1.108 estimate of 3.1E-2. The MOOS failure

probabilities found in the PRA/IPEs generally range from 1.2E-3 to 5.2E-2 per demand. The uncertainty

range of the RG-1.108 estimate is 9.7E-3 to 6.2E-2. The RG-1.108 data used for the MOOS estimate show
no statistical evidence of plant-to-plant variability. : -

Figure 8 presents a plot of the MOOS estimates based on the PRA/IPE and RG-1.108 data. A point

of interest in Figure 8 is that approximately 25% of the PRA/IPE data lie below the lower 5% uncertainty
 limit for the RG-1.108 data. The PRA/IPE data for these EDGs come from the plants with a 7- to 8-hour
mission time, The average value for these plants is about 5.3E-3, which is about a factor of 5.8 lower than
the RG-1.108 average. One must be cautious when comparing 'MOOS estimates of the RG-1.108 to the
PRA/IPE estimates. Risk analysis generally accounts for MOOS probability as an unavailability estimate.
The RG-1.108 estimate of MOOS is based on the contribution to EDG train unreliability. While these two

methods of estimating system performance should produce equivalent results (based on large samples), they

are not precisely the same.
3.3.4 Common Cause Fallure

Common cause failures (CCF) of the EDGs can be an important contributor to core damage
frequency (CDF), particularly for boiling water reactors where station blackout accident sequences often
dominate the CDF. However, the analysis presented in this report is not performed in the context of a full
PRA. Instead, it concentrates on the performance of a single EDG train. Because emergency ac power is a
support system that provides power to other systems, typically on a train basis (i.c., train-A ac power
supports the A-train of other systems, and train-B ac power supports the B-train of other systems), the
multiple trains of ac power are typically modeled separately. CCFs across multlple trains of ac power are
important in the context of the overall plant risk, but not so important in the context of mlssxon
requirements for an individual train. It is the train level that is the focus of the present study.
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Regulatory Guide 1.108 reporting plants.
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The estimates of EDG train unreliability based on the RG-1.108 data implicitly include the
contribution from CCF. That is, all CCF failures are attributed to a specific failure mode (i.c., FTS, FTR,
and MOOS) identified in Figure 3. The failure mode probabilities were estimated regardless of whether
they resulted in a single EDG failing or multiple EDGs failing. However, it is possible to separate out the
CCFs to estimate the probability of multiple EDG train failures. Because of the various EDG
configurations, different techniques for modeling CCF, and the gencral lack of detailed information in the
PRA/IPESs, an in-depth analysis of the RG-1.108 data and comparison to PRA/IPE: is not performed here.
Only cursory level CCF statistics are presented. The primary focus of this section will be on the CCF
information contained in the RG-1.108 data. Estimates are presented of the CCF probability based on the
RG-1.108 data to provide the information for conducting additional CCF analysis. The estimates provided
herein represent the failure probability per demand of multiple trains attributable to CCF. Do not confuse
the estimates provided herein with any of the parametric methods of modeling CCFs based on fractions of
all failures attributed to CCF (e.g., Beta factor, Mult:ple Greek Letter, etc.). That is, in the nomenclature of
CCF methodologies, the basic CCF parameter is estimated directly, not through the use of an intermediate
estimator such as a Beta factor or Alpha factor.

- The four CCF events included in the RG-1.108 data occurred during 297 cyclic,testing demands
(These are equated to multiple train demands and differ from the single-train demands listed in Tables 2
and 3). No CCF events occurred in the 39 unplanned demands identified for the RG-1.108 plants.
Simultaneous testing of the EDGs is not feasible during a plant's routine cyclic test. As a result, if multiple
EDG trains failed because of a CCF, they would not necessarily be detected at the same time. However,
since the cyclic test will in fact demonstrate the performance of all EDGs (just not simultaneously), events
involving multiple EDGs failures during this time period (i.c., refucling outage) are potential CCF
candidates. Additionally, only those failure events involving a similar failure mechanism of the EDG train
are considered CCF. Four CCF events were identified (one FTS, two FTR, and one restoration failure of
offsite power [RFP]) in the cyclic test data. These events are identified in Table B-5 of Appendix B. A
probability estimate and associated 90% uncertainty interval were derived by empirical Bayes techniques
based on the four CCF events and 336 demands. The estimation resulted in a lower bound, mean, and
upper bound of 4.1E-3, 1.2E-2, and 2.4E-2 (per demand), respectively.

Various EDG configurations exist across the industry. Approximately 63% of the plants have a
two-EDG train configuration. The one CCF event identified as FTS occurred at a plant with a two-EDG
train configuration. The two CCF events identified as FTR occurred in plants with EDG configurations
involving more than two EDGs. One of the FTR events occurred at a plant with three dedicated EDGs. The
other FIR event occurred at a plant with five swing EDGs available. The FTS and FTR failures caused by
CCF are included in the appropriate failure mode estimates defined in Table 3. The remaining CCF event
identified as RFP occurred at a plant with a two-EDG configuration. Since this failure mode is not part of
the EDG train mode! depicted in Figure 3, the failure data associated with this event are not included in the
estimate of EDG train unreliability,
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3.4 Summary of Unplanned:Demand Data,for‘Non-RG-1.108 Plants

As explained in Section 2, the plants not reporting under Regulatory Guide 1.108 requirements do not
report independent test failures in the LERs. Because of this, the data for this population of plants were not
pooled with the RG-1.108 plant data (cyclic test and unplanned demand). However, EDG failures during
unplanned demands are reported. To provide insights into the performance of EDG trains at the non-
RG-1.108 plants, reliability estimates were calculated from the unplanned demand data identified for this
population of plants. The estimates are calculated for the population of non-RG-1.108 plants as a whole.
No plant-specific estimates were calculated owing to the sparseness of the information for the individual
failure modes. Table 7 presents the estimates calculated from the unplanned demand data for the non-RG-
1.108 plants.

The non-RG-1.108 estimates for FTS and MOOS (while not shutdown) generally agree with the RG-
1.108 estimates presented in Table 3. The most noticeable difference in the estimates is the “Maintenance
out of service (MOOS) while shutdown” failure mode. This failure mode was statistically identified as
being different between the RG-1.108 and non-RG-1.108 plants. There were only eight failures in 83
demands for the RG-1.108 plants compared to the 21 failures in 82 demands for the non-RG-1.108 plants.

The estimates of EDG train unreliability and associated 90% uncertainty interval based on the
unplanned demand data for the non-RG-1.108 population are shown in Table 8. The estimate includes the
recovery failure modes and the contribution of “MOOS while not shutdown.” The unreliability estimates
for the RG-1.108 plants (see Table 4) based on cyclic test and unplanned demand data are included in
Table 8 for comparison.

Plant-specific estimates of EDG train unreliability derived from the PRA/IPE information for the
non-RG-1.108 plants are plotted along with the population estimates calculated from non-RG-1.108
unplanned demand data in Figure 9. The PRA/IPE information for the 15 non-RG-1.108 plants were
grouped by 6-, 8-, and 24-hour mission times and averages calculated for each group. The PRA/IPE
averages for the various mission time groupings and failure modes are presented in Table 9. PRA/IPE
differences between the RG-1.108 and non-RG-1.108 EDGs are apparent when comparing Table 9 and
Table 5 information.
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Table 7. Failure mode data and non-informative Bayesian probability estimates based on unplanned
demands at plants not repomng under Regulaxory Guxde l 108 requu'ements

Bayes

Failure mode ' Faitwes  Demands _Distribution mean and 90% interval®

Failure to start (FTS) 2 12 Bewm25,1505  38E3, L6E2,36E2 |
Failure to recover from FTS | | 1 o2 Beta L5, 1.5 | | ' 9.7B2, S.0B-1, 9.0E-1

Failure to run FTR) 1 151 BetalS, 1505 12E3,9.9E3,26E2

Failure to recover from FTR 1 1 - Beals,o05 2.3E-1, 7.5E-1, 1.0E-0

Maintenance out of service 2 93 Beta2s,oL5 6.2E-3, 2.TE-2, 5.8E-2
(MOOS) while not shutdown - - A o
Maintenance out of service a 8 Bea2l5,615  18E-,26E-L34E-1

(MOOS) while shutdown

a. All estimates are in units of failures per demand.

Table 8. EDG tram unrehabxlrty estunatw (mclud&s recovery and an 8-hour mission tlmc) and assocxated
90% uncertainty mterval forthc RG-1. 108 and non-RG-1.108 plants

, R : Unrelxabllxty
Plant group - = R mean and 90% interval
Non-RG-1.108 S L6E2, 42E2, 7.7E2
RG-1108 ~  16E244E2 83E2

- Table 9. Failure mode average estimates derived from PRA/IPE information for the non-RG-1.108 plants S
andgroupedbyassumedmxssmntxmeasstatedmthePRA/IPE '

| Plant missiontime = - . . S «
Failure mode 24-Hour " 8Hour  6-Hour
FTS 56E3 70E3 . 13B2
FTR (probability) 5.5E-2 1.8E-2 1.4E-2
FTR (per hour) 2.3E-3 2.3E-3 2.3E-3
MOOS | 3.6B-2 22E2  24E22

Unreliability | 64E2 4.TE2 S 4TE2
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3.5 Station Blackout Insights

Station blackout accidents at commercial nuclear power plants are significant contributors to the
likelihood of core damage. The impacts of station blackout at nuclear power plants have been identified in
PRAs and further analyzed as an Unresolved Safety Issue. Technical findings related to the Station
Blackout Unresolved Safety Issue are documented in NUREG-1032, Reference 5 of this report. The U.S.
NRC Station Blackout Rule® addressed the need to maintain highly reliable emergency ac power systems
to control the risk from station blackout accidents. To ensure the availability of emergency ac power for the
loss-of-offsite-power events, NRC established reliability goals (Regulatory Guide 1.155%%) for the EDG
trains that supply emergency ac power to safety-related buses. In this section, the performance of the EDG
trains, as calculated from the RG-1. 108 plant data, are compared to the EDG target reliability goals set by
Regulatory Guide 1.155.

Plant-specific reliabilities and associated uncertainties were estimated using plant-specific FTS and
FIR probability estimates and uncertainties based on the RG-1.108 data. The RG-1.108 MOOS estimate
and associated uncertainties were used for all evaluations, since statistical analysis identified no plant-to-
plant variability in the MOOS data. A mission time of eight hours was used in the EDG reliability
calculations.

- NUREG-1032 identified the ability to restore a failed EDG to an operable condition as being
important when analyzing station blackout risk. To provide a best estimate of EDG reliability, the recovery -
probabilities for failure to start and failure to run (sec Table 3 for failure probability estimates of recovery)
are integrated into the RG-1.108-based estimates of EDG train reliability.

The impact of MOOS during an unplanned event provides insight into the significance of this failure
mode on the ability of the EDG train to perform its mission during a station blackout event. NUREG-1032
estimated the impact from maintenance and testing unavailability to be small (0.006). MOOS failures arc a
contributor to the unreliability of the EDG during an unplanned demand. The reliabilities with MOOS
included are displayed separately in the following sections of this report to illustrate the effects of MOOS
on EDG train reliability. The MOOS contribution to EDG train of reliability is based solely on the MOOS
failures observed while the plant was not in a shutdown condition (1 e., MOOS failures observed while the
plant was shutdown were excluded).

3.5.1 EDG Target Reliabllity 0.95

The RG-1.108 plants having an EDG target reliability of 0.95 are displayed in Table 10 along with
the estimates of reliability and associated 90% uncertainty intervals based on the RG-1.108 data. Estimates
are provided with and without the effects of MOOS. Table 10 also presents the probability of each plant’s
EDG train meeting or exceeding the target reliability goal (i.e., that percentage of the reliability distribution
lying to the right of 0.95). The probability specified is the degree of belief of at least attaining the target
reliability goal. For example, Arkansas 2 has a mean reliability (with MOOS) of 0.959. The probability of
a EDG train reliability meeting or exceeding the target goal of 0.95 is 0.72; in other words, there is about a
72% probability that the plant's EDG trains actually exceed the target reliability goal.

Based on the mean estimate, all of the RG-1.108 plants with a EDG target reliability goal of 0.95
attain the EDG target goal when MOOS is ignored. The overall estimate for the population of EDGs at
RG-1.108 plants with a 0.95 target goal is 0.987, with a corresponding uncertainty interval of 0.958,
0.999. The EDGs associated with these RG-1.108 reporting plants have a 97% chance of meeting or
exceeding the 0.95 target goal when MOOS is ignored.

NUREG/CR-5500, Vol. 5 34




- The effect of MOOS on the EDG’s ability to meet the target goal when the plant is not shutdown is
significant. The overall estimate for the -population of EDGs at RG-1.108 reporting plants with a
0.95 target goal is 0.956, with a corresponding uncertainty interval of 0.92, 0.98. The probablhty of
meeting or exceeding the target reliability goal of 0.95 for this population of RG-1.108 EDGs is about

67%.

3.5.2 EDG Target Reliability 0.975

The RG-1.108 reporting plants having a EDG target reliability of 0.975 are displayed in Table 11
along with the mean reliability and associated 90% uncertainty intervals. Estimates of EDG reliability are
presented with and without the effects of MOOS. Table 11 also presents the probability of each plant’s
EDG meeting or exceeding the target reliability goal (1 e., that percentage of the reliability distribution lying
to the right of 0.975).

Based on the mean estimate, 18 of the 19 RG-1.108 plants having a EDG target reliability goal of
0.975 attain the target goal when the contribution of MOOS is ignored. The EDGs associated with the
plant not achicving the 0.975 reliability goal had a mean reliability of 0.971. However, when uncertainty is
accounted for, the EDGs at the plant not meeting the SBO target reliability have approximately a 0.54
probability of mecting or exceeding the 0.975 reliability goal. The estimate for the overall population of
EDGs at RG-1.108 reporting plants with a 0.975 target goal is 0.985, with a corresponding uncertainty
interval of 0.953, 0.999. The EDGs targeted with a 0.975 rehabxhty for the RG-1.108 plants have a 80%
chance of mecting or exceeding the 0.975 target goal when MOOS is ignored.

As shown for the 0.95 target tehabxlxty EDGs, the eﬂ’ects of MOOS on a plant’s ability to meet its
EDG target goal is significant. For the RG-1.108 reporting plants with a 0.975 EDG target goal, none
achieve the goal based on the mean with MOOS contribution included in the reliability estimates. The
estimate for the overall population of EDGs at RG-1.108 plants with a 0.975 target goal is 0.954, with a
corresponding uncertainty interval of 0.913, 0.984. The probablhty of meeting or exceeding the target
reliability goal of 0.975 for thxs populaﬁon of RG-1.108 EDGs is about 17%.
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Table 10. Reliability estimates (includes recovery and an 8-hour mission time), including 90% uncertamty

“bounds, for RG-1. 108 plants with an EDG rehablhty goal of 0.95.

Reliability jij_o)wnhout MOOS Reliability (Renc) with MOOS
Probability of Probability of
Lower Upper Repg meeting . Lower Upper Repg mecting
5% 95%  or exceeding 5% 95% or exceeding
Plant name bound Mean bound 0.95 _bound Mean bound = 0.95
Arkansas 2 10968 0.990 1.000 0991 10923 0959 0985  0.722
Braidwood 1 0.969 0.990 1.000 0992 0.924 0959 0985  0.729
Braidwood 2 0.947 0980 0.998  0.939 0.907 0950 0981 = 0.549
Browns Ferry 2 0.952 0.985 0.999 0.956 0912 0954 0.984 0.631
Byron1 - ..0.932 0973 099 . 0.868 0.895 0.943 0978  0.443
Byron2  0.970 0.990 - 1.000 0993 - . 0.925 0.960 0.985 0.733
Catawba 1 0.930 0972 0997 - 0.859 = - - .0.893 0942 0978 0437
Catawba 2 0.953 0982 0998  .0.960 0.912 0.951 0.981 ~ 0.580
Clinton . 0.950 0981 0998 - - 0950 ' 0910 0950 0981 0565 .
Comanche Peak 1  0.969 10990 1.000 - 0992 - 0924 0959 0985  0.729
Comanche Peak2  '0.959 0.986 0.999 '~ 0973 0917 0956 0.984 ~ 0.662
DiabloCanyon1  0.962 0.987 0999 0980 - - 0919 0957 0.984 0.678
Diablo Canyon2  0.955 0.982 0.998 0.966 0913 0952 0981  0.590
Farley 1 0.972 0991 1.000 ° 0995 10926 0960 0985  0.745
Farley 2 0.970 0.990 1.000  0.993 © 70925 0.960 0985 - 0.735 .
Fermi 2 0.948 0978 099 0941 " 0.908 0.948 0.978 0.512
Grand Gulf 0.971 0.991 1.000 0.994 0.925 0.960 0.985 0.738 .
Haddam Neck - 0.970 0.990 1.000 = 0.992 - 0.924 0960 0985  0.731 -.
Harris 0971 0991 1.000  0.994 10925 0.960 0.985 0.741
Hatch 1 0.973 0.991 1.000 0.995 0.926 0960 0985  0.749
Hatch 2 0.968 0.990 1.000 0.990 0.923 0.959 0985  0.719
Hope Creek 0977 0993 1.000  0.998 0.929 0.962 0.986 0.777
Limerick 1 0.961 0.985 0.998 0.983 0918 0.954 0.981 0.631
Limerick 2 0.952 0.984 0.999 0.956 0.912 0.954 0.984 0.627
McGuire 1 0.970 0.990 1.000 0.993 0.925 0.960 0.985 0.735
McGuire 2 0.913 0.964 0.994 0.758 0.879 0.934 0.975 0.331
North Anna 1 0.972 0.991 1.000 0.995 0.926 0.960 0.985 0.749
North Anna 2 0.970 0.990 1.000 0.993 0.925 0.960 0.985 0.735
Palo Verde 1 0.972 0.991 1.000 0.995 0.926 0.960 0.985 0.743
Palo Verde 2 0.972 0991 1.000 0.995 0.926 0.960 0.985 0.749
Palo Verde 3 0.969 0.990 1.000 0.992 0.924 0.959 0.985 0.726
Perry 0.969 0.990 1.000  0.992 0.924 0.959 0985 . 0.729
River Bend 0.969 0.990 1.000 0.991 0924 0959 0985  0.724
San Onofre 2 0.972 0.991 1.000 0.995 0.926 0.960 0.985 0.747
San Onofre 3 0.973 0.991 1.000 0.996 0.927 0.961 0.985 0.753
Summer ‘ 0.972 0991 1.000 0.995 0.926 0.960 0.985 0.743
Turkey Point 3 0.971 0991 1.000 0.994 0.925 0.960 0.985 0.737
Turkey Point 4 0.970 0.990 1.000 0.992 0.924  0.960 0.985 0.731
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Table 10. Cont,.

Reliability (Repg)without MOOS __Reliability (Renc) with MOOS

~ Probability of . . Probability of

Lower Upper Rgpomeeting ~ Lower Upper Rgpg meeting

. 5% 95%  or exceeding 5% 95% or exceeding
_Plant name bound Mean bound 0.95 bound Mean bound 0.95
Vogtle 1 - 0.961 0.987 0.999 0.978 0918 0956 0.984 0.671
Vogtle2 - - 0.969 0990 1.000  0.991 0.924 0959 0.985 .0.724
Wash. Nuclear 2 0.965 0.988 0.999 -0.987 , 0.921 0958 0.984 0.696
Wolf Creek 0.951 0.984 0.999 0.953 0.911 0.953 0.983 0.612
Zion 1 - 0.966 0.989 0.999 0.989 - 0.922 0958 0.984 0.706
Zion2 0.969 0.990 1.000 0.992 0.924 0.959 0.985 0.729

3.5.3 EDG Train Reliability Comparisons to NUREG-1032

The EDG train reliability parameters used in NUREG-1032 (Reference 5) and the corresponding
RG-1.108 estimates of these parameters are presented in Table 12. The estimates calculated in NUREG-
1032 are based on the xnformatlon contained in NUREG/CR-2989 (Reference 1) and NSAC/108
(Reference 4). The RG-1. 108-based estimate assumes an 8-hour run time, includes recovery, and includes
the contribution from MOOS while the plant is notin a shutdown condition. The parameters are averaged
over an 8-hour mission time. The High and Low parameters for the RG-1.108 plants correspond to the
upper 95% and lower 5% Bayes interval calculated from the RG-1.108 data. The significance of the
parameter differences are dlscussed below. ,

The NUREG- 1032 and RGd 108 failure to start parameters dxﬁ’er by a factor of 2. The disparity in
the parameters is due to the effects of maintenance unavailability. Appendix B of NUREG-1032 specifies
that the failure to start mode mcludesthehkehhoodoftheEDGtostartandload, the unavailability
resulting from scheduled and unscheduled maintenance, and the unavailability of support systems. The
failure probability resulting from MOOS (while the plant is not shutdown) is included in the
RG-1.108-based parameters for the failure to start probability. MOOS is mcluded to be consistent with
NUREG-1032 assumptions for the EDG train rehabmty analys:s

The findings reported in NUREG-1032 identified that unavailabilities resulting from test and
maintenance are not large contributors to system unavailability. Regulatory Guide 1.155 specifies that the
effect of maintenance and testing on emergency ac power system unavailability can be. significant.
However, it further states that the typical unavailability resulting from maintenance and testing (0.007) is
small compared to the minimum EDG target reliabilities. Regulatory Guide 1.155 concludes that as long as
the maintenance and testing unavailabilities do not differ significantly from 0.007 the EDG target
reliabilities would result in acceptable overall reliability of the emergency ac power system. Based on the
RG-1.108 data, the effect of maintenance on EDG train reliability is significant. Only 64% of the RG-
1.108 reporting plants meet the minimum EDG target reliability goals when MOOS failures while not
shutdown are included in the EDG unreliability estimates.
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‘Table 11. Reliability estimates (include~sirecovery and an 8-hour mission time), including 90% uncertainty
bounds, for plants with an EDG target reliability goal of 0.975.

Reliability (Rens) without MOOS Reliability (Renc) with MOOS
Probability of ,\ * Probability of

Lower  Upper Rgpo meeting Lower Upper Repg meeting

_ 5% 95% orexceeding 5% _ . 95% orexceeding
Plant name - bound Mean bound 0.975 bound Mean bound 0.975

Callaway \ 0.951 0.981 0998 - 0.733 . 0910 0.951 0.981 0.113

Cook 1 i 0.969 0.990 1.000 0.909 A 0.924 0.959 0.985 0211

Cook2 0.970 0.990 1.000 0.919 0.925 0.960 0.985 0217
LaSalle 1 0.926 0971 0.997 0.540 » 0.890 0.941 0.978 0.078
LaSallc 2 0.966 0.989 1.000 0.891 0.922 0.958 0.985 0.201
Milistone 3 - 0971 0991 1.000 0.928 0.925 0.960 0.985 0.223
Nine Mile Pt. 2 0.952 0.984 0.999 0.785 0912 0953 0.983 0.157
" Salem 1 0.975 0.992 1.000 0.948 0.928 0.961 0.986 0.239
Salem 2 0.938 0.981 0.999 0.725 0.901 0.950 0.984 0.161
Seabrook 0.955 0.985 0.999 0.809 0914 0.954 0.984 0.164
Sequoyah 1 0.969 0.990 1.000 0912 0.924 0959 0985  0.213
Sequoyah 2 0.970 0990 1.000  0.921 © 0925 0.960 0.985 0.218
South Texas 1 0.961 0.985 0.998 0.825 0918 0.954 0981  0.131
South Texas 2 0.924 0.976 0.999 0.648 0.890 0.946 0.984 0.142
St. Lucie 1 0.961 0.987 0.999 0.848 0.918 0.956 0.984 0.174
St. Lucie 2 0.952 0981 0.998 0.738 - 0.911 0951 0.981 0.114
Susquehanna 1 0.954 0.984 0.999 0.794 ' 0913 0954 0.983 0.156
Susquehanna 2 0.947 0.980 0.998 - 0.706 0.907 0.950 0.981 .0.110
Waterford 3 0.961 0.987 0.999 0.851 0.919 0.956 0.984 0.175

Table 12. EDG train reliability parameters identified in NUREG-1032 and the corresponding estimates
based on RG-1.108 data.

Parameter - NUREG-1032 RG-1.108-based
Failure to start (per demand) Average 0.02 - 0.041
High 0.08 0.095
Low 0.005 0.010
- Failure to run (per hour) Average 0.0032 0.0033 .
, High 0.01 0.013
Low 0.001 less than 1E-6
Average 0.98 0.956
Reliability (per demand) Range 0.9, 1.0 Uncertainty 0.92, 0.98
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The average EDG train reliability reported in NUREG-1032 is better than the RG-1.108-based
estimate (0.98 compared to 0.96). This better performance primarily results from the small contribution of
maintenance and testing unavailability estimated for the NUREG-1032 study. Owing to the small
- contribution, the importance of MOOS is overshadowed by the failure to start and/or run contributions.
The unpacts on core damage frequency from station blackout as a function of EDG reliability is
documented in NUREG/CR-5994 Emergency Diesel Generator: Maintenance and Failure Unavaxlablhty,
and Their Risk Impacts.®* NUREG/CR-5994 concludes that for a factor of 3 increase in the average
maintenance unavailability, the resultant impact on core damage frequency is not significant. However,
NUREG/CR-5994 states that for plants with a maintenance unavaxlablhty of 0.04 the increased change in
CDF can be about 1.0E-5 (assummg no reduction or improvement is received on the failure to start and/or
run unavailability resulting from the increased maintenance). The MOOS estimate derived from the RG-
1.108 data is 3.1E-2. Thxsnsgreaterthanafactorof4 more than the 0.007 estimate used in the Regulatory
Guide 1.155 analysxs Further, the RG-1.108 estimate for MOOS failure probabxhty is approaching 0.04.

3.54 SBO Reliabihty for the Non-RG 1 108 Plants

The reliability estimates for the non-RG-l 108 plants are based solely on the unplanned demand data,
including recovery and the effects of MOOS while the plant is not shutdown. The non-RG-1.108 failure
mode estimates presented in Table 7 were used in the reliability calculations. Owing to the sparseness of
the data for most of the failure modes, only sampling variation was modeled in the statistical analyses.
Therefore, no plant-specific estimates for EDG train reliability were calculated for the non-RG-1.108
plants. Table 13 presents the estimates for the non-RG-1.108 EDGs with respect to the station blackout
target goals. The rehabxhty estimates of the EDG train for the non-RG-1.108 is the same for both the 0.95
and 0.975 EDGs owing to the non-informative Bayesian estimates calculated.

The effects of MOOS on the EDG train rehablhty for the non-RG-1.108 plants is significant. There
is a 99% chance of the non-RG-1.108 EDGs meeting the 0.95 station blackout target reliability without
MOOS. When MOOS is included, there is only a 71% chance. For the 0,975 non-RG-1.108 EDGs, there is
about a 85% chance without MOOS as compared to only a 19% chancc with MOOS.

Table 13. Station blackout target réhé,bmty estimates (includes recovery and an 8-hour mission time),
including 90% uncertamty bounds based ontbc non-RG-l 108 unplanned demand data '

Maintenance ~ EDG train  Brobabilitythat  Probabiliy that Remeo

- unavailability . reliability : * Repg reliability is at -~ reliability is at least
_included (Reng) 90% uncertamty least 0.95 0.975
No 0.984 0.966, 0.996 0.99 0.85
Yes 0.958 0.923, 0.984 0.71 0.19
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4. ENGINEERING ANALYSIS OF THE OPERATIONAL DATA

This section documents the results of an engincering evaluatmn of the EDG train ooperational data
derived from LERs and Special Reports. The data include 353 EDG train failures and 195 unplanned
demands. The quantitative analysis presented in this section of the report is limited to the data provided by
the plants reporhngmaccordanoemthRegulato:medellOS Dataﬁ'omtheplantsnotreportmgm
accordance with the regulatory guide were used only to obtain additional insights or to perform quahtatlve '
analysis of the types of faﬂum and faﬂure mechamsms observed at these plants

The engineering data analysis opens qualitative insights into the performanoe of the EDGs throughout

the industry and on a plant-specific basis. These qualitative insights characterize the factors contnbutmg to -

the quantitative estimates of EDG reliability presented previously in Section 3. The reader is cautioned
when comparing the individual plant data to the reliability estimates provided in Section 3. A plant-specific
estimate derived solely from the failure data at a particular plant may result in a different estimated
unreliability than an estimate derived from the population as a whole, especially when the data are sparse.
In addition, the effects of recovery and mission time will influence any comparisons to the results shown in
Section 3. See Appendix A for addxttona! mformatlon into the effects of performmg group-specific
investigations. '

Thcresultsoftheengmeenngevaluat:onareasfollows

) Trendmganalyswofthefaﬂureandunplanneddemndratedatamdxcatenostatlstlcally
significant trend in either rate over the 7 years of the study period. However, the smallest
numbers of both failures and unplanned demands for any given year owurredin 1993, -

¢ The EDG train faxlures that occurred during unplanned demands and directly contributed to
unreliability were typically electrical related. These failure events were primarily the result of
hardware malfunctions and appear to have been difficult for operators to diagnose and recover.
The typical recovery time for these events using offsite power was 2 hours. In addition, because
of the design of the EDG sequencer circuitry, a single fault in the circuitry causes a demand for
and subsequent failure of the EDG train. These sequencer-induced demands and subsequent
failures result in a loss of power to the associated safety-related bus, and present difficulties for
the plant operators in recovering power to the safety-related bus. - The sequencer faults are most
likely to occur durmg shutdown maintenance activities. '

¢ The EDG train failures that occurred during cyclic surveillance tests that dlrectly contnbuted to
‘unreliability were either the result of electrical-related failures, or leaking or loose components.

1. The electrical-related failures primarily contributed to the FTS probability, and comprised
hardware-related malfunctions of the EDG governor, voltage regulator, and sequencer. -

2. The failures that resulted from either leaking or loose components dominated the FTR
probability. No one component within any subsystem clearly dominated the failures;
however, the leaking or loose components were primarily the result of errors associated with
maintenance (improper assembly of the components) and either vibration or wear induced
fatigue failure. In addition, over two-thirds of these failures occurred after one-hour of EDG
operation, and therefore would not have appeared on the monthly tests owing to the short run
time of the monthly test as compared to the cyclic test’s endurance run.
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3. Three distinct EDG fail to run rates were found based on the cyclic surveillance test data.
The failure rate during the first half-hour was 2.5E-2 per hour. The failure rate decreased
sharply to 1.8E-3 per hour for the period between 0.5 hours and 14 hours. For periods
greaterthan 14 hours, tbefaﬂurerateagmndecreasedtoz 5E-4perhour

4. The number of failures found during monthly testing of the EDG trains was 78, and the
number of failures found during cyclic testing was 44. Given that there are approximately 18
times the ‘number of monthly tests performed than cyclic tests, the expected number of
failures are not consistent assuming monthly and cyclic tests are comparable. In addition,
fewer failures classified as failures to run were found during the monthly tests (22) than the
cyclic tests (27). The reason the number of monthly surveillance test failures is low in
comparison to the number of cyclic surveillance test failures is apparently owing to the
completen&ss (i.e., 24-hour endurance run) of the cychc test as compared to the monthly test.

5. Approxxmately one-thlrd of thc failures detected dunng the performance of survexllancc tests
affect restoration of the EDG to standby operating conditions. In many cases, these
restoration failures will cause a trip of the EDG during the restoration of normal power.

¢ Transamerica Delaval and Cooper Bessemer represent 38% of the EDGs in use at the
commercial nuclear plants reporting EDG failures in accordance with the requirements identified
in Regulatory Guide 1.108; however, these manufacturers account for 58% of the total number
of failures. The reason these two manufacturers contributed to a majority of the EDG failures is
apparently owing to the large number of instrumentation and controls subsystem failures
associated with these manufacturers as compared to the other manufacturers. In addition, the
Cooper Bessemer EDGs experienced a significant number of failures in the fuel, electrical and
engine mechanical subsystems as compared to the other manufacturers.

o Analysxs of plant-speclﬁc unreliability by low-power license date indicate no statistically
significant trend. Analysis of plant-specific EDG failure rate by low-power license date does
indicate a statistically significant trend. The trend indicates that the plants with low-power
license dates from 1980 to 1990 typically had an EDG failure rate greater than those plants with
a low-power license date prior to 1980. The trend observed by low-power license date for the

EDG failure rates requires further analysxs to determine the cause of the trend. Information
provided in the LERs was not sufficient to determine the reason for the trend

The following discussion documents the review of the opera'aonal data Specifically, this review
includes (a) an analysis of the operational data for trends and patterns in system performance across the
industry and at specific plants; (b) identification of the subsystems, components, and causes that resulted in
EDG train failure; (c) a comparison of the failure mechanisms found during surveillance tests and
unplanned demands; (d) analysis of the failures for the effects of aging; and () a review of Accident
Sequence Precursor (ASP) events related to the EDG system.
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4.1 lndustry-wide Evaluation
4.1.1 Trends by Year '

: Table14hststhemmberofEDGtmnfaﬂummdmphnneddemandsthatowunedmthemdusuy
for each year of the study period. Figures 10 and 11 plot the failures and unplanned demands for each year
of the study with 90% uncertainty intervals. Includedthhcachﬁgurexs aﬁttedtrendhneandaQO%
confidence band for the fitted trend.

Asshowanlgurm 10 and 11, trending analysis of the failure and unplanned demand rate indicate

no statistically significant trend in either rate over the 7 years of the study penod However, the smallest
- number of events for any given year occurred in the 1993.

, Table 14. BDG failures and unplanned demands by year

Catcgory 1987 1988 1989 1990 1991 1992 1993 Total
Failures - 34 77 57 51 61 - 53 20 353

Unplanned demands 28 30 30 25 32 29 21 195

% Year-specific rate & uncertainty interval
-~ 90% conf. band on the fitted trend — Fitted trend line
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Figure 10. EDG unplanned demands per EDG-year with 90% confidence intervals and fitted trend. The
trend is not statistically significant (P-value=0.08).
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Figure 11. EDG failures per EDG-year with 90% confidence intervals and fitted trend. The trend is not
statistically significant (P-value=0 30).

4.1.2 Factors Affecting System Reliabllity

The EDG train failures wererevxewedtodetennmethcfactors aﬁ'ectmgoveralltmmrehabxhty To
focus the review, the failures were partitioned by method of discovery for each subsystem. The methods of
discovery are unplanned demands, surveillance tests, and “other.” The "other" category consists of failures
found from plant tours, control room annunciators or indications, design reviews, etc. The three subsystems
with the highest contribution to the overall EDG train failures were further partitioned by the component
within the subsystem that actually failed. Table 15 summarizes the failures by method of discovery.
Figure 12 is a histogram of the data provided in Table 15 normalxzed by peroent eontnbunon

. In addition to the data analysxs discussed above, the EDG train failures 1 were partmoned by the three
dominant failure modes, FTS, FTR, and restoration failure (RF), to determine if a difference exists and to
evaluate the differences. The results of this data partition are prcsented in Table 16, and Figure 13 is a
histogram of the data presented in Table 16 normalized by percent contribution. The self-initiated failure
(SIF) failure mode was evaluated with the FTS failure mode because of the small number of failures
“contributing to this mode; the CCF events are revxewed in Secuon 4.5 of thxs report (Deﬁmt:ons of the RF
and SIF failure modes are provxded in Section 2.2. l) : ,
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Table 15. Number of EDG train failures by method of discovery.

Method of discovery
Unplanned = Surweillance
Subsystem Overall demands tests Other
Fuel 93 — 0 —_ 68 — 25 —
Governor : : - 51 — 0 —_ 39 _— 12
Leaks - 12 — 0. —_ 9 - 3.
Other fuel-related failures —_ 30 -0 — 20 —_ 10
Electrical 85 6 65 14 —_
Voltage regulator — 55 —_— 0 —_ 4 o~ 11
Output breaker — 18 - 0 —_ 16 — 2
Sequencer —_ 6 —_— 4 - 2 L — 0
Generator — 4 — 0 — 3 —_ 1
Other electrical related — 2 —_ 2 L — .0 —_ 0
failures S — — —_ _— —_— - —_
Start and shutdown instrument and 93 2 62 — 29 —_
controls (I&C) ' ’ o —_— — —_
Automatic trip circuit - 73 _ 2 _— 53 — 18
Normal control circuit — 13 —_ 0 — 5 —_ 8
Other controls related -— 17 — 0 — 4 — 3
Lubrication oil 18 — 0 -— 13 — 5 -
Cooling % — 0 — 16 — 10 —
Engine 20 — 0 —_ 13 — 7 -
Alir start 17 — 0 —_ 9 —_ 8 —_—
EDG room heating and ventilation 1 - 0 _ 1 R .0 —
(HVAC) * ‘v S
Total 353 2 — 8 —_ 247 — 68 @ —
8 Unplanned demands
{1 Surveillance tests
B Other
°\€
s e
§
n L ] '

Fuel  Electrical I&C  LubeOil Cooling  Engine  AirStat HVAC
Subsytem '

Figure 12. Histogram of EDG subsystem failures by method of discovery, normalized by percent
contribution.
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Table 16. Number of EDG subsystem failures by failure mode.

Failure mode
Subsystem FTS FTR RF
Fuel 45 — 29 - 19 —
: Governor " — 30 — 5 — 16
Leaks — 0 —_ 12 —_— 0
~ Other fuel-related failures —_ 15 _— 12 — 3
Electrical - 45 17 23
Voltage regulator - — 26 —_— 12 —_ 17
Output breaker — 11 —_ 1 —_ 6
Sequencer — 6 — 0 — 0
Generator . ) - 2 — 2 — 0
Other electrical-related failures — 0 —_ 2 —_ 0
Start and shutdown instrument and controls 29 —_ 4 — 60 —
Automatic trip circuit — 16  — 2 — 55
Normal control circuit — 11 — 1 — 1
Other controls-related failures _ 2 —_ 1 —_ 4
Lubricating oil 4 — 7 —_— 7 -
Cooling 2 —_ 18 —_ 6 —
Engine mechanical 1 —_ 14 — 5 —
Air start ‘ ' 15 — 2 —_ 0 —_
EDG room heating and ventilation 0 — ] — 1 —
(EDG HVAC)
Total ' o 141 b 91 — 121 —
60 qscreccccccccaas ceesnsancse Trrrenessssssessenes F,l.s DFIR IRF
L T T
X
g 404-------e-e. T . S secescescscessosceenene
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Figure 13. Histogram of EDG“suBsystem failures by failure mode, normalized by percent contribution.
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Oversall Findings. Threc subsystems dominated the EDG train failures: fuel, electrical, and
start/shutdown instrumentation and controls. These subsystems accounted for 77% of the failures, with
each subsystem contributing approximately equally. The governor, voltage regulator, and automatic trip
circuit were the significant component contributors to the three dominant subsystem groups respectively.

~ - The cause of most of the failures is attributed to hardware malfunctions, a majority of which were
electrical-related failures of fuses, relays, and contacts. The second leading cause is personnel error. This
latter group comprises mostly problems associated with procedures or administrative errors during
maintenance activities.

Unplanned Demands. A total of eleven failures occurred during an unplanned demand, eight of
which were used to determine the contribution of unplanned demand failures to overall unreliability
presented in Section 3. The remaining three failures contributed to the SIF failure mode; these three were
not used in the unreliability calculations presented in Section 3. .

Of the eight failures contributing to unreliability, three were classified as MOOS events, three as
FIR events, and two as FTS events. The FTR events occurred during a loss of offsite power, and the FTS
events occurred during a plant-centered loss of a single 4160-vac vital bus. For most of these events, power
was restored to the vital bus within a short period of time, typically less than 30 minutes. However, for only
the FTR events was power restored by the EDG; for the FTS events, power was restored to the vital bus by
restoration of normal power. This is mostly likely the result of the cause of the initial demand for the EDG
to supply emergency power, and not the result of the type or mechanism of the EDG failure. That is, the
FTR events occurred in conjunction with a loss of offsite power, where restoration of the EDG was the
most expeditious recovery action for plant operators. For the events in which a loss of a single bus in
conjunction with a failure of the EDG to start occurred, the most expeditious recovery action was by
restoring power from the normal source.

The three FTR events were caused by problems associated with the instrumentation and controls (2),
and electrical (1) subsystems. Two were the result of hardware failures and one was the result of personnel
error. In the two hardware-related failures, a root cause was not identified in the LER; only speculation of
the apparent cause was given. In both of these cases, the EDG tripped during a loss-of-offsite-power event,
and after troubleshooting (in one case for 2.5 hours) the EDG was restarted without any corrective
maintenance actions taken. The most likely cause was intermittent actuatlon of temperature and pressure
switches in the automatic shutdown circuits. The personnel error was the result of performing a ground
isolation evolution on a running EDG during a loss-of-offsite-power event. The procedure was intended for
use when offsite power was available.

The two FTS events observed in the unplanned demand data were the result of a failure in the
electrical and shutdown instrument and controls subsystems. Both of the failures were hardware-related.
One was the result of timer “drift” in the sequencer, whichpreventedﬂaeEDGtrainﬁ'omloadingthcﬁtal
bus. The second failure was the result of a false low lubrication oil pressure sxgnal mused by air and
sediment in the sensing lines.

’l‘herewerethreeinstanccsthatanEDGwasoutofservioe for maintenance during an unplanned
demand used to determine the MOOS contribution to EDG unreliability presented previously in Section 3.
In each case one EDG was not available to power its safety-related bus owing to maintenance. It is
uncertain from the LERSs the reason for the maintenance (i.e., corrective or preventative). However, in each
case it is reasonably certain given the nature of the cause of the loss of power to the safety-related bus that
there was no test of the EDG in progress. The initiating event for all three was a plant-centered loss of
power. In one case a failed relay in the generator circuitry caused a loss of power during a plant shutdown
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~when in-house loads were being transferred to offsite power. In another case a personnel error during the
surveillance test of the firewater system resulted in the deluge valves opening and wetting both the main and
auxiliary transformers. In the final case, an improperly mstalled relay tripped the supply breaker toa
~ safety-relawd bus dunng a reactor coolant pump start.

- There were three fallures of the EDG train dunng unplanned demands that were not used to develop
the unreliability estimates presented in Section 3 (SIF events) because of the mechanism of the
failure. These three failures occurred in the electrical subsystem and were specifically related to the
sequencer. Two were caused by personnel error, and one was a result of a hardware failure. In each case,
the sequencer actually caused a load shed sequence to be activated that de-energized the safety bus and
subsequently prevented the EDG train from loading the bus. In each event, the EDG started and its output

- breaker closed to power the safety bus, but the load shed signal was maintained, thus preventing the safety-
related loads from receiving power. These events are unusual in that a single fault is both demanding and
fallmg the safety function of the EDG train. As an example, for some safety-related systems, they initiate
using an “one-out-of-two-taken-twice logic” which prevents this type of situation. That is, a single fault
does not cause a demand for or prevent the system ﬁom ﬁmctlonmg

The cause of two of the SIF events was the result of equipment operators madvertently removing
fuses for the circuit that senses power on a safety bus during surveillance testing that is normally performed
with the plant in cold shutdown. This action caused the normal power supply breaker for the safety bus to
open, the EDG to start, and its output breaker to close, but since the power-sensing circuit fuses were

~removed, the sequencer did not sense voltage on the bus. Therefore, no loads were sequenced onto the bus

nor could they be manually connected. These SIF events required over 2 hours to restore power to the
safety-related bus, and in each case the EDG train was not used for power restoration. Given that there
were 47 instances during the study period where an EDG train was inadvertently demanded during a
surveillance test or maintenance activity that is normally only performed when the plant is in cold
‘shutdown, these SIF failures occurred at a frequency of 4.5E-2. In other words, approximately 1 out of
every 25 times an EDG was inadvertently demanded during & surveillance test or maintenance activity in
cold shutdown the safety-related bus was not powered by the EDG and subsequently not powered by any
source for over 2 hours. S

The third SIF EDG se(;uenoer failure resulted from the failure of an integrated circuit chip. The failed
chip initiated a loss of power load shed sequence that de-energized the safety-related bus and also prevented
the sequencer from reloading the bus after electrical power ‘was applied to the bus by the EDG. The vital
bus loads were without power for 7 hours, at which time normal power was restored. Tlus event could
have occurred under any plant operatmg eondmon v o ~

Inaddmontotheabovefallures oftheEDGtrmnthatoecurreddunngunplanneddemands at the
plants reporting in accordance with Regulatory Guide 1.108, four failures of the EDG output breaker were
observed during unplanned demands of the plants not reportmg m aocordance w1th the regulatory guide.

The four EDG output breaker failures were observed in the 175 unplanned demands of the EDG
trains for the plants not reporting in accordance with the regulatory guide (includes both shutdown and
operational periods). This indicates an estimated unreliability of the output breaker of 2.3E-2 per demand.
* Three of the four failures were hardware-related malfunctions, and the fourth failure was the result of
_personnel error. The hardware-related failures were caused by problems with the breaker’s amptector, a
 defective switch in the closing logic, and with the contacts in the breaker’s control switch. In the three
hardware-related failures, the EDG train failed to start and was not able to be recovered. In each case,
restoration of power to the emergency bus was accomplished by restoring normal power.
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Overall, it appears based on the data provided in the LERs that the failures of the EDG train during
unplanned demands were mostly electrical. These failure events may be difficult for operators to diagnose
and recover from using the EDG train based on a mean time to recovery using offsite power of 2 hours. In
addition, because of the design of the EDG sequencer circuitry, a single fault in the circuitry causes a
demand for and subsequent failure of the EDG train. These sequencer induced demands and subsequent
failures result in a loss of power to the associated safety-related bus, and present difficulties for the plant

operators in recovering power to the safety-related bus.

Surveillance Tests. Overall, surveillance testmg detected subsystem failures different from those

- found during unplanned demands. Surveillance test failures were approximately evenly distributed between

the fuel, electrical, and start/shutdown instrument and controls subsystems, ‘with each accounting for

approximately 25% of the total number of failures (remaining 25% were spread among the other

subsystems). Within these subsystems, the governor, voltage regulator, and automatic trip circuit accounted

for the majority of the failures in each respective subsystem. The failure mechanisms of these components
and their contribution to the total number of EDG failures are as follows:

o Failures of the governor accounted for 16% of the surveillance test failures. The types of failures
- attributed to the governor include malfunctions of the governor itself, the govemor control and
sensing circuitry, and the power supply to the governor and sensing circuits.

o Failures of the voltage regulator accounted for 18% of the survelllance test fallures The types of
. failures attributed to the voltage regulator include malfunctions of the exciter, failures of the field
flash ctrcurtry the voltage regulator sensing circuitry, and the power supplm to the voltage regulator

and sensing circuits.

) ThewmmaﬁcuipckwityaWedfoﬂl%ofmemeiﬂaneetestfaﬂures.ﬁetypesoffailures
observed in the automatic trip circuitry include sensors that supply trip signals, the controls systems
that process trip signals (pneumatlcs),andthecxrcumythatpromsesﬂlemp signals. C

Cyclic Surveillance Tests. Because cyclic surveillance test data were used in the unrehabxhty
estimates presented in Section 3, the EDG train failures that occurred during surveillance tests were
partitioned by failures that occurred either during cyclic and other periodic surveillance tests, of which
most were monthly tests. The results of this data partition indicates a different distribution of the failures
among the various EDG subsystems than that observed in the aggregate surveillance test data set. ‘

During the cyclic surveillance tests, the fuel, electrical, engine mechanical, and cooling subsystems
contributed to over 75% of the failures. The other 25% of the failures were distributed among the other
subsystems, with the instrumentation and control subsystem contributing approxrmately 10% of the failures

compared to 21% in the aggregate data set.

For the FTS failure mode, the fuel and electrical subsystems contributed to a majority of the FTS
events, 12 of 17. Within these two subsystems, three components comprised all the subsystem failures: the
govemor (6), voltage regulator (5), and sequencer (1). These failures were primarily the result of electrical-
related hardware malfunctions associated with all three components, The failures of these three components
were the result of blown fuses and the malfunction of relays, potentiometers, contacts, solenoids, and
resistors. Other EDG train failures were associated with maintenance-related errors, such as mis-
adjustment of settings and switches left in the wrong position. The subsystem failures that contributed to
the FTS probablhty were different than the subsystem contribution to the FTS probability found in the
PRA/IPEs. A review of the PRA/IPE data indicate that the EDG output breaker and actuation logic are the
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_ significant contributors to the FTS probability. However, as discussed, the governor and voltage regulator
- 'were observed to contnbute approxlmately 66% of the FTS probabllxty based on the operational data.

In addxtlon, only 17 FIS events were observed during the performance of cyelxc surveillance tests,
compared to 56 FTIS events during the performance of monthly .surveillance tests (a factor of ~3
difference). Given that there are approximately 18 times the number of monthly tests performed than cyclic
- tests, the expected number of failures are not consistent assuming monthly and cyclic tests a:eoomparable
_Analysis of the failure data between the two testing frequencxes does not indicate a difference in either the

mechanism or cause of the fallures, or s1gmﬁcant difference in the distribution of the failures between the

 subsystems.

For the FIR failure mode no one component within any subsystem clearly dominated the total

‘number of failures found during cyclic surveillance testing. However, as shown later in Section 4.1.3

differences were apparent for the subsystem contribution to the early and middle time periods based on the
cyclic surveillance test data.

Most of the FTR events were the result of either leaking or loose components. The leaking or loose
components were primarily the result of errors associated with maintenance (improper assembly of the
- components) and either vibration- or wear-induced fatigue failure. In addition, over two-thirds of the
failures that contributed to the FTR probability during cyclic surveillance tests occurred afier one-hour of
EDG operation, and therefore would not have appeared on the monthly tests owing to the short run time of
the monthly test compared to the cyclic test’s endurance run, Moreover, fewer EDG train failures (FTR

- events) were found during the monthly tests (22) than the cyclic tests (27). As stated prevxously for the FTS
events, the number of FTR events found during the monthly tests appears to be inconsistent assuming
monthly and cyclic tests are comparable. This may be owing to the long endurance run (24 hours) of the
cyclic test compared to the monthly test’s one-hour run,

Restoration Fallures Two m51ghts were revealed dunng the analysns of the aggregate surveillance
test data. First, approximately one-third of the EDG failures found during surveillance testing would have
affected the restoration of nmormal power. These "restoration failures" occurred because either the
malfunction condition was bypassed for an emergency start of the EDG or the malfunction was related to
theEDGumtwhenoperatedmparallel with the grid. These restoration failures have the potential to initiate

- a second loss of power that is difficult to diagnose and recover. The second insight was that the proper
restoration of the EDG following surveillance testing was not always performed in accordance with
established plant procedures. ‘ A

The first type of restoration failure applies to most of the EDGs Tlus restoration faxlure results when
the trips that are bypassed during an emergency start become active during the recovery of normal
power. As soon as a previously bypassed trip is re-instituted, the EDG trips. For some EDGs, the trip
circuitry is automatically restored when certain interlock conditions are met. For others, it is re-instituted
by operator action, generally when the safety injection (SI) signal is "reset." This reset is typically
performed at the ECCS equipment control board, not at the EDG control board, where the bypassed EDG
trip alarms alert the operator of the failed condition. If the reset is performed without prior transfer to
offsite power, a second loss of electrical power to the affected safety-related bus could occur.

The second type of restoration faxlure occurs during transfer to offsite power, when the EDG must be
-placed in parallel with the grid. The failure mechanism does not appear until the EDG is shifted from
independent to parallel operation. When the EDG is placed in parallel with the grid, unstable governor or
generator voltage operation may result. The unstable operation will likely result in a trip of the diesel
and/or the generator. A trip of the EDG under these conditions may cause power distribution breaker trips
and lockouts of supply sources, in addition to the EDG output breaker lockout. The effect of EDG loss
during restoration of offsite power may cause further disruption of power continuity.

49 NUREG/CR-5500, Vol. 5




A small percentage of the EDG failures were a result of failing to correctly align the EDG to a proper
pre-start configuration. Examples of these failures include voltage regulators left in manual or set too
low, wrong governor settings, improper droop controls, and load limits set low. These faﬂur&s are
attributed to failure to follow operations or maintenance procedures ;

Other Failures The start/shutdown instrument and controls subsystem was the dominant
contributor to the "other" failure category. A significant portion of the failures found in the start/shutdown
instrument and controls subsystem were a result of blown fuses, of which the LERs did not provide
sufficient data to determine the cause of the blown fuse, simply that the fuse interrupted power. Analysis of
the failure data for the remalmng subsystems dld not reveal any significant cause or correlation among the
failures.

4.1.3 Time-Trends Observed' in FTR Events |
. The EDG failures that occurred after a successful start sequence were evaluated to determine if

: time-related trends existed, and if there was an associated failure mechanism for any trend. There were

27 FTR events observed in the cyclic surveillance test data. The duratlon of the EDG run times pnor to the

' faﬂureoftheEDGwerereportedm 19 of the LERs.

Each of the cyclic surveillance test demands is for at least 24 hours. Based on this assumption, the
number of failures as a function of time can be used to detect trends. To detect trends over a 24-hour
period, the cumulative number of failures based on cyclic testing were plotted as a function of time. The
result is illustrated in Figure 14. Since the number of cyclic surveillance tests can be estimated reasonably
accurately, the failure rate can be determined. Analysis of these data indicates that three distinct failure
rates existed. The failure rate during the first half-hour was 2.5E-2. The failure rate decreased significantly
to 1.8E-3 for the period between 0.5 hoursand l4hours Forpenods grnterthan 14 hours the failure rate
again decreased to 2.5E4.

Thcchangcmﬂ:cfaﬂuremtepethourwashnkedtoachangcmthemechamsmoftheEDGtram

 failures. That is, the cooling subsystem dominated the early failures, accounting for about one-third of all

the failures that occurred during the first half-hour; the electrical and fuel subsystems combined account for
half of the failures in the period between 0.5 hours and 14 hours; and beyond 14 hours the only failures
observed occurred in the electrical subsystem.
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Figure 14. EDG cumulative number of FTR events observed dunng the cyclic surveillance test’s 24-hour
loaded run segment versus known run ume of the failure, o

4.1.4 Comparison with Previous Studnes

Subsystem failures oontmned in thxs study were compared with the subsystem failures identified in
NUREG-1032. Figure 15 is a histogram showing the results of this comparison. The purpose of the
comparison is to determine whether or not differences exist in the subsystem contribution to EDG failures
for this study compared to earlier studies. The subsystem failures identified in NUREG-1032 were
partitioned into two time periods, 1976-1980 and 198 1-1982, and are shown as two separate bars for each
subsystem. The third bar represents the subsystems used in this study for the 1987-1993 time period. Most
of the subsystems identified in NUREG-1032 are similar to the subsystems used in this study. Some
differences, however, did exist between the two studies; the fuel subsystem defined in this study is two
subsystems in NUREG-1032. The fuel subsystem was divided into the governor .and fuel. The lubricating
oil and engine subsystem used in this study were not specifically identified in NUREG-1032. Only
subsystems that were clearly identified in both studies were compared ’Iherefore, the percenta.ges shown in
Figure 15 do not add up to 100%

= As shown in anure 15, the only sxgmﬁcant dxﬁ'erence exists thh the instrumentation and control
’subsystem, which has a lugher percent contribution to EDG failures from 1987 to 1993 than in the earlier
- time periods. Because it is not clear from NUREG-1032 what types of failures were included in the logic
and control subsystem, the exact reason for this difference is uncertain, However, about half of the failures
for the instrumentation and control subsystem in the 1987 through 1993 study were restoration failures
where mstrumentatxon caused the EDG to trip during an non-emergency start. It is not clear if these types
of failures were addressed in the earlier studies. . . o )
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Figure 15. Plot of EDG subsystem failures observed from 1987-1993 compared with previous study
periods.
4.2 Individual Plant Evaluation

Table 17 shows the following information for each plant .reporting in accordance with the
reqpirements of Regulatory Guide 1.108: number of EDGs, operating years during the study period,
number of failures, number of unplanned demands, and the rate of failures and unplanned demands. As

~ used here, a rate is simply the number of failures or unplanned demands per EDG-year. The number of

EDGe-years is the product of the number of EDGs at the plant and operating years. Operating years do not
include time prior to receipt of the low-power license or regulatory outages.

Plant-speclﬁc unplanned demand rates and failure rates are plotted in Fxgures 16 and 17. For each
plant, the estimate is shown with the 90% Bayesian interval. Because the plants with high failure rates do
not necessarily have high demand rates, Figure 18 shows the two rates plotted on one graph. Plants are
identified by name if either a high unplanned demand rate, failure rate, or both are observed.

In contrast to those plants with a high number of EDG failures, a review of the data identified 18
plants with one or fewer reported EDG train failures for the 7-year period. These plants are identified in
Table B-1 of Appendix B. Of particular interest is that some of these plants (Braidwood 1, Harris, Palo
Verde 2, and Zion 2) have EDGs supphed by a manufacturer that ex}nblts a high number of failures at
other plants

An analysis of the operational data for each of the plants 1dent1ﬁed in Figure 18 that have either a
high failure rate, high unplanned demand rate, or both, was performed in an effort to determine if
recurring problems or trends existed. The failure and unplanned demand rates shown in the following
;ablﬁs and graphs provide qualitative insights that can be used to characterize the factors contributing to the
quantltatlve estimates of EDG reliability presented previously in Section 3. The reader is cautioned when

‘comparing the individual plant data to the reliability estimates provided in Section 3. Plant-specific

gstimates derived solely from the failure data at a particular plant may produce results that differ from those
presented in Section 3. There are several reasons for this, two of which are the sparse data associated with
looking at EDG performance at individual plants and the ability to recover from EDG failures. However,
sparse data alone does not create differences between the best estimates of unreliability presented in Section
3 (which are calculated using Bayesian statistics) and what can be calculated if only the individual plant
data were used (that is, using classical statistics). Sparse data provide the opportunity for rare or atypical
ormance to overly influence any unreliability estimate that is based soley on the plant-specific data.
(Note that in the long run, the atypical “good” performance will be balanced out by atypical
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“bad” performance. “Sparse data” is defined such that the EDG expenence is not long enough to allow the
data to converge on the true unreliability.) This atypical data can result in the unreliability estimate either
‘over predicting or under predicting the true unreliability of the plant EDGs. Of course it is impossible to
determine absolutely whether or not the sparse data are atypical of the true EDG performance; maybe the
EDGs really are as good or as bad as the data suggests. Nevertheless, to minimize the chance of producing
non-representative estimates based on atypical (sparse) data, the best estimates presented in Section 3 are
calculated using Bayesian statistics that utilize the industry-wide data along with the plant-specific EDG
data. Hence, the estimated unreliability of any plants that displayed atypical performance (either better or
worse) during the relatively short time frame of this study period, is moderated by the industry-wide data.
For example, Catawba 1 has a best (Bayesian) estimate of unreliability of 0.058. However, the operating
‘experience at Catawba 1 resulted in 2 failures in 3 unplanned demands and 1 failure in 10 cyclic
surveillance tests. A simple (classical statistics) estimate of unreliability based on this data is 0.23 (3/13).
At the same time, the Bayesian estimate of unreliability for the overall population of nuclear power plant
EDGs is 0.044. Comparing these three estimates, it can be seen that the Bayesian estimate for the Catawba
1 plant is pulled from the simple (classical) estimate towards the overall industry average estimate. This
behavior is a fundamental premise of Bayesian statistics that says we actually know more about the
reliability of the Catawba 1 EDGs than can be discerned from the Catawba 1 data alone. Specially, in the
case being examined here, we have the operating experience of the entire industry we can utilize and factor
into our “best” estimate of the mrehablhty of the EDGs at Catawba 1.

The second issue to consider when reviewing the individual plant experience is the possibility of
recovering from an EDG failure; Industry-wide, there were three opportunities in which plant personnel
were motivated to recover the EDG from a FTR event. In all three instances, the recovery was successful.
Consequently, the unreliability estimates presented in Section 3 include a very high likelihood that FTR
events will be successfully recovered. Whereas the individual plant-specific experience presented in
Section 4 does not necessarily include consideration of recovery. Hence any unreliability estimate
generated using classical statistics and based on plant-specific data for an individual plant will llkely be
inaccurate with respect to cons1derat10n of the possibility of recovering from a failure. _

Table 17. EDG train failures 'ahd unplanned demands differentiated by plant.

Number of Operating Failure Unplanned * * "Demand

Plant name EDGs - years Failures rate demands - rate
*Arkansas 2 2 7.00 27 0.14 1 = -0.07
Braidwood 1 2 6.62 0 0.00 - 4 ©7--0030
Braidwood 2 2 6.04 -5 041 - 1 - 0.08
Browns Ferry 2 4 2.61 2 0.19 0 0.00
‘Byron 1 2 7.00 6 043 0 ~0.00

. Byron2 2 7.00 6 - 043 2 0.14
:Callaway 2. 7.00 ©8: 0.57 . 2 014
- Catawba 1 2 7.00 20 143 ¢ 3 0.21
. Catawba 2 2 . 7.00 14 1.00 0 10.00
-+ Clinton . 2 7.00 8 0.57 - 0 0.00
-. Comanche Peak 1 2 3.90 2 0.26 4 0.51
- Comanche Peak2 2 091 0 0.00 0 0.00
Cook 1 . 2 7.00 1 0.07 2 0.14
Cook 2 2 7.00 1 0.07 2 0.14
Diablo Canyon 1 - 3. 7.00 .4 0.19 .- 4 0.19
Diablo Canyon 2 2 7.00 2 0.14 - 8 0.57
Farley 1 3 7.00 1 0.05 4 0.19
Farley 2 2 7.00 0 0.00 3 0.21
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Table 17. cont.

Number of ' Operating " Failure Unplanned -~ Demand
Plant name EDGs years - Failures - rate demands ~ rate
Fermi 2 4 7.00 o1 039 6 0.21
Grand Gulf 2 7.00 16 1.14 0 0.00
Haddam Neck 2 7.00 2 0.14 5 0.36
Harris -2 7.00 0 0.00 6 043
- Hatch 1 3 7.00 1 0.05 0 - 0.00
Hatch 2 2 7.00 1 0.07 0 0.00
Hope Creek 4 7.00 -1 0.04 -2 0.07
.LaSalle 1 2 7.00 4 029 - 3 0.21
LaSalle 2 1 7.00 1 0.14 0 0.00
Limerick 1 4 7.00 5 1 0.18 0 0.00
Limerick 2 4 448 10 0.56 0 . “0.00
. McGuire 1 - 2 7.00 13 093 4 0.29
.- McGuire 2 2 7.00 16 114 5 0.36
. Millstone 3 2 - 7.00 2. 0.14 2 0.14
_ .NmeMllePt.Z 2 700 14 1.00 .9 " 0.64
.. North Anna 1 2 -7.00 0 0.00 6 0.43
. North Anna 2 2 7.00 3 0.21 -3 0.21
Palo Verde 1 2 7.00 2 0.14 8 0.57
Palo Verde 2 2. 7.00 1 0.07 6 0.43
,Palo Verde 3 2 6.77 3 - 0.22 3 0.22
Perry 2 7.00 s 0.36 . 0 0.00
River Bend 2 7.00 10 0.71 - 2 0.14
Salem 1 3 7.00 0 0.00 9 0.43
Salem 2 3 7.00 11 - 0.52 4 0.19
San Onofre 2 2 700 0 0.00 1 0.07
San Onofre 3 2 7.00 0 0.00 0 0.00
Seabrook 2 4.60 4 043 3 0.33
Sequoyah 1 2 5.14 2 0.19 9 0.88
Sequoyah 2 2 5.64 2 0.18 3 0.27
South Texas 1 3 6.36 25 1.31 11 0.58
South Texas2 . 3 5.04 - 14 0.93 8 0.53
St. Lucie 1 2 7.00 - 0.36 1 0.07
St. Lucie 2 2 7.00 10 0.71 2 0.14
Summer 2 7.00 1 0.07 7 0.50
Susquehanna 1 3 7.00 6 0.29 0 0.00
Susquehanna 2 2 7.00 2 0.14 0 0.00
Turkey Point 3 2 7.00 4 0.29 4 -0.29
Turkey Point 4 2 - 7.00 3 0.21 5 0.36
Vogtle 1 2 6.96 14 1.01 5 0.36
Vogtle 2 2 4.89 ‘10 1.02 2 0.20
Wash. Nuclear 2 2 7.00 2 0.14 1 0.07
Waterford 3 2 7.00 22 1.57 3 0.21
Wolf Creck 2 7.00 6 0.43 4 0.29
Zion 1 3 7.00 6 0.29 2 0.10
Zion2 2 7.00 1 0.07 1 0.07
RG-1.108 total
Or mean 144 6.50 353 0.38 195 - 0.21
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Figure 16. Plant-specific unplanned demand rate per EDG-year with 90% Bayesian intervals.
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Catawba 1 had a failure rate of 1.43 failures per EDG-year, which is the sccond highest in the
industry. Over half of the failures occurred in 1987 and 1988. Most of the failures were classified as
failures of the EDG to start and were associated with the instrumentation and control subsystem,
specifically, malfunctions of the automatic trip circuitry. Recurring problems in 1987 and 1988 associated
with the design of the lubrication oil low pressure trip instrumentation caused most of these failures for
both EDGs at the plant. The remaining failures occurred in the electrical subsystem, primarily in the

voltage regulator.

The failures and associated demands that contributed to the reliability estimate provided previously in
Section 3 for Catawba 1 were two failures to start and one maintenance out of service event. The failures
and the maintenance out of service event were observed in 3 unplanned demands and 20 cyclic surveillance
test start attempts. The two failures to start occurred during an unplanned demand and a cyclic
surveillance test. The unplanned demand failure to start was the result of a failed sequencer owing to
“timer drift”, this failure was not recovered using the EDG. The cyclic surveillance test failure to start was
the result of a failure that occurred in the instrumentation and controls subsystem, specifically in the low
lubrication oil pressure shutdown circuit. The two failures to start in 22 attempts (the MOOS event
reduces the count to 22) contributed to a relatively high faxlure to start probability as compared to the other
RG-1.108 plants.

Catawba 2 had a failure rate of 1.00 failures per EDG-year. Most of the failures occurred from 1991
through 1993 -and were primarily associated with the instrumentation and controls subsystem.
Approximately 70% (10) of the failures involved various sensors of the automatic trip circuitry and
affected both EDGs. Both Catawba units have experienced a significant number of problems with various
sensors in the instrumentation and controls subsystem. These failures were dominated by failures to start
and restoration failures. All but two of the failures were discovered during surveillance tests, four of which
were cyclic surveillance tests (1 FTS and 3 RFR). No unplanned demands occurred at Catawba 2 during
the study period. "

The reliability estimate provided previously in Section 3 for Catawba 2 is based on one failure to
start in 24 demand attempts. The failure to start event was the result of personnel error in adjustment of
the governor settings. No others failures or MOOS events were observed that contributed to unreliability at

" Catawba 2.

Grand Gulf had a failure rate of 1.14 failures per EDG-year, most of which occurred in 1988 and
1992. Of the failures that occurred in these two years, only 3 of the 11 were due to the same cause; the
remainder were diverse. About half of the failures are related to the electrical subsystem, specifically the
voltage regulator of EDG 11. Most of the remaining failures involved the automatic trip circuitry, primarily

“on EDG 12. A majority of the failures were discovered during surveillance tests, though none were cyclic

surveillance tests. No unplanned demands occurred at Grand Gulf during the study period. The reliability
estimate presented previously in Section 3 is based on no failures during 12 cyclic surveillance tests.

McGuire 1 experienced an EDG failure rate of 0.93 per EDG-year during the study period. Most of
these failures occurred between 1988 and 1990. Thes¢ failures were diverse, with no clear majority being
associated with a specific subsystem or failure mode, but half were either related to maintenance or
operator error and included painted fuel racks, oil and water leaks, a torn gasket, loose valve covers, loose
wires, and breaker or valve mis-positioning problems. The failures were distributed between both EDGs at
the plant. The method of discovery for the faxlum at McGuire 1 was evenly divided between surveillance
tests and other.
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_The reliability estimate presented previously in Section 3'for McGuire 1 is based on no failures to
start or run observed in four unplanned demands and 10 cyclic surveillance tests. There was only one
-maintenance out of service event observed at MoGurre 1 durmg the four unplanned demands e

. McGurre 2 experlenoed an. EDG fallure rate of l 14: per EDG-year dunng the study penod The
failures at McGuire 2 were similar to the failures experienced at McGuire 1. Most were related to
maintenance or operator error, wrth no clear majonty bemg assocrated thh a speclﬁc subsystem T

The farlures and assocrated demands that contnbuted to the rehabrlnty estimate for MeGulre 2 were
two failures to start and four failures to run, during five unplanned demands and 24 cyclic surveillance test
start attempts and associated endurance runs. The two failures to start were observed during an unplanned
demand and a cyclic surveillance test. - The unplanned demand failure to start was the result of a failed
lubrication oil pressure switch that was subsequently not recovered. - The cyclic surveillance test failure to
start was the result of a failure that occurred in the instrumentation and controls subsystem, specifically,
intermittent failure of contracts in the EDG start timing relay. The two failures to start in 29 demand
attempts contributed to a relatively high failure to start probability -as compared to the other RG-1.108
plants. The four failures to run were observed only during the cyclic surveillance test’s endurance run.
One of the failures was observed during the early period of the run (less than half-hour), two failures were

~observed during the middle period of the run (greater than half- hour and less than 14 hours), and the fourth
failure to run had an unknown run time prior to failure. These failures contributed to relatively high failure
to run rates for each period as compared to the other RG-1.108 plants. These failures were associated with
four different subsystems; however, three can be attnbuted to mamtenanee practxces specrﬁcally, leaking

fittings and gaskets. .

NineMilePothhadafaxlurerateoflOOperEDGyw 'I'hefailuresweredlverseandhadno
.common link to any specific cause or subsystem. Most of the failures:occurred during surveillance tests,
two of which were cyclic surveillance tests. 'l‘hrsplanthadthesecondhxghestunplanneddemandratemthe
industry, with 0.64 demands per EDG-year. The failures were evenly distributed over the review period;
however, allbutoneoftheunplanneddemandsoccurredmthelasttwoywsoftherevxewpenod

The faxlures and assoerated demands that eontnbuted to the rehabxlrty estlmate for Nine Mxle Pt. 2
were two failures to run that occurred in the middle period of the endurance runs during cyclic surveillance
testing. Both of these failures were associated with the fuel subsystem owing to a fuel oil leak caused by
cracks in the fuel injector pump delivery valve. These failures contributed to a relatively high failure to run
rate for the middle perrod as compared to the other RG-1.108 plants. Nine Mile Pt. 2 also experienced two
maintenance out of service events during nine unplanned demands, however, these events occurred during
cold shutdown conditions and were related to shutdown maintenance activities. - Therefore they were not
used in the reliability estimate. - :

Salem 2 experienced a relatively low overall failure rate and unplanned demand rate compared to the
other RG-1.108 reporting plants.  However, Salem 2 had several failures that contributed to a relatively
low reliability. The failures and associated demands that contributed to the reliability estimate were four
failures to run observed during the cyclic surveillance test’s endurance run. Two of the failures to run were
observed in the early period, one during the middle period, and one had an unknown run time prior to
failure. These failures contributed to relatively high failure to run rates for each period as compared to the
~other RG-1.108 plants. - The failures were attributed to maintenance practices, prlmanly associated with
the cooling subsystem that eventually resulted in subsystem leaks .

South Texas 1 had a fallure rate of 1 31 thethxrd lughest mthe ofthe RG-l 108 plants The farlures
were diverse, affecting all three EDGs, though EDG 12 and EDG 13 had the majority of the failures. The
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main contributors to the ﬁtlures were the automatic trip cxrcumy and the voltage regulator The data also
indicated that several of the failures were for the same reason. Some failures occurred several weeks apart
from each other. Approximately half of the failures occurred within the first two years after low-power

license date. The failures that occurred in the two years afier low-power license date were shared between
-EDG 12 and EDG 13 and were due to various causes and subsystems. Most of the failures were testoration
 failures. Two-thirds of the failures occurred during surveillance tests, two of which were cyclic surveillance

tests (1 FIR and 1 RFR). Therewerenounplanneddema.ndfarlures The plant has also exhibited the
mdushy'sthudhghestmphnneddmandmﬁofOSSmplanneddmandsperEDGyw ,

: 'IherehabxlrtyestrmateforSouthTexaslrsbasedononefaxluretostartobserveddunng4ldemand
attempts. ‘This failure was the result of a faulty voltage regulator that tripped the EDG output breaker
during the performance of a cyclic surveillance test. No other faxlures or MOOS events were observed at
South Texas 1 that contributed to the reliability estimate.

SouthTexathadafaﬂurerateof093 perEDG-yeardunngthesmdypenod Overbalfofthe

failures occurred in 1991 and were distributed between all three EDGs, with most associated with EDG 22.
Aboutathtrdofthefaxlureswererelatedtotheautomattcmpcuthry Most of the failures occurred
. during surveillance tests, with four of the failures occurring during cyclic tests. The plant has also had a

‘high unplanned demand rate of 0.53 unplanned demands per EDG-year. Alloftheunplanneddemands
- occurred in 1989, For both units the failures appearto be desxgn—related recumng problems that occurred
,,mthmtheﬁrsttwoymrsofoperatlons

The reliability estimate for South Texas 2 is based on four failures to run Observed during the cyclic

" surveillance test’s endurance run. One of the failures to run was observed in the early period, two during

the middle period, and one had an unknown run time prior to failure. These failures contributed to relatively
high failure to run rates for each period as compared to the other RG-1.108 plants. The four FTR cyclic
mmﬂhneemfaﬂmeswemassomatedmththreembsym(twoﬁxeLmeeleancal andoneengme
mechanical) and appear to be unrelated.

Vogtle 1 had a failure rate of 1.01. Halfofthe failures oceurred inbl990. .These failures were evenly

' dxstributedbetweenthemrstartsystem,thevoltageregulator and automatic trip-circuitry. The failures

were primarily discovered during surveillance testing and appear to be unrelated. Vogtlelhadan

unplanneddemandrateof036 All but one of the demands occurred in 1990

’Iherelxabxl:tyestrmateforVogtlellsbasedononefarluretorunobserveddunnganunplanned
demand. This failure occurred during the early period and contributed to a relatively high failure to run
rate as compared to the other RG-1.108 plants, ’l‘hefarlurewastberesultofmtenmttentacmatxonofthe
high jacket water temperature switch, and the EDG was recovered by operator action.

Vogtle 2 had a failure rate of 1.02. Most of failures occurred in 1990, and all but two of the failures
occurred during the first two years of low-power operations, Most were recurring problems caused by an
air pilot valve sticking. Most of the failures were discovered dunng surveillance testing. However, there
were fo failures observed during any of the demands used to estimate EDG unreliability in tlns report
during the study period.

Waterford 3 had a failure rate of 1.57, the highest for tbe plants reporting in accordance with
RG-1.108. All but two of the failures occurred on EDG A, and were distributed between 1987 and 1991.
Most of the failures were related to the automatic trip circuitry for EDG A, the majority being a recurring
problem associated with a pressure switch in the turbocharger lubrication oil system. All but four of the
failures were classified as restoration farlures that did not contribute to the EDG reliability estimate. =~
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The reliability estimate for Waterford 3 is based one failure to run observed during a cyclic
surveillance test. ‘This failure occurred during the middle period and contributed to a relatively high failure
to run rate as compared to the other RG- 1.108 plants. This failure was the result of crankcase over-
‘pmsunmhonthatwasmusedbymmkpxstonnngs Waterford 3 also experienced one maintenance out of
Semceeventdunngthreeunplanneddemands however,thxseventoocurreddnnngreﬁlehngcondmonsand
was related to shutdown maintenance activities. Therefore, the event was not used in the reliability

Inanattempttodetermmelfanyeommonproblemsmstmthmaunhty the plants listed in Table 17
wererev:ewedbasedmthexrmpechveutxhues Of the plants listed in Table 17, utilities that operate one
plant were removed from this analysis. Of those utilities that remained, comparisons were made to
determine if any commonalities exist between plants. It was difficult to make definitive conclusions in most
cases because of no obvious patterns in the data. In addition, the affect that different EDG manufacturers
may have when a utility has different manufactured EDGs at various plants is unclear. The following
mmanzesthemfonnanonbasedonutlhty

DulaePowerCompanyoperatesfourplantsthatuseEDGsasanemergencypowersmrccattwo
different sites (McGuire and Catawba), all of which have relatively high failure rates. The only other plants
operatedbyDuchowerCo are at Oconee, which do not have EDGs. It is also of interest that these two
sites have EDGs made by different manufacturers, Nordberg and Transamerica Delaval. As discussed,
mostofMoGunesfaﬂuresWetetelatedtopoormntenanoeoroperatorenors Although the causes of
most of the Catawba failures are not clear, many appear to be design-related recurring failures. Both sites
havehxghfaﬂureratw andmvolvetwodxﬁ‘erentEDGmanufacmrers

HoustonhghungandPowerCompanyoperatestwoplantsatonesate (SOuth Tcxas),bothofwhxch
have relatively high failure rates. This is the only site operated by Houston Lighting and Power Co. The
EDG:s at South Texas are manufactured by Cooper Bessemer, which are shown in Section 4.3 as one of the
manufacturers with a high number of failures. Over half of the failures that occurred at this site occurred
thhmtheﬁrsttwoywrsoflow-powero;)erat:ons Manyofthefailuresappwtobedeslgn-related
:peﬁ::e failures. Without another site for comparison it is difficult to draw any utility conclusions from

ese data,

Georgia Power Company operates four plants at two different sites (Vogtle and Hatch). Only one
site, Vogtle with its two plants, has a high failure rate. The sites have EDGs with different manufacturers.
Vogtle EDGs are manufactured by Transamerica Delaval, which are shown in Section 4.3 as one of the
manufacturers with a high number of failures, while Hatch's EDGs are manufactured by Fairbanks
Morse/Colt. Of the failures that occurred at the Vogtle site, about half occurred within the first two years

of low-power operations.

, Florida Power and Light Company operates two different sites (St. Lucie and Turkey Point), wnth
four plants total. Both sites have EDGs from the same manufacturer. Only one of these plants (St. Lucie 2)
- bas a high failure rate. The failures at St. Lucie 2 involved both EDGs, and although many involved the
governor, they were not recurring type failures. Since the high failure rate at St. Lucie 2 cannot be
attnbutedtoaspecxﬁcEDGorfaﬂuremechamsm,andnocthcroonclusnonsmbedmwnfromﬂxefaﬂure

data, it appears this is a plant-specific concern.
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4 3 Trends by Manufacturer

Table 18 d:splays the average number of failures (total fallures/number of EDGs) over the entire

_study period of 1987-1993 by manufacturer. Included with the table are the number of failures that

contributed to the FTS, FIR, and RF failure modes. Inaddmon,theEDGfaﬂures werepamtlonedby
subsystem for eo,ch manuﬁcturer, which is shown in Table 19. -

As the data in Table 18 show, there is alargedxﬁ‘erenccmtheaveragenumberoffaﬂumbetween
.the EDG manufacturers. Two of the manufacturers; Nordberg Mfg. and Wortbmgton Corp., have too few
“EDGs in service throughout the industry to allow for meaningful comparison. Three manufacturers have a
relatively low number of failures per EDG: ALCO Power, Electro Motive, and Fairbanks Morse/Colt. Two
“of the manufacturers, Transamerrca Delaval and Cooper Bessemer, havc a relatwely hxgh number of
fallures ,

Table 1 8 Distribution of EDG farluresy manu&cturer for the cntxre study Jenod ( 198 7-1993)

o Numberof ~ Total T .' Failure -
Manufacturer = EDGs - failures FTS FTR - _.RF average
ALCOPower(AP) R § I ' 17 00 -7 0 LS
-Cooper Bessemer (CB) ~~ -~ = 34 7113 ' 3229 52 33
Electro Motive (EM) 29 - - 45 24 14 T 16 -
Fairbanks Morse/Colt (FC) 42 56 27 16 13 13
Nordberg (NM) 4 - 2 - 10 11 g8 - 13
TransamencaDelaval(TD) 20 - 91 36 14 - 41 46
Worthington Corp (WC) 4 - 2 20 0 05
Industry ' 144 353 ' 141 91 121 - 25 -

~Table 19. Number of EDG subsystem faﬂm by manufacturer over the study penod (1987—1993)

Subsystem _ AP ' CB wEM ‘FC ’ NM D WC "TOT’"“’
Fuel ' ' 5 34 16 24 5' 8 | 93
Electrical 3 22 18 18 3 2100 - 85 ¢
Start and shutdown instrument 1 32 4 5 10 41 0 93
_and controls A ‘ ' o e S ' :
Lubrication oil system ] 4 1 2 6 4 1 18
Cooling system - 5 5 3 4 3 6 0 - 26
Mechanical 2 13 2 0o 1 2 0 720,
Air start system 1 2 1 3 1 9 0 B ¥
EDG room heating and 0 1 0 0 0 0 0 S S
ventilation (EDG HVAC)

Number of EDGs 11 34 29 42 4 20 4 144
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-, Transamerica Delaval and Cooper Bessemer account:for 38% (54 of 144) of the EDGs in use at
commercial nuclear plants; however, these manufacturers account for 58% (204 of 353) of the total
failures. The EDGs manufactured by Transamerica Delaval and Cooper Bessemer had a relatively high
failure rate at several plant sites and different utilities. Although the failure averages per EDG . were
relatlvely high for these two manufacturers, only about half of these failures contributed to the FTS and

- FIR failure modes, the remainder of the failures were attributed to restoration failures. The data in Table

20 indicate that -restoration. falluree were observed to have occurred more often among these two

- manufacturers than the other manufacturers. For Copper Bessemer EDGs, 79% of the restoration failures
oecutredatonlythreeplants South Texas 1 and 2, and Waterford 3. The restoration failures of
Transamerica Delaval EDGs were more evenly spread among the plants. Although a high average number
of failures occurred with Transamerica Delaval and Cooper Bessemer EDGs,. one plant having
Transamenm Delaval EDGs (Hams) and one plant ‘having Cooper Bessemer EDGs (Braidwood 1), had

_no reported EDG failures during the study period. Lookmg at the failure rates on a plant by plant basis for

these two manufacturers shows only a small percentage (4 of 15) of the plants with Cooper Bessemer
EDGs have failure rates twice the industry average, while most of the plants with Transamerica Delaval
EDGs have failure rates twice the industry average (6 of 9; Comanche Peak 2 was excluded due to less
than 1 year of operation).

_ Although Cooper Bessemer only supplm 24% (34 of 144) of the EDGs n has expenenced 65%
(13 of 20) of the mechanical subsystem failures. Cooper Bessemer also accounts for 37% and 34%,
respectively, of the fuel subsystem and the start and shutdown instrument and control subsystem failures.
Similarly, Transamerica Delaval only supplies 14% (20 of 144) of the EDGs, but it has experienced 44%
of the start and shutdown instrument and control subsystem failures. For the air start subsystem,
Transamerica Delaval accounts for 53% (9 of 17) of these failures. Investigation as to the causes and
mechanisms of the failures indicated no specific reason as to why these two manufacturers have higher
failure rates associated with these subsystems as compared to the other EDG manufacturers.  The causes
of the failures and failure mechanisms ‘were relatively the same among all manufacturers, however, Copper
Bessemer and Transamercia Delaval experienced them more often. Cooper Bessemer EDGs have also
‘experienced a significant number of design-related repetitive problems at some plants, but not at all plants.

The LER and Spectal Report data reviewed for this study do not contain enough information to make more
meaningful compansons or prowde more ms:ghts other than that provided. :

Analysis of the EDG trends by year for each manufacturer was performed, the results of the analysls
indicated three manufacturers had an observed reduction in the number of failures; the EDGs manufactured
by Transamerica Delaval and Nordberg had a reduction in the number of failures from 1990-1993, and
Cooper Bessemer had a reduction in failures from 1992 to 1993 (19 to 2). The reason for the reduction in
the number of failures could not be readxlydetermmed from the LER and Special Report data. The plants
contributing to the failures and failure mechanisms were relatively the same for 1987-1992, and the sparse
data for 1993 does not allow for a definitive conclusion to be drawn for the decline in the number of
failures. No other trends in the reduction or increase in EDG fallmes were apparent from 1987-1993.
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4.4 Evaluation of EDG Fallures Based on Low-Power License Date

To indicate how the passage of time affects EDG performance, plant-specific total failures per EDG
operating year and plant-specific unreliability were plotted against the plant low-power license date. The
failure rate for an EDG was estimated as the number of EDG failures/number of EDG-years, with EDG-
 years estimated as described in Section A-1.3 of Appendix A. Plant-specific unreliability was calculated as
described in Section 3 and Appendix A, Section A-1.4. The EDG failure rates and 90% Bayesian intervals
are plotted in Figure 19, The plant-specific unreliability as a function of low-power license date are plotted
angureZO Aﬁttedtrendhneanda90%conﬁdencebandontheﬁttedhnearealsoshownmtheﬁgures

Analysis of the faﬂuredatabylow-powerhcensedatemdmatesthattbeEDGfaﬂures peroperatmg
year as a function of low-power license date had a statistically significant trend (P-value=0,007). The trend
indicates that the plants with low-power license dates from 1980 to 1990 typically had an EDG failure rate
greater. than that of plants with low-power license dates earlier than 1980. Analysis of the plant-specific
unreliability as a function of low-power license date “indicates no statistxcally sxgmﬁeant trend
(P-value=0.62).

Someplantscxpenencedahlghnumberoffaﬂurwwnhmtheﬁrsttwoyearsaﬁerthclow—powcr
license date. Some of the failures that occurred with the first two years of the low-power license date can
be attributed to design-related repetitive problems, however, this is not the case for all plants. ‘As a result,
the trend observed by low-power license date for the EDG failure rate requires further investigation as to
the cause of the trend. InfomanoneontmnedmtheLERsandSpemalReportswerenotsuﬁimntto

determine the reason for the trend.

I Piantepecific EDG fallure rate and 90% conf. interval

~ Fittedtrendfne  ~—90% Conf. band on the fitted trend
|
]
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Figure 19, Plant-specific EDG failures per EDG-year, plotted against low-power license date. Nincty
percent Bayesian intervals and a fitted trend are included. The trend, based on a fit of the logarithms of the
rates as a function of low-power license date, is statistically significant (P-value=0.007).
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I plant-specific unrefiablity and 80% conf. interval
~ Fittedtrend ine  ~~ 90% Conf. band on the fitted trend
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: Figure 20. Plant-spwﬁc unrehabmty based on constrained noninformative prior distributions and an

8-hour mission, plotted against low-power license date. Ninety percent Bayesian intervals and a fitted trend

are included. The trend is ot stahsneally sxgmﬁcant (P-value=0 62).

4.5 Common Cause Fallure Events

AﬂplantsarerequuedmreponbothpotenualandacdeDGwmmonmodefaxlures per 10CFR
50.73(a)(2)(v) and 50,73(a)(2)(vii). Therefore, this section includes common cause failures from all plants
~ and is not limited to only those required to report by Regulatory Guide 1.108. Each of the EDG failures
were reviewed to determine if a common cause failure occurred. From these failures, 34 CCF events were
identified for further review. Many LERs and Special Reports list only one actual failure, but the reports
indicate that failure of a second EDG would have occurred from the same cause if a start and run had been
attempted. If the cause of the failure would prevent another EDG from operating for the same reason, then
the event was identified as 8 CCF. K the report did not specify that another EDG would have also failed
from the same cause, the event was not considered 8 CCF. For purposes of CCF mvesugauon, a personnel
error resulting in more than one inoperable EDG, even without any component malfunction, is considered a
CCF event. All CCF cvents identified in this study are listed in Table B-5 in Appendix B. This
classification criterion is the same classification criterion identified in Reference 39, Mosleh, et al.
Common Cause Failure Systems: Volume 2 - Definition and Classxﬁcatlon of Common Cause Failure
Events Draft, NUREG/CR-6268, October 1994, : v

The majority of the CCFs were evealy distributed between the  cooling, fuel, eloctrical, and
instrumentation and control subsystems. Only one of the electrical subsystem CCFs involved the ability of
the sequeneer to properly load the EDGs.

Partitioning the CCF events by method of dxsoovery shows no CCF events occurred during unplanned
demands. When the CCF events were further partitioned by testing frequency (cyclic and monthly tests),
about the same number of CCF events were found during cyclic surveillance tests (6) and monthly
surveillance tests (8). Considering that there are 18 times more monthly tests performed than cyclic tests,
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the proportion of CCFs found on monthly tests - should be sngmﬁcantly lngher assummg the tests are
comparable. o , v

megtothespaxsltyofthedataandthe dlversxtyofthcfallurcs,noexplananons can be made as to
why the event counts were similar for the two types of tests. The electrical subsystem caused half of the
CCF events, during cyclic testing, but the electrical failures were all different. The cooling subsystem led
the monthly test CCF failures. Monthly testing would not identify some potential CCF events, since the
load sequencer is not tested, and the EDG is not run at full load as long as it is during a cyclic test.
Although these are known dJﬂ‘erences between monthly and cychc testing, the faxlure data do not indicate
these differences. .

4 6 Accident Sequence Precursor Review

A review was conducted of the evcnts identified by the Accndent chuenoe Precursor (ASP) Program
('NUREG/CR—4674) The purpose of this review was to relate the operational data to the types of events
that resulted in a conditional core damage probability (CCDP) of greater than 1.0E-6. The search for ASP
events was limited to the 1987-1993 study period and included all ASP events in which the EDG system
was identified in the ASP database. The search resulted in the identification of 98 EDG-related events.

These 98 ASP events occurred at 58 different plants, with only four plants accounting for more than
two events; Fort Calhoun accounted for 4 events, and Crystal River 3, Brunswick 2, and McGuire 1 each
accounted for three. The distribution of ASP events by CCDP shows that 28% had a CCDP of less than
1.0 E-5, 30% had a CCDP that ranged from 1.0 E-5 to 1.0 E-4, and 42% had a CCDP equal to or greater
than 1.0 E-4. A summary of the events with a CCDP greater than 1.0 E-4 are provide in Table 20.

When these ASP events were compared with the operational data used in this study to assess EDG
performance, only 7% of the EDG failure events identified in this study were also found in the ASP data.
-Of these EDG failures found in the ASP data, only one was an EDG failure during an unplanned demand. -
“ The other ASP events that identified EDG failures were conditions in which multiple EDGs ataplant were
fatledorwerefaxluresofEDGsmulungﬁ'omacommoncausenwchamsm

There were 20 ASP events in which exther no EDG was avallable to provide emergency power at an
individual plant or a common cause failure of multiple EDGs occurred. These events had a CCDP that
ranged from 2E-6 to 9E-4. The events were difficult to correlate with the CCDP, and were related to either
simultaneous EDG failures or one EDG failure whilg the other EDG was out for maintenance. The ASP
results for each of these events identified a potentlal need for the EDGs if a loss of offsite power was to
occur. Of these 20 events, four were classified as common cause faxlures for this study, and three of these
four events had the highest CCDPs. :
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Table 20. Summary of the EDG-related ASP events with CCDP greater than 1.0 E-4.

Plant name S LER'nﬁmber'

Event date-

CCDP

Description -

DiabloCamyon ~ ~ 27588014%

Duane Amold ~ 33187009*

FortCalhounl = = 28587025

FortCalhoun1 . . 28590020%

McGuirel - 36990017*

 05/05/88

05/27/87

07/08/87

09/13/90

06/26/90

67

4.1E4

33E4

6.2E-4

6.5E4

27E4

EDG 1-1 could not maintain
load during surveillance test.
A fungus in the day tanks and
main fuel storage tanks
resulted in a clogged primary
fuel filter. The fungus would
have affected all EDGs.

The B EDG automatically
shutdown during performance
of a LOCA actuation
surveillance test. The trip was
caused by an incorrect
setpoint on a phase
differential overcurrent relay.
The relays on both EDGs
were incorrectly set following
their recent installation.

EDG 2 tripped on high
coolant temperature when the
exhaust air damper failed to
open during a surveillance
test. The air-operated damper
failed to open as a result of
water intrusion into the
instrument air system. The
water intrusion event also
potentially affected EDG 1.

During a performance test,
the voltage regulator of EDG
1 failed. The failure was
caused by overheating of the
exciter cabinet from improper
design. Both EDGs used the
same exciter cabinet design.
the 1A EDQG failed to run and
load properly. The cause was
determined to be paint on the
commutator rings and fuel
racks. The same problems
were found on the 1B EDG.
Both EDGs had been painted
four days prior to the
surveillance test,
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Table 20, Cont.

Plant pame

‘Millstone 2

Peny

Perry

Three Mile Island

Turkey Point 3

NUREG/CR~5500, Vol. 5

LER number

33691009+

44087009*

44091009

28989002%

25092009

Event date

0872191

0227787

03/14/91

11/14/89

08/27/92

_CCDP

2.1E4

23E4

5.3E-4

24E-4

Description

Both EDGs experienced
erratic governor operation
The cause was determined to
be either an erratic electronic
governor unit or
contaminated hydraulic oil, or
a combination of both.

During surveillance testing,
both EDGs failed to start due
to leaking control air solenoid
valves.

During surveillance testing,

the Division 2 EDG failed to
generate output voltage due to
a contact failure in the control
circuit. The Division 2 EDG
failure required the Division 1

'EDG be tested. However, -

during testing the Division 1
EDG's speed could not be
controlled due to a failure of
the governor control circuit,
causing both EDGs to be
inoperable.

During testing, the radiator
fan drive train clutch
overheated due to a seized
bearing that resulted from
lack of lubrication. Sludge
was found in the gear drive
units for both EDGs.

EDG A for unit 3 tripped
after 3.5 days of operation
during Hurricane Andrew, No
cause for the trip was
identified and the EDG was
restored in 2.5 hours with no
further trips experienced.




Tgbl_e 20. Cont.

Plant name

Vogtle 1

*. Indicates CCF event.

LERmumber _ Evenidate  CCDP

42490006

03/20/90

9.7E-4

Description

During a refucling outage
with the B EDG tagged out
for maintenance, a truck hit a
switchyard tower causing a
loss of offsite power, The A

- EDG started but tripped,

leaving the unit without
power for 36 minutes until
the A EDG could be restarted.
The cause of the EDG A
tripping was determined to be
failure of the jacket water
high temperature switches.

69

NUREG/CR-5500, Vol. 5




10.

11.

12.

13.

14,

15.

16.

17.

- &, REFERENCES

R. E. Battle, et al,, Rehability of Emergency AC Power .S)rstems at Nuclear Power PIants

- NUREG/CR-2989, Iuly 1983

U.s. Nuclw Regulaiory Comm1ssxon, Regulatory Guide 1.108, Emergency Diesel Generator Testing
and Reporting Requirements.

U.S. Nuclear chulatory Commission, Regulatory Guide 1.9, Selection, Design, and Testing of

,Emergency Diesel Gmerator Units Used as Class 1E Onsite Electrical Power Systems.

H. Wyckoﬂ‘ The Reliability of Emergency Diesel Generators at U.S. Nuclear Power Plants,
NSAC-108, September 1986.

‘P. W. Batanowsky, Evaluation of Staﬂon Blackout Accidents at Nuclear Power Plants,

NUREG/CR-1032, June 1988.

Event Reporting System 10 CFR 50.72 and 50.73, NUREG-1022.

A C Payne, Jrct al.,, Analysis of the‘LaS'allé VUnit 2 Nuclear Power Plant: Risk Methods

Integration and Evaluation Program (RMIEF), NUREG/CR-4832, Vol. 3, August 1992.

A. M. Kolaczkowski et al., Analysis of Core Damage Frequency: Peach Bottom Unit 2,
NUREG/CR-4550, Vol. 4, Rev. 1, August 1989.

Arizona Public Service Company, Palo Verde Nuclear Generating Station Individual Plant
Examination, April 28, 1992,

Baltimore Gas and Electric, Calvert Cliffs Nuclear Power Plant Individual Plant Examination
Summary Report, December 30, 1993.

Carolina Power & Light Company, Brunswick Steam Electric Plant Probabilistic Risk Assessment,
April 1988.

Consolidated Edison Company of New York, Inc., Individual Plant Examination for Indian Point
Unit No.2 Nuclear Generating Station, August 1992.

Duke Power Company, McGuire Nuclear Station IPE Submitted Report, November 1991.

Duke Power Company, Catawba Nuclear Station, Unit 1 Probabilistic Risk Assessment,
September 1992.

Duquesne Light Company, Beaver Valley Unit 2 Probabilistic Risk Assessment Individual Plant
Examination, Summary Report, March 1992.

Energy Operations, Inc., Arkansas Nuclear One Unit 1 Probabilistic Risk Assessment Summary
Report, April 29, 1993,

Energy Operations, Inc., Waterford 3 Probabilistic Risk Assessment, August 1992.

NUREG/CR-5500, Vol. 5 70




18.

19.
20.

21

- 22,
23,
24.
AR
26.
27.
28.
29.
30.
3L
32.
3,

34.

GPU Nuclear Corporation, 0yster4 Creek Probabilistic Risk Assessment, November 1991.

Gulf States Utilities, River Bend :Station Individual Plant Examinatian EA-RA-93-0001-M
January 15, 1993.

Houston Lighting and Power Company, South Texas Project Electric Generating Station Level 2
Probabilistic Safety Assessment and Individual Plant Examination August 1992.

) Illmons Power CIinton Power Staﬂon Individual PIant Examinaﬂon Final Report September 1992.

M. T. Drouin et al. Analysis of Core Damage Frequency Grana Gulf Unit 1, NUREG/CR-4550,

"Vol. 6, Rev. 1, September 1989

Commonwealth Edison, Zion Generating Station Units 1 & 2, Individual Plant Examination
Submittal Report, Revision 1, September 1995.

New York Power Authority, James A. Fitzpatrick Nuclear Power Plant Individual Plant
Examination, August 1991,

New York Power Authority, Indian Point 3 Nuclear Power Plant Individual Plant Examination,
June 1994,

Northeast Utilities, Millstone Nuclear Power Station, Unit No. 1 Individual Plant Examination for
Severe Accident Vulnerabilities Summary Report, March 31, 1992,

Pennsylvania Power and Light Company, Susquehanna.Steam Electric Station Individual Plant
Evaluation, December 1991, -

Public Service Electric and Gas Company, Salem Generating Station Individual Plant Examination,
July 1993,

R. C. Bertucio and J. A. Julius, Analysis of Core Damage Frequency Surry Unit 1,
NUREG/CR-4550, Vol. 3, Rev. 1, April 1990,

R. C. Bertucio and S. R. Brown, Analysis of Core Damage Frequency: Sequoyah Unit 1,
NUREG/CR-4550, Vol. 5, Rev. 1, April 1990.

R. F. Kirchner et al., Nine Mile Point Nuclear Station-Unit 2 Individual Plant Examination (IPE),
Rev. 0, July 1992, Niagara Mohawk Power Corporation.

Southern Nuclear Operating Company, Vogtle Electric Generating Plant Units 1 & 2 Individual
Plant Examinaﬂon Report, December 1992.

Southern Nuclear Operating Company, Joseph M. Farley Nuclear Plant Units 1 and 2 Individual
Plant Examination Report, June 1993.

Union Electric Company, Callaway Plant Individual Plant Examination, September 29, 1992.

7 NUREG/CR-5500, Vol. 5




3s.
-3

. 37.

38.
-+ . and Their Risk Impacts, NUREG/CR-5994 Brookhaven National Laboratory, November 1994.

-39.

Wisconsin Public Service Corporation, Kewaunee Nuclear Power Plam‘ Indeual Plant
Examination Summary Report, December 1, 1992. ' . .

U.S. Federal Register, Vol. 53, No. 119, Nuclear Regulatory Commission, lOCFRSO Statlon
Blackout, June 21, 1988. :

'U.S. Nuclear chulatoty Commission, chulatory Guide 1.155, Station Blackout,“Ahgust 1988.

P. Samanta, I. Kim, et al , Emergency Diesel Generator: Maintenance and Failure Unavailability,

A. Mosleh, et al,, Common Cause Failure .S)’stems Volume 2, Deﬁniﬁon and Classzﬁcanon of ‘.
Common Cause Failure Events, Draft NUREG/CR-6268, October 1994. )

NUREG/CR-5500, Vol. 5 72



Appendix A
- EDG Train Data Collection and Analysis Methods

A-1 NUREG/CR-5500, Vol. 5







Appendlx A
EDG Train Data Collectlon and Analysus Methods

~ To characterize emergency dmel generator (EDG) train perfonna.nee operatlonal data pertammg to
'EDGs train from U. S. commercial nuclear power plants from 1987 through 1993 were collected and
reviewed. For new plants, data started at the low-power license date. First, all reported EDG train events
were screened, only those events that resulted in the loss of a safety function (failures) were further
' characterized. The failures and unplanned demands were ‘studied from the perspective of overall trends and
“the existence of patterns in the performance of particular plants. Second, the failures were analyzed from
an engineering perspective to identify the major performance issues. A quantitative analysis then focused on
the failures for which EDG train demands could also be estimated. From a knowledge of these failures and
the associated demands, occurrence probabxhtles for each faﬂure mode and the associated unreliability were
estlmated ,

Descnptxons of the methods for the baslc data charactenzatlon and the estimation of unrehabxhty are
presented below. The deecnptlons detail the methods summarize the quahty assurance measures used, and
dlscuss some of the reasomng behmd the ehoxce of methods k .

A1, DATA COLLECTION AND CHARACTERIZATION

The sources of EDG train operatxonal data nsed in thns report were based on the LERs found using
the Sequence Coding and Search System (SCsS) database, and the Special Reports pertaining to EDG
performance found in the NRC’s Nucleer Documents System (NUDOCS) database. - ‘

The SCSS database was searched for all EDG-related records for the years 1987-1993. The search
criteria included all SCSS timing codes, actual pre-existing failures, prevnously detected failures, not
previously detected faxlurm, and potential failures. Actual pre-existing failures in the SCSS database
include cases where the EDG train was out of service for maintenance. Along with the inclusion of all the
timing codes, the search for. EDG events included. the engine and generator, and all attendant subsystems,
which included the load shedding and sequencing controls. Each of the events identified from the SCSS
database search were then independently reviewed. by two engineers with commercial power plant
experience from a risk and’ reliability perspective to determine the information necessary for subsequent
analyses. Each event considered for the EDG train rehablhty estimate was also quality checked by the NRC
technical monitor and a team of independent contractor consultants with extensive experience in risk
assessments to ensure the event accurately represented EDG train performance relative to a risk-based
mission.

A second Scss database see.rch was condueted to xdentxfy all unplanned engmeered safety feature
:(ESF) actuations associated with an EDG train durmg the study period. Each of the events identified from

“the SCSS database search of EDG ESF actuations were then independently reviewed by two engineers with
~ _commercial power plant experience to determine whether. the ESF actuation was in response to an actual
‘low-voltage condition on the safety-related ‘bus. The EDG ESF-actuation in response to an actual low-
,voltage eondmon best represents the type of demand -the EDG train would experience in a risk-based
mlSSan )
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Differences that may exist among the plants in reporting EDG ESF actuations and failures were not
considered in this report. It was assumed in this report that every plant was reportmg EDG ESF actuations
and failures as required by the LER rule, 10.CFR 50.73, and by the guidance in NUREG-1022, Event
Reporting Systems 10 CFR 50.72 and 50.73.*" EDG train events that were reported in accordance with
‘the requirements of 10 CFR 50.72 were not used in this report because of the sparseness of the data
provided in the 10 CFR 50.72 reportascomparedtothemformahonptov:dedmtheLBk The LER data
provide a more detailed account of the event, which is needed to determine successful operation or failure
of the EDG train, the associated failure mode, and the failure mechanism and cause. The 10 CFR 50.72
report generally only provides a brief description of the event, which does not always contain enough data
to detennme faxlure modw or other i lmportant rehabxhty- and nsk-related mfonnatton .

In addition to the LER-based SCSS data, EDG train failures resulting from a test are requxred by
' _l;y Guide 1.108 Periodic Testing of Diesel Generator Units Used as Onsite Electrical Power
Systems“* to be documented in a Special Report for those plants reporting EDG train failures, both valid
and invalid, in accordance with the reporting requirements of the regulatory guide. Approximately 60% of
~ the plants are required to report EDG train failures dunngatestmaccordanoe with requirements in
'Regulatory Guide 1.108. The specific plants reporting in accordance with the regulatory guide are
identified in Table B-1. The Special Reports provide additional data that were not available through the
LER reporting requirements. Therefore, the NUDOCS database was searched for all records that identified
an EDG train Special Report for the 19871993 study period. Each of the events identified from the
NUDOCS database search were then independently reviewed by two engineers with commercial power
plant experience from a risk and reliability perspective to determine the information necessary for
subsequent analyses. Each event that was considéred for the relxabxlxty &stxmate for the EDG trmn was also
quality checked in the same manner as the LERs discussed above.

Because a significant number of plants identified in Table B-1 are not required to report EDG train
failures in accordance with the reporting requirements identified in Regulatory Guide 1.108, not all EDG
train data are available for this report. The data available from these plants result from unplanned ESF
actuations, any associated failures observed during the ESF actuations [10.CFR 50. 73(a}(2)@iv)), and
failures that occurred as the result of a common cause mechanism [10.CFR 50, 73(a)(2)(vu)] As a result of
the reporting differences, the plants reporting in accordance with Regulatory Guide 1.108 and
10 CFR 50.73 provide the most complete data source for this study for performmg plant-specific analyses.
The information available from the LERs for the plants not repomng in accordance with Regulatory
Guide 1.108 were too sparse to provxde plant-specific analyses.

A-1.1 Fallure Classification

As stated, not all EDG train events reported in the SCSS or NUDOCS databases resulted in an actual
failure. The term inoperability is used here to describe any occurrence in which a plant reported an EDG
train problem either in accordance with the requlrements of 10.CFR 50.73 or Regulatory Guide 1.108. The
term failure, which is also an inoperability, is an event for which the safety function of the EDG train was
lost, i.c., the EDG train did not or could not supply electrical power to safety-related loads for the required
mission time. The condition reported in the LER or Special Report was such that the EDG train would not
have been reasonably capable of responding to a bus low-voltage condition or averting a station blackout
event.

As a result of the focus of this study on predicting EDG train response during a loss of bus voltage
condition, the classifications of the various EDG train failure modes found in this report are based on the
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criteria identified in NUREG/CR-2989, Reliability of Emergency AC Power Systems at Nuclear Power

* Plants.*® NUREG/CR-2989 contains the results of a reliability analysis of the onsite ac power system
relative to calculating the expected frequency of a station blackout. These criteria are different than those in
Regulatory Guide 1.108 and Regulatory Guide 1.9, Selection, Design, and Testing of Emergency Diesel
Generator Units Used as Class 1E Onsite Electrical Power Systems.** These two regulatory guides
provide criteria for evaluating EDG train performance during testing, which do not always simulate a
complete EDG train response as would be observed during a loss-of-offsite-power event.

The EDG train events identified as failures in this study represent actual malfunctions that prevented
- the successful operation of the EDG train. Slow engine starting times that exceeded technical specification
requirements were not considered failures since facility analyses stated that a sufficient safety margin was
present to preclude core damage even with a slow engine starting time. No starts greater than 19 seconds
were observed in the data. Most late starts were generally 10 or 12 seconds in duration and were within a
few seconds -of the ‘technical speclﬁcauon-reqmredstartume EDG train events reportedaspotennal
failures because of inadequate seismic design, environmental qualification, or other similar concerns were
not considered failures. Administrative inoperabilities, such as late performance of a surveillance test, did
not constitute a failure for the purposes of this report. Ane:mnpleofanadnnmstrauvemoperabxhtythat
was excluded from this study would be that the fuel oil sampling requirements were performed too late for
-the delivery of fuel oil. The late fuel oil sample would not prevent the EDG from starting or running on a
loss of power. In addition, EDG train events related to trouble-shooting activities, such as immediately after
major maintenance and prior to the pos-tmaintenance test, were not considered as failures. Also, equipment
malfunctions used solely for the purposes of twtmgtheEDGandwhnch did not affect the EDG’s ability to
opetatewerenotoonsxderedasfaﬁurw

Theevents classified as failures in this reportdlﬁ’erﬁ'omtheﬁﬂumasdeﬁnedbykegulatormedm
1.108. For example, an EDG failure that occurs during surveillance testing with an EDG load less than
50%, or before one hour of a test run, would not be considered a failure per Regulatory Guide 1.108.
However, many failures were observed in the operational data (i.e., during unplanned and test demands)
that occurred within one hour after start and with loads less than 50%. These failure data are important in
estimating the unreliability of the EDG, since during an actual emergency situation (i.e., station blackout),
without a concurrent loss of coolant accident, the EDG load is expected to be less than 50%.

In addition, unsuccessful start and load attempts that can be definitely attributed to operator error
were also potentially considered as failures in this report based on the nature of the personnel error. That is,
operator error that would have prevented an automatic start and loadmg were considered failures; for
example, an improper prestart line up or significant setting errors in the governor or voltage regulator
controls. These types of errors would have prevented fulfiliment of the EDG train design function.
Personnel error events that were not considered as failures included operator error in paralleling to the grid
or improper adjustment of voltage or speed controls. These were not considered as failures because these
actions donotnonnallyapplytoanactualunplanneddmandoftheEDGtram

To estimate unreliability of the EDG train, classification of the failure events was necessary by
failure mode. The detailed review of the operational data identified by the above mentioned database
searches indicated that when the EDG receives an automatic start signal as a result of an under-voltage
condition, the EDG is required to start, obtain rated speed and voltage, close the output breaker to the
affected safety-related bus, sequence required loads onto the bus, and maintain power to the bus for the
duration of the mission. Failure may occur at any point in this process. As a result, the following failure
modes were observed in the operational data:
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- @ Maintenance out of service (MOOS) occurred if, because of maintenance: ortestmg the EDG
o waspreventedﬁ'omstamng : : O

e lFatluretostart(Fl‘S)oceurredlfthe EDGfmledtoautomatxcallystart, reachrated spwdand
. voltage, close the output breaker, or sequence -the loads onto its mpectwe safety-related
electrical bus. . ,

e  Seclf-initiated failure (SIF) is a failure of the EDG to successfully m:t 'lhese fallures were
, ‘dlﬁ'erentxated from the FTS events because the demand for the EDG train also caused the EDG
. train to fail. The demand and failure of the EDG was typically the result of a sequencer fault

_ that strips the safety-related bus and subsequently prevents the bus from loadmg SRE

K " Failure to run (FTR) occurred if; at any time aﬁer the EDG suocessfully started dehvenng
_ electrical power to its safety-related electncal bus the EDG failed to mamtam electncal power
. whileit wasneeded. .. .. . v R , s

e Restorauon farlure-reset (RFR) is an mcrpncnt fallure, that occurs when emergency aetuatlon
" signals are reset and a protective trip signal (e.g., low cooling water flow/discharge pressure,
high vibration, etc.) of the EDG is present. This condition would result in tripping the EDG and
_ - a potential interruption ofpower This mode does not apply to all EDGs and depends on the

~ design of the trip reset function. _ A “

o Restoratron farlure-power (RFP) is an mcxprent failure that occurs wlule attemptmg to restore
the EDG to standby with the EDG operating in parallel with offsite power. During parallel
operations, failure mechanisms exist (e.g., relevant to the performance of the voltage and speed
regulators) for the EDG that are not present when the EDG is operating independent of offsite
power, These failure mechanisms have the potential to trip the EDG and/or cause electrical
dlsturbances onthe electrical bus, potentxallyresultmginanmtermpttonofpowertothebus

. 'Common cause farlure (CCF) is a set of dependent failures resultxng from a common
mechamsmmwhxchmorethanoneEDGtamemstsmafaxledstateatﬂwsamehme or within
ashorttxmemterval

The operanonal expenence used forthxs report 1dent1ﬁed events pertaining to the recovery of a failed
'EDG train. Recovery of an EDG was only considered in the unplanned demand events, because these are
the types of events where recovery of power to the safety-related bus is necessary. To recover an EDG train
from a FTS event, operatorshavetorecogmzethattheEDGwas in a failed state, restart the EDG, and
restore electrical power to the safety-related bus using the EDG. Recovery from a FTR was defined in a
similar manner. Each failure reported during an unplanned demand was evaluated to determine whether
recovery of the EDG train by operator actions had occurred. Some events identified recovery of power to
the safety-related bus using off-site power when the EDG failed to respond to the bus low-voltage
condition. These events were not considered a successful recovery of the EDG train because the EDG train
was left in the failed state. In these events, the initiator of the bus low-voltage condition was acwally
correeted

A-1 2 Run Times and Demands

*For the rehabmty estimation process, demand counts or run times must be assoclated with faﬂure
-counts. Three criteria are important in determining what types of demands or run times, and the associated
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_ failures, to consider in this process. First, a determination of whether the analysis will be based on demand

counts or run times for each failure mode is required. Second, each demand or run time must reasonably
approximate the conditions - required for -accident/transient response. Any test data used to estimate
unreliability needed to be at least as stressful on the tested portion of the train as an unplanned demand. For
this study, this requirement meant that the whole train must be exercised in the test. Tlnrd, counts or
estimates of the number of demands or run time and associated failures must be reliable.

A-1.2.1 Choice of Analysls Based on Run Tlme oron Demands

: Modelmg the probablhty of faxlure on demand is natural for faﬂure modes for which the train either
operates or fails on demand, particularly when the stress that leads to failures is related to train usage
rather than the passage of time. Time-based modeling of standby train failure requires detailed knowledge
of testing intervals and the length of time that.a failure could remain undetected, which is generally not
available in this study. Therefore, the primary modeling method for the failure modes considered in'this
study is the modeling of- the probablhty of failure on demand based on estlmated or known fallures and
demand counts.

Failure modes such as failnre to run given a sueeessful start, on the other hand, are generally modeled
based on failures in time. For these events, not all demands are equal; some require more run time than
others. Knowledge of run times is required to estimate failure rates. For this study, for failure to run, three

‘time periods having different failure rates were identified. Owing to lack of knowledge of run times for
successful unplanned demands, a combination of time-based and demand-based estimates are used. The
modelmg process. is descnbed in Sectlon A-l 2.3 below. . o

A-1.2.2 Demands

The identification of unplanned demands and of testing demands applicable for the estimation of EDG
train relxabxlxty is dxscussed in subseet:ons below o . ,

Unplanned Demands. As discussed prevmusly, a SCSS database search was conducted to
identify all unplanned engineered safety feature (ESF) actuations associated with an EDG train during the
study period. Each of the events identified from the SCSS database search of EDG ESF actuations were
then independently reviewed to determine whether the ESF actuation was in response to an actual low-
voltage condition on the safety-related bus. The EDG ESF actuation’in response to an actual low-voltage
condition that required the EDG train to provide electrical power to the affected bus with all required loads

-sequenced onto the bus was classified as anunplanneddemandofthe EDGn'am for this study These full
demands best represént the type of demand the EDG train would experience in a risk-based mission. Other
ESF actuations of the EDG train that were not the result of a bus low-voltage condition were considered as
' partxal demands and were not used in the unrehabxhty esnmates

~»;'A;part1al demand ofthe EDG often resulted in the starting and obtammg rated speed and voltage of
' jthe engine and generator However, the EDGtram was not reqmred to supply eleetncal power to the safety-
~related bus. These ESF ‘actuations may have ‘occurred either as a result of a valid or spurious safety
“injection SIgnal ‘or human- error. ‘Events of this nature did not ‘constitute a' eomplete -demonstration of the
“EDG train’s safety funetxon Therefore, these events were éxcluded from the eount of EDG unplanned
demands

SR For the events that were - classified as an unplanned demand, the mission time for the ‘unplanned
demand was the time from the start of the under-voltage condition to restoration of normal electrical power
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to the safety-related bus. Even though an EDG may not be at design-rated load for an unplanned demand,

-the EDG mission was assumed to be successful if it carried the required load for the given plant conditions.
For example, if a loss of normal power occurred on a safety-related bus and the EDG train restored ac
poweratZS%offullload(whlehwasalltheloadthatwasrequuedbasedonplanteondlnons);thenﬂle
- EDG train was considered as successfully completing its mission. The results of the search and subsequent
classification of unplanned EDG train demands are presented in Appendix B. o

Survelllance Tests. Data from surveillance tests that are performed on a periodic basis may be
used to estimate EDG train unreliability for those plants filing Special Reports according to Regulatory
Guide 1.108. Among these plants, onlysurvexllaneeteststhatateeonduetedonacychcmterval
(approximately every 18 months) were used in the unrehabtlxty estimation. -

Plant technical specifications and Regulatory Guides 1. 108 require a variety of surveillance tests.

The frequency of the tests are generally monthly and every operating or refuel cycle (18 months). The later

_ tests are referred to in this report as cyclic tests. Cyclic testing, is intended to most eompletely demonstrate

the safety function capability of the EDG train even though the test may not be performed in a continuous

manner. 'Ihefollowmgarethetestmgreqmrements of the cyclic survelllaneetestaspresentedmRegulatory
Guide 1.108.

o Tostartthe EDGbythe safety features actuation system (SFAS) slgnal and venfythe start

clrcults t L . e .

. Tommesneseqummgmmfonoss ofoﬁ'sxtepowerandSFAS leadmgsclietuesand
Umemﬂsmdloadmgofacuxalloadsmtbemammumenmtpossiblemthmndamagmg
plant systems.

¢ To demonstrate the EDG operatés for 24 hours, during which the first 2 hours the diésel
gmeratmmbadedwthennmnmmtatedloaiandthefonowmgnhoumwloadedwrated
load.

. TodenwnstratetheEDGmrejectﬂxelaxgestloadwithwttripping;
J Tosansfyothertechmmlspecxﬁcanonsteshngrequuements

) TovenfytheEDGmllstartfromanauto—startsxgnalththnnnutesofxts shntdown
following the 24-] hourmnwhxlesmmlatmgaloss ofoﬁ‘-sxtepowermeomuncuonwrthasafety
features actuation signal.

Based on the eompleteness of the cyclictesting requirements thatsimulate automatic aetuation of the
EDG train up through completion of the sequencer actions to load the safety-related bus, the cyclic test
demands and associated failures were also used in the estimation of reliability. The cyclic test's 24-hour
loaded run segment does not simulate an actual emergency demand since it is performed with the EDG train
paralleled with the grid rather than in an independent mode. However, the data do provide important
msnghtsmtotheabxhtyoftheEDGtramtorunforextendedpenodsoftlmeandtbeteforewereusedmthe
estimation of reliability.

Demand counts for cyclic surveillance tests were estimated as follows. The plants -are required to
perform the test at least every 18 months. These tests are typically scheduled to coincide with a refueling
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outage. The refueling outage start dates are found in the NRC’s OUTINFO database, which is used to
develop the operations cycle information for the Performance Indicator Report. For this study, a plant was
assumed to perform the cyclic survexllancetestatthe start of each refueling outage. If the time period until
the start of the next refueling outage was more than 550 days (18 months), the necessary number of
intermediate tests were assumed. Cyclic test demands at a train level were estimated by multiplying these
eountsbythenmnberofdieselsassignedtocachunit. :

A partial demonstration (c.g., monthly surveillance testing) of the EDG train’s capability was not
considered as being representative of the EDG train’s performance under actual accident conditions.
Testing that does not demonstrate the EDG train’s safety function completely as would be observed during
a low-bus voltage condition was not used in the assessment of EDG train reliability. For example, the
monthly testing requirements identified in Regulatory Guide 1.108 indicate that the sequencer and
automatic start circuitry are not required to be tested. The following are the testing requirements of the
monthly surveillance test as provided in Regulatory Guide l 108.

o TovenfythattheEDGstarts slowfromamanual sxgnal and accelerates to rated or idle speed
and attain generator voltage and frequency (cngmc prelubncatlon is permissible).

* To verify operabxhty of at l&st one of many diesel fuel oil transfer pumps.
e Toverify quantities in the dmel fuel oil day tank and storage tank.

o TovenfyaﬁertheEDGls synchromzedthatxtloadstotatedKWandoperatesmththxsload
» for a period of at least 60 minutes.

. Tovenfythatallmterlocksofthesemcccoohngwaterorradlators coohngsystemwxllstart
automaucallyxfxtlsnotalmdymnmngwhentheBDGstam _

) Tovenfythenormal standbystatus" lineup ofthe EDGandlts supporting auxlhatysystems
upon complehon of this survelllanee test. R

Inaddrt:ontomanﬂ:lytesung, senuannualtwnnglsalsorequued.’lhesexmannual surveillance test is
the same as the monthly surveillance test with the ‘exception of the fast start acceptance criteria. The
semiannual may be substituted for performance of the monthly surveillance. A fast start is performed every
six months, to verify that the EDG starts from a manual start signal, accelerates to nominal speed, and
attains generator voltage of 4160 VACandfrequency of 60HZw1th1n lOseconds

Because of the guidance in Regulatory Guide 1. 108 monthly and semiannual test demands do not
represent the type of demand that the EDG train would experience during a loss-of-voltage condition, and
as a result, these tests cannot be used to estimate the reliability of the EDG train in avoiding or mitigating a
station blackout event. These tests are simply manual starts (sometimes by partial simulation of an
automatic start signal) with manual synchronization to the grid and controlled loading to full-rated EDG
,tram power for one hour. This surveillance test does not represent an EDG train unplanned demand for
emergency-operation except for achieving proper voltage or speed, and the sequencer is not used for
loading. However, of equal unportanoexsthefactthatthetotalnumberofEDGtraxndemands for monthly
EDQG train testing cannot be reasonably determined. Regulatory Guide 1.108 requires increased monthly
EDG train testing depending upon the failure history of each EDG train. The start and duration of this
increased frequency of testing is not reportable and is therefore not retrievable from the data available for
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- this' study. In addition, for some plants, failures from monthly tests ‘and post-mamtenanee tests are
- indistinguishable in the LERs and Special Reports. Since post-maintenance tests are not periodic, realistic
- demand counts for these tests cannot be estxmai:ed 'l‘herefore, nexther monthly nor post-mamtenance test
- results ‘were used for esumatmg unrehabdlty o .

A-1 2.3 Running Tlmes

- 'Running times influence the selection and use of data for estimating fallure to run probablhtxes or
_rates. The feasibility of estimating a ‘single constant failure rate or probability of faﬂure to run was
addressedbyexarmnanonofboﬂxtheunplanneddemandandcychctestdata -

: EDG runmng tires for the successful unplanned demands used in this study were not rehably

 reported in the LERs. Furthermore, many of the running times were short, particularly when an event ended
with successful and prompt recovery from the initial conditions that caused the loss of a bus. Therefore,
unplanned demands were not sultable for showmg whether the failure rate was constant.

A24-hourrunt|melsassoclatedw1theachcychctest Theknownrunumes forthefallurestorun
that occurred on the cyclic tests were sorted from small to large. For each run time, the number of failures
with as short or a shorter run time was plotted as a function of the run time. With many such tests during
the study period among the plants reporting according to Regulatory Guide 1.108, the expected number of
failures in later periods during the 24 hours was not significantly reduced by the loss of demands caused by
the earlier failures. If failures to run occurred at a constant rate during the 24-hr period, the resulting plot
would be approximately linear. However, the plot was steepdutmgtheﬁrsthalf-hourand fairly flat after
14 hours. Therefore, failure to run was modeled separately for three time regimes: early (0 to 0.5 hours),
nuddle(05t014hours),andlate(l4t024hours) Aconstantfmlureratewasassumedthhmmhof
these periods. o

Since, for each period, constant failure rates were assumed, and the suceessful run times were
constant (0.5, 13.5, and 10 hours, respectively), the data for each period were modeled as simple demands
for performance during fixed mission times. Each such demand either failed or succeeded. Each period was
modeled for the probabxhty of runmng the duration of the period, glven successful running at the start.

' One-halfhourwasassumedforthennnnnumrunmngumeofunplanneddemndsforwhlchthedmel

ran successfully, Owing to running time uncertainty for the successes amongtheunplanned demands the
“ﬂplanneddemandswereeonsxderedforusefortheearlymnmngpenodonly R

A-1 3 Total Calendar Time

'I'hereportedEDGtraxnfaﬂumandunplanneddemandswere charaetenzedandsmdledfromthe
pectxve of overall trends and the existence of patterns in the performance of -particular plant units.

These assessments were based on rates of occurrence per year. Since the EDG trains are required for the

plant at all times, i.e., both when a plant is operational and when it is shutdown, there was no need to derive
the operauonaltxmefor cach plant. Instead, trends were studied based on calendar time for the plant from
low-power license date (to decommissioning date, if applicable). It was also assumed that the original plant
EDGQ trains were never replaced but were only maintained, and thus the ages oftheF.DGtrmns werethe
samcasthetotalcalendart:meoftheplantﬁomthelowpowerhoensedate ' o
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A-2 ESTIMATION OF UNRELIABILITY
 As drscussed in Secuon A-l 1 ‘six standard faxlure modes were consxdered in the estimation of EDG
train unrellablhty common cause failures (CCF) during multiple unplanned demands, maintenance out of

“service (MOOS), FTS, failure to recover from FTS (FRFTS), FIR for the required duration of EDG train
performance given a successful start, and failure to recover from FTR (FRFTR).

Although the CCF farlures were analyzed separately asa slde study in order to assess the probability
‘and uncertainty of such failures, the particular events were retamed in the overall data as, for example,
failures to start or failures to run. Each such event was analyzed on a train level for the partlcular failure
mode exhibited in the failure. Therefore, CCF was not a separate event in the: quantxﬁcatxon of unreliability.
The unreliability quantified in this study applies to a single diesel and its associated supporting subsystems.
No attempt was made in this study to quantify the reliability ofthe all the diesels at each plant. The latter
reliability is affected not only by CCF but also by plant-specrﬁc attributes such as the availability of swing
diesels for each unit.

The maintenance out of service events were analyzed separately for operational and shutdown
penods For the unrehabrhty estrmates the operatronal perrod probabrhty was used.

- In quantifying the failure to start, two failures on unplanned demands that occurred while the plant
was shutdown that were a result of the test, and that could only occur while the plant was shutdown in the
test configuration, were excluded. o

As stated above, the FTR event in the unreliability estimate was actually treated as three separate
events: early failure to run (FTRg), during the first half-hour; middle failure to run (FTRy), during the
0. S-hour to l4-hour penod, and late farlure to run (I-‘TRL) (fallure during the 14- to 24-hour penod)

For reliability wlculatlons, faxlure rates were computed from the three probabrlmes of failure to run.
Thrs approach allowed the unrehablhty calculated from the operauonal data to be tailored for comparison
with mission times (ranging from 5 to 24 hours) assumed in PRA and station blackout studies. The
approach specifically’ accounted for the fact that unreliability tends to. increase as'the mission time gets
longer. Based on the failure rates (per hour) the probabrhty of fallure to run in any specrﬁed time interval
canbefound (Betaxlsaredescnbedbelow) S A I

The PRA/IPEs typlcally model recovery as a smgle act. For tlus study, two recovery modes were
deﬁned, because this ‘division ma hesrthe data naturally - ,

TeIn addrtxon 1o the above*standard fallure types “three other farlure modes were mvestrgated for
: possxble use in estimating unrelrabihty The first of these is self-initiated failures (SIF). These are events
-caused by abnormal EDG train lmeups ‘As command faults, they are unrelated to the unrehabrhty of the

diesel train itself. That is, they are outside the boundary defined for the diesel system.’ Since they were

found in the data, they are analyzed as a side topic. They were quantified using the unplanned demands that
i exther occurred at power or reﬂected erMatxons that were assessed as havmg the potentxal to occur at power.

The other two new" faxlure modes were related to restormg oﬁ‘srte powcr to the bus and returmng to
normal plant operatmg condmons Restoratron faxlure ‘upon reset (RFR) of the EDG train controls to non-
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emergency operating conditions occurred in the data In addition, restoration failures during off-site power
restoration (RFP) occurred. : o

The individual probabilities were combined to estimate the total unrehabxhty, or probability of failure
tostartandmnforthereqmredmxssxonnmeglvenademand Estimating the unreliability and the

associated uncertainty involves two major steps: (a) estimating probabilities and uncertainties for the
different failure modes, and (b) combmmg these esnmat&s These two steps are dmcnbed below

A-z 1 Estimates for Each Failure Mode

Est:matmg the probabxhty for a failure mode requu'ed a decision about wlnch data sets (unplanned

"demands cyclic surveillance tests, or both) to use, a determination of the failure and demand counts in each

data set, and a method for estimating the failure probability and assessing the unccttamty of the estimate. In
addition, the failure to run mode required further analysis to account for uncertainty in whether three of the
failure events oocurred in the early, tmddle, or latc period, and to obtam failure rates. : _

A-2.1.1 A Priori Choice of Data Sets

' antenanceunavaﬂabnhtycanbenwasuredonlydunngunplanneddemds The same statement
applies to self-initiated failures. Also, recovery of power is not required for an EDG train failure on a test.

Therefore, the failure modes MOOS, SIF, FRFTS, and FRFTR were found only in the unplanned demands,

not in the cyclic surveillance tests. For the remaining failure modes, both unplanned demand and the cyclic
test data were considered as possibly relevant. Thcdatawemexannnedasdescnbedbelowtoshowwhlch
sets were used.

A-2.1.2 Demand and Failure Counts

Unplanned Demands. The unplanned demands were counted by failure mode as follows. The
total demand data set was obtained as described in Section A-1. The number of demands on the system
relevant for common cause failures (CCFs) was the number of unplanned events where more than one EDG
Umnwasdmmdedandtheywerenotmammmenanoeeondxuonwhcndemanded That is, counted
unplanned demand records were those for which the number of diesels demanded was at least two greater
than the number of associated MOOS failures. The number of MOOS demands was simply the number of
EDG trains that were demanded, which can be obtained from the LERs. The number of demands to start
was taken directly from the LERs, not counting any EDG trains that were out of service when demanded.
The subset of this number describing events that occurred or could occur at power was the number of
demands showing success or failure from SIF. The number of demands for recovery from fail to start,
FRFTS, was the total number of failures to start. The number of demands to run was the number of
demands to start minus the number of unrecovered FTS events. Within each of the three time periods for
diesel running, the number of demands was the number of demands in the previous period that either did
not fail or were recovered. The number of demands for recovery from FTR was the number of failures to
run. The number of demands for estimating the restoration failure probablhtm was the number of demands
tomn,mmustheunrecoveredfmlumtomn . . ‘ ‘ .

The failures and demands were counted for each nuclear power plant unit. Recall that only those
plants reporting under the reqmremmts of Regulatory Guide 1.108 were used for the cyclic data analysis.
The possibility of differences in event probablhtm for unplanned dema.nds bctween the ‘reporting plants
and the nonreporting plants was considered in the statistical analysis. This possibility is particularly of
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concern for common cause failures. The inclusion of nonreporting plants in the set of unplanned demands

“adds another possible source of variation between unplanned and cyclic demands. Statistical tests were
performed to evaluate the feasibility of retaining simplicity and clarity by basing the study entirely on one
set of plants known to have the strmgcnt rcportmg requrrements of Regulatory Guide 1.108.

Cyclic Tests. Cychc survcxllancc tests are described in Scctron A-1.2.2. The number of cyclic
surveillance test demands for each failure mode were estimated as follows. For each cyclic test, each of the
EDG trains at the plant is tested for its ability to start and run. The EDG train is started three times, two of
which represent emergency start sequences. Associated with the test is a 24-hour load test representing the

.loaded-run segment. The number of start demands (failure mode FTS) at each plant is the product of the
number of diesels at the given plant times the number of plant-level cyclic surveillance tests, times two. The
number of run demands (failure mode FTRg) at each plant is the product of the number of EDG trains

. times the number of plant-level cyclic surveillance tests. For FTRy;, FTR;, RFR, and RFP, the number of
cyclic test demands was calculated the same way as for FTRg. These estimates were obtained solely for the
plants rcportmgmaccordance with Regulatory Guide :1.108. Althoughthctcsnngmaybe similar at all
plants using diesel gencrators for emergency power, confidence in the reporting of single diesel train
failures and in the recognmon of series of such failures that may in fact be common cause apphes just at
the plants rcportmg in accordance with Regulatory Guide 1.108.

A-2.1. 3 Data-Based Cholce of Data Sets

At this point, failures and demands had been counted or estimated for two sets of data—unplanned
demands and cyclic surveillance tests, for several failure modes. To determine which data to use for each
mode, each failure probability and the associated 90% confidence interval was computed separately for
unplanned demands and cyclic surveillance tests. Within the unplanned demands, these computations were
also performed separately for the plants reporting in accordance with Regulatory Guide 1.108 and non-
reporting plants. The confidence intervals assume binomial distributions for the number of failures
observed in a fixed number of demands, with independent trials and a constant probability of failure in each
datasct.Acompansonoftheplottedconﬁdcncc intervals gaveavxsualmd:cat:onofwhethcrthcdatascts
could be pooled. :

The hypothesis is that the underlying probability for unplanned demands and cyclic survcillancc tests
is the same as was tested for each failure mode. Fisher's exact test (described in many statistics books) was
used, based on a contingency table with two rows corresponding to failures and successes and two columns
corresponding to unplanned demands and cyclic surveillance tests. When the statistical test found no
significant differences in the pairs of data sets, the data from unplanncd demands and cychc tests were
combined.

~ The same methods were apphcd thhm thc unplanned demands for plants reporting in accordance
with Regulatory Guide 1,108 and the nonreporting plants. The action when no significant differences were
observed was different, however. To preserve the simple approach of basing the analysis on one set of
plants, the data for the nonreporting plants were sct aside when no significant dnﬁ'crenccs were seen. -

For maintenance unavailability, an additional analysis was performed to 1dcntlfy in each data set
whether sxgmﬁcant differences cxxsted in ratas during operations and durmg shutdown pcnods

To ﬁ.trthcr charactenze thc fmlure probability estimates and theu- uncertamnas probabxlmes and

conﬁdcnce bounds were computed in each-data set for each year and plant. The hypothesis of no
differences across each of these groupings was tested in each data set, using the Pearson chi-square test.
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Often, the expected cell counts were small enough that the asymptotic chi-square distribution was not a
good approximation for the distribution of the test statistic; therefore, the computed P-values were only
. rough approxnnauons They are useful for screemng however

As thhFlsher's exaettest, apremlse for these tests is thatvanatxonbetweensubgroups mthe data be

less than the sampling variation, so that the data can be treated as having constant probabilities of failure

- across the subgroups. When statistical evidence of differences across a grouping is identified, the hypothe-

 sis is not satisfied. For such data sets, confidence intervals based on overall pooled data are too short, not

. reflecting all the variability in the data. However, the additional between-subgroup variation is likely to

- inflate the likelihood of rejecting the hypothesis of no significant systematic variation between years, plant
- units, ordata sources, ratherthantomaskemstmg dlfferenees mthese attnbutec

,A-2 14 Estumatnon of Fallure Probability Distnbutlons

. 'Ilus section descnbes how fa.llure probabllxtles were estxmated Three methods of modelmg the da’m

- for the unreliability calculations were employed. They all use Bayesian tools, with the unknown probability

-of failure for each failure mode represented by a probability distribution. An updated probability

distribution, or posterior distribution, is formed by using the cbserved data to update an assumed prior

distribution. One important reason for using Bayesian tools is that the resulting distributions for individual
failure modes can be propagated easily, yielding an uncertainty distribution for the overall unreliability. -

In all three methods, Bayes Theorem provides the mechanics for this process. The prior distribution
describing failure probabilities is taken to be a deta distribution. The beta family of distributions provides a
variety of distributions for quantities lying between 0 and 1, ranging from bell-shape distributions to J- and
U-shaped distributions. Given a probability (p) sampled from this distribution, the number of failures in a
fixed number of demands is taken to be binomially distributed. Use of the beta family of distributions for
the prior on p is convenient because, with binomial data, the resulting output distribution is also beta. More
specifically, if @ and b are the parameters of a prior beta distribution, @ plus the number of failures and 4
plus the number of successes are the parameters of the resulting posterior beta distribution. The posterior
distribution thus combines the prior distribution and the observed data, both of which are v1ewed as
relevant for the observed perfomxanee

The three methods dzﬁ'er pnmanly in the selecuon of a pnor dlstnbutxon, as descnbed below -After
descnbmg the basic methods, a summary section desenbes addxtmnal reﬁnements that are apphed in
conjunction with these methods. '

Simple Bayes Method. Where no sxgmﬂeant dlﬁ'erences were found between groups (suoh as
plants), the data were pooled, and modeled as arising from a binomial distribution with a failure probability
p. The assumed prior distribution was taken to be the Jeffreys noninformative prior distribution.** More
specifically, in accordance with the processing of binomially distributed data, the prior distribution was a
beta distribution with parameters a=0.5 and =0.5. This distribution is diffuse and has a mean of 0.5.
Results from the use of noninformative priors are very similar to traditional confidence bounds. See
AtwoodM for further dxscussxon

~ Inthe sxmple Bayes method, the data were pooled, not. beeause there were no differences between
groups (such as years), but because the sampling variability within each group was so much larger than the
variability between groups that the between-group variability could not -be ‘estimated. The dominant
variability was the sampling variability, and this was quantified by the posterior distribution from the
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~pooled data. Therefore, the simple Bayes method used a single posterior distribution for the failure
probability. It was used both for any single group and as a generic distribution for industry results.

Empirical Bayes. Method. When between-group variability could be estimated, the empirical
. Bayes method was empl A7 Here, the prior beta(a, b) distribution is estimated directly from the data
for a failure mode, andntmodelsheuveen-groupvananon The model assumes that each group has its own
_ probability of failure, p, drawn from this distribution, and that the number of failures from that group has a
binomial distribution governed by the groups p. The likelihood function for the data is based on the
observed number of failures and successes in each group and the assumed beta-binomial model. This
ﬁmchonofaandbwasmanmmdthmughanmmnvesearchofthepammeterspaoe -using a SAS
‘routine.** In order to avoid fitting a degenerate, spike-like distribution whose variance is less than the
variance of the observed failure counts, the parameter space in this search was restricted to cases where the
'sum,aplusb wasl&ssﬂzanthetotalnumbcrofobscrveddemands The a and b corresponding to the
~maximum likelihood were taken as estimates of the generic beta distribution parameters representing the
observed data for the failure mode. L ,

k The empirical Bam method uses the empmca.lly utxmated distribution for generic results, but it also
“can yield group-specific results. For this, the generic. empirical distribution is used as a prior, which is

updated by group-specific data to produce a group-specific posterior distribution. In this process, the
. generic distribution itself applies for mod&s and groups, if any, for which no demands occurred (such as
.plants with no unplanned dernands)

, Achx-squarct&stwasonemethodusedtodetemunenftbereweresxgmﬁcantdxﬁ‘erenmbetweeuthc
groups. But because of concerns about the appropriateness and power of the chi-square test, discomfort at
drawing a fixed line between significant and nonsignificant, and an engineering belief that there were real
differences between the groups, anattemptwasmadeformhfaxlure mode to estimate an empirical Bayes

- prior dasmbutxonoveryears over stations, over plants, and over EDG train manufacturers. The fitting of a

‘nondegenerate empirical Bayes distribution was used as the index of whether between-group variability

_could be estimated. The simple Bayes method was used only if no empirical Bayes distribution could be
fitted, or if the empirical Bayes distribution was nearly degenerate, with smaller dispersion than the simple
Bayes posterior distribution. Sometimes, an empirical Bayes distribution could be fitted even though the
chi-square test did not find a between-group variation that was even close to statistically significant. In
such a case, theempmcalBayes methodwas used, butthcnumencalrwults were almostthe same as from
thsunpleBaywmeﬂ:od - B

When more than one empmcal Bayes prior distribution was ﬁtted for a faﬂure mode such as a
distribution describing variation across plants and another one describing variation across years, the
general principle was to sclect the distribution with the largest. variability (highest 95th percentile).
Exceptions to this rule were based on engineering judgment regarding the most- loglcal and important
sources of variation, or the needs of the application.

Altemate Method for Some Group-Specific Investigations. Occasionally, thc unreliability
was modeled by group (such as by plant or by year) to see if trends existed, such as trends resulting from
time or age. Theabovemethodstcndtomaskanysuchtrend. The simple Bayes method pools all the data,
and thus yields a single generic posterior distribution. The empirical Bayes method typically does not apply
to all of the failure modes, and so masks part of the variation. Even when no differences can be seen
between groups for any one failure mode, so that the above methods would pool the data for each failure
mode, the failures of various modes could all be occurring in a few years or at a few plants. They could
thus have a cumulatxve effect and show a clearly larger unreliability for those few years or plants.
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Therefore, it is useful to calculate the unrehabxlnty for each group (mh year or plant) in a way that i is very
sensitive to the data from that one group. :

- Tt is natural, therefore, to update a prior distribution using only the data from the one group. The
Jeffreys noninformative prior is suitably diffuse to allow the data to drive the posterior distribution toward
- any probability range between 0 and 1, if sufficient data exist. However, when the full data set is split into
many groups, the groups ofien have sparse data and few demands. Any Bayesian update method pulls the
posterior distribution toward the mean of the pnor distribution. More specnﬁcally, with beta distributions
and binomia! data, the éstimated posterior mean is (a+fH/(a+b+d). The Jeffreys prior, with @ = b = 0.5, thus
pulls every failure probability toward 0.5. When the data are sparse, the pull toward 0.5 can be quite
strong, and can result in every group having a larger estimated unreliability than the population as a whole.
’lntheworstcaseofagroupandfaxluremodehavmgno demands, the posterior distribution mean is the
-same as that of the prior, 0.5, even though the overall industry experience may show that the probability for
the particular failure mode is, for example, less than 0.1. Since industry experience is relevant for the
performance of a particular group, a more practical prior distribution choice is a diffuse prior whose mean
equals the estimated industry mean. Keeping the prior diffuse, and therefore somewhat noninformative,
-allows the data to strongly-affect the posterior distribution, and usmg the industry mean avoids the bias
mtroduoed by the Iem'ey s pnor dxstnbuuon when the data are sparse.

‘To do this, the constramed nonmformatlve prior" was used, a generahzatlon of the Jem'eys prior
defined in Reference A-12 and summarized here. The Jeffreys prior is defined by transforming the binomial
data model so that the parameter p is transformed, approximately, to a location parameter /. The uniform
distribution for f is noninformative. The oorrespondmg distribution for p is the Jeffreys noninformative
prior. This is generalized using the maximum entropy distribution®’ for f, constrained so that the
oorrespondmgnmnofplsthemdusu'ymmﬁ'omthepooleddata, (fI-OS)/(d+l) 'Ihemaxlmumentropy
distribution for f'is, in a precise sense, as flat as possible subject to the constraint. Therefore, it is quite
diffuse. The corresponding distribution for p is found. t does not have a convenient form, so the beta
distribution for p having the same mican and variance is found. This beta distribution is referred to here as
the constrained noninformative prior. It corresponds to an assumed mean for p but to no other prior
information. For various assumed means of p, the nomnformatlve prior beta distributions are tabulated in
Reference A-8. :

For cach failure mode of interest, every group-specrﬁc failure probability was found by a Bayesran
update of the constrained noninformative prior with the group-specific data. The resulting posterior
distributions were pulled toward the industry mean instead of toward 0.5, but they were sensmve to the
group-specxﬁc data because the pnor distribution was so chﬁ‘use

Addmonal Refinements in the Application of Group-Specif'c Bayesian Methods. For
both the empirical Bayes distribution and the constrained noninformative prior distribution, beta
distribution parameters are estimated from the data. Ammoradjusnnent“°wasmademthepostenorbeta
distribution parameters for particular plants and years to account for the fact that the prior parameters a
and b are only estlmated, not known This adjustment mcreases the group-specxﬁc postenor variances
somewhat R

- Both group-specxﬁc failure probabxhty dxstnbutxon methods use a model, namely, that the failure
probability p varies between groups according to a beta distribution. In a second refinement, lack of fit to
this model was investigated. Data from the most extreme groups (plants, stations, manufacturer, or years)
were examined to see if the observed failure counts were consistent with the assumed model, or if they were
so far in the tail of the beta-binomial distribution that the assumed model was hard to believe. Two

NUREG/CR-5500, Vol. 5 A-16




probabilities were computed, ‘the probability that, given the resulting beta posterior distribution and
binomial sampling, as many or more than the observed number of failures for the group would be observed,
and the probability that as many or fewer failures would be observed. If either of these probabilities was
low, the results were flagged for further evaluation of whether the model adequately fit the data. This test
was most important with the empirical Bayes method, since the empirical Bayes prior. distribution might
not be diffuse. No strong evxdenoe agamst the model was seen in this study. See Atwood™* for more details
about this test.

Group-specific updatu were not used w1th the srmple Bay&s approach because this method is based
on the hypotbws that sxgmﬁcant dlﬁ'erences in the groups do not exist. -

| A-2.1.5 Estimatlon of Fallure Rate Distnbutlons

Specxa.lmethodswereapphed forthe fallureto runfallure modes. As explained in the Running Times
section above, the total mission time was divided into early, middle, and late periods, each of which was
analyzed as having a scparate failure probability ‘using the methods described above. Three additional
issues pertain to the results for FTRg, FTRy, and FTR;. The first concerns uncertain failure times among
~the cyclic test failures, the second is the conversion of probabilities to rates, and the third is the use of
probablhtles and/or rates to eompute failure to run probability estimates and distributions for various
- mission times. :

Unoertainty ln the fallure tlmes Fallure times from the LERs were uncertam for six events
involving seven failures, among the 27 cyclic test failures to run. Three of the events were known to have
occurred in the first half-hour, though the exact run times were unknown. The existence of these failures
_precluded the estimation of a failure rate for the early run period based on the total number of failures and

- total run time. This uncertainty is a reason for modeling the first half-hour as a single period with a single
faﬂureprobabthtymsteadoftymgtodetennmethetota]runhmeamongallthedleselstcstedforﬂus
period.

Two of the other three uncertain events could have occurred early, middle, or late, while the last event
was known not to have occurred during the late time period. Among the cyclic run times for which the
- period was known, nine occurred during the early period, 13 during the middle period, and one in the late

period. These counts were used to determine fractions for the probability of each unknown event occurring
in each interval. For example, to mimic the rest of the data, the last event was assumed to occur in the early
period with probability 9/(9+13) and in the middle period with probability 13/(9+13). To obtain failure
probabilities and uncertainty distributions, data sets for each of the 3x3x2=18 possible scenarios for these
events were constructed and analyzed separately using the failure probability distribution methods of
Section A-2.1.4. A probability was assigned to each data set, namely, the product-of the probabilities for
the particular assignment of the three events. For example, the data set for which all the uncertain failure
events were assigned to the middle period was given a probability of 13/23%13/23%13/22. For each data set,
and for each of the three failure to run failure modes, simple Bayes and constrained noninformative
Bayesian industry distributions were found, and empirical Bayes distributions were sought based on
possible variation in plants and in calendar years. The empirical Bayes distributions that were found, and
the constrained noninformative industry distributions, were each updated with plant-specific and with year-
specific data. Where empirical Bayes distributions were not found, the simple Bayes distribution was
- assigned for each plant and year. For each resulting beta distribution, the first two moments were weighted
by the data-set probabilities and summed across the eighteen data sets. The computed means and variances
of the resulting mixture distributions were used to characterize the probability of failure to run for FTRg,
FTRy, and FTR;. For each of these three failure modes, industry, plant-specific, and year-specific
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distributions were obtained. Both best-estimate distributions and data-dependent distributions from the
constrained noninformative pnor were obtainied by fitting beta distributions to .the oomputed means and

variances.

Although the duration of unplanned demands was oﬁen not lmown, they were believed to be nwly
always more than 30 minutes and typically less than 14 hours. Therefore, the unplanned demand data were
included in estimating the failure probabilities in the early time period, but were not used for the middle or
late time periods. The cychc test data were used for all three failure probabxhtxes

Converslon of probablhtles to rates Thc probabxhty of a faxlure on demand in the time
interval is p=At, where A is the failure rate and t is the exposure time. The approximation is verygood
because failures to run are very rare. Therefore, the beta distributions for p were converted to gamma
distributions for A for each failure mode by equating the mean and variance of A with that of p/t. The
exposuretzmcwas 05hfortheearlypenod, 13 5 hforthenuddlepenod,and thforthelaterunpenod

Computation of failure to run’ probabllltles for different mlssion tlmes All the mission

~ times of interest were greater than 0.5 hours, and thus the probability of early failure to run (prrzs) is

considered in all the computations. For mission times Te from 0.5 to 14 hours, the middle period failure to

“run probability must also be considered. Let prob[FTRy] be the middle period probability for the full

middle period, Ty=13.5 h. As just stated, this probability is prob[FTRM] =hvT, where Ay is the failure
occurrence rate for the middle period. The probabxhty for a shorter mission time, such as 8 total hours, is

-the probability of failure in the early period or in the first 7.5 hours of the middle period. The probability

for the latter event is approximately Ay *(T6 -0.5), or prob[F’l'R;,d*[(’l‘G-O 5)/Ty4). Therefore, the mean and
variance for this probabxhty can be obtained from the mean and variance of prob[F'I'RM] -the quantity
directly estimated in the process that combined results over the 18 possible data sets. In this calculation, the
rate itself is not needed, though the conoept of the fallure probablhty dependmg on the mission time and
failure rate is.

In the unrehabxhty calculations described in Section A-2.2, the FTRy term is the full FTRM
probability for mission times exceeding 14 hours, and the proportzonally scalod FTRy probablhty shown
above for mission times that are less than 14 hours

The late run period is treated in the same way. Fornussxont:mes that are l&ss than 14 hours, the late
run failure probabnhty is zero. For mission times between 14 and 24 hours, the prob{FTR Jterm computed
in the processing of the eighteen data sets is scaled by the portion of the mission time carrying into thc late

A period, divided by the total hours in the late period (TL-IO h) That is, the probabxhty is

Pl’Ob[FTRL]"‘[(T a-14. 0)/'1'1.]

The total faﬂure to run probablhty is the probabxhty of the union of the FTRE FI‘RM, and FTRL
events. Computations for this process are the same as for ﬁndmg the union for any set of mdependent

-events, and are discussed in Soctxon A-22,

A-2.2 The Comblnation of Fallure Modes _' S

The results for each failure mode must be combined to obtain the unrehabxhty For the primary
results, stated in therbody of this report, a fault tree was used to quantify the train failure probability.
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For the group-specxﬁc investigations reported in Appendix C, performmg a Monte Carlo snmulatnon
for each group is tedious. Therefore, the followmg algebraxc approxnmatxon was used. . :

The method for calculation of unrehabthty is presented in more detail by Martz and Waller Ayt s
summarized for the present apphcat:on here. According to the logxc model, the unrehabrhty for To hours is
given by

Unreliability(Tg hrs) = Prob{MOOS or (FTS and FRFTS) or [(FTRg or FTRM or FTR,) and FRFTR]}

where FTR; is the failure to run probabxlxty for the full eerly penod (0 to 0 5 hours), FTRy is the failure to
run probability for the part of the middle period covered by the mission time (the full FTRy probability if
Tgis equa.l or greater than 14 hours; otherwise, the probabthty for T4-0.5 h of the 14 hours as explained in
the previous section), and FTR; is the probability for the portion of the mission time exceeding 14 hours (if
any). FTR; is zero nfthemlssxontlmexs less than or equal to 14 hours; otherwise, it is the portion of the
full FTR; included in the mission [(T¢-14.0)/10 hours, times the full FTR;, probability].

This can be rewritten by repeatedly using the facts that

Prob(4 and B) = Prob(4)*Prob(B)
Prob(d or B) = 1 - Prob(uot 4)*Prob(notB) = 1 - (1 - Prob( 4)]*[1 - Prob(B)]

where 4 and B are any mdependent events The resulting algebraxc expressxon is linear in each of the seven
failure probabilities. ‘ -

The estimated mean and variance of the unrelxablhty can therefore be obtained by propagating the
. means and variances of the seven failure probabilities. These means and variances are readily available
from the beta distributions. Propagation of the means usesﬂ:eﬁctthatﬂ:emwnofaproductxs the product
of the means, for independent random variables. Propagation of variances of independent factors is also

mdﬂyaceomphshed,basedonthefactthatthevananeeofarandomvarlablelstheexpectedvalueofnts
square minus the square of its mean. In practice, eenmatesareobtamedbythefollowmgprocess

e  Compute the mean and variance of each beta distribution

¢  Compute the mean and variance ofthe unrehabxhty for each case usmg simple equanons for
expected values of sums for "or" operations and of prodncts for "and" operanons

o  Compute parameters for the beta dxstnbutxon wnth the same mean and variance

o {f e Report the mean of the unrehablhty and the Sth and o5th percentlles of the fitted beta
- dxstnbunon - N A : ‘

‘ The calculated means and variances are exact. The Sth and 95th percentiles are only approx:mate
however, because they assume that the final distribution is a beta distribution. Monte Carlo simulation for
the pereentxles is more accurate than this method if enough Monte Carlo runs are performed, because the
output uncertainty distribution is empirical and not requn'ed o be a beta distribution. Nevertheless, the
approxxmatxon seems to be close i in cases where compansons were made . ] .

Thxs process ‘was apphed nsmg updated empmcal Bayes dxstnbunons where they exxst, aml
noninformative prior (Simple Bayes) distributions otherwise, for the PRA and station blackout comparisons
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in this report. For the station blackout comparisons, the probability of meeting the target wasoomputed as
the area under the beta density function estimated for the unreliability, going from 0 to one minus the target
reliability, The SAS system provxdes a functlon giving tlus area.

The process was also applxed with constrained - umnformanve priors updated wnth plant and year-
specific data for each failure mode. The resulting unreliabilities were available for the calendar year and
plant age trend assessments.

A-3 ESTIMATION OF RATE DISTRIBUTIONS FOR TREND ANALYSIS

o In addmon to the analyses used to. estimate train unrelxablhty, the overall rates of moperablhtxos
failures, and unplanned demands were analyzed by plant and by year to identify possible trends and
patterns. Two specific analyses were performed for these three occurrence rates. First, the rates were
compared to determine whether significant differences exist among the plants or among the calendar years.
Rates and confidence bounds were computed for each type of rate for each year and plant unit. The
hypotheses of simple Poisson distributions for the occurrences with no differences across the year and plant
groupings were tested using the Pearson chi-square test. The computed P-values are approximate since the
expected cell counts were often small; however, they are useful for screening. : s

Regardless of whether parhcular years or plants were identified as having different occurrence rates,
the occurrence rates were also modeled by plant and by year to see if trends exist. For plants, trends with
regard to plant age were assessed, as measured from the plant low power license date. For years, calendar
trends were assessed. Least-squares regression analyses are used to assess the trends. The paragraphs
below describe certain analysis details associated with the rate trend analyses. ‘ .

With sparse data, estxmated event rates (event counts divided by time) are oﬁen zero, and regression
trend lines through such data often produce negative rate estimates for certain groups (years or ages). Since
occurrence rates cannot be negative, logarithmic models are considered. Thus, the analysis determines
whether log(rate) is linear with regard to calendar time or age. An adJustment is needed in order to include
rates that are zero in this model.

Using 0.5/t as a rate estimate in such cases is not ideal. Such a method penalizes groups that have no
failures, increasing only their estimated rate. Furthermore, industry performance may show that certain
events are very rare, so that 0.5/ is an unrealistically high estimate for a rate. A method that adjusts the
rates uniformly for all the grouping levels (plants or years) and that uses the overall rate information
contamedmthemdustrymeanlsnwdedforsparsedataandrareevents

Constrained noninformative priors similar to those constructed for probabilities (see Sectlon A-2.14)
‘can be formed for rates. This method meets the requirements identified above. Because it also produces
occurrence rates for each group (each year or plant) in a way that is very sensitive to the data from that one
group, it preserves trends that are present in the unadjusted rate data. The method, described in References
A-8 and A-12, involves updating a prior distribution using only the data from a single group. For rates,
such distributions are gamma distributions rather than beta distributions. Since industry experience is
relevant for the performance of a particular group, a practical prior distribution choice is a diffuse prior
whose mean equals the estimated industry mean, (0.5+N)/T, where N is the total number of events across
the industry, and T is the total exposure time. This specification for the prior distribution mean is the
constraint. Keeping the prior diffuse, and therefore somewhat noninformative, allows the data to strongly
affect the posterior distribution. This goal is ‘achieved by basing the modeling on a maximum entropy
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distribution. The details are explained in Reference A-8; the resulting prior distribution is a gamma
distribution with shape parameter 0.5 and scale parameter 7/2N+1). The mean of the updated posterior
distribution is used in the regression trending. This process thus adds 0.5 uniformly to each event count and
T/(2N+1) to each group exposure time. ‘

In practice, an additional refinement in the application of the constrained noninformative prior method
adjusts the postenor gamma distribution parameters for particular plants and years to account for the fact
that the prior distribution gamma scale parameter is only estimated, not known. This adjustment™"
increases the group-specific posterior variances somewhat.
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Appendix B
EDG Train Operational Data, 1987-1993
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Appendix B
EDG Train Operational Data, 1987-1 993

The subsections below present lists of the data used for the EDG train performance study. The plants
used are listed first. Then their unplanned demands are described, followed by a table of the identified EDG
train failures. In addition, two tables are presented: (1) the events used in the unreliability estimates, and (2)
a comprehensive list of the EDG train failures that occurred as a result of a common cause failure.

B-1. PLANTS USED

Table B-1 presents a oomplete list of the plants mcluded in the study EDG train failures and
unplanned demands were collected from LERs and Special Reports submitted by the U.S. commercial
nuclear power plants, listed in Table B-1, for the period from 1987 through 1993. For the new plants, data
started from the low-power license date. Several plants were excluded owing to atypical EDG trains or
because they were not operational during the study period: Big Rock Point, Browns Ferry Units 1 and 3,
Fort St. Vrain, Humboldt Bay 3, Three Mile Island Unit 2, LaCrosse, Oconee Units 1, 2, and 3, and
Shoreham. Table B-1 presents for each plant the respective utility, whether the plant is required to report
EDG failures per Regulatory Guide 1.108, the EDG train manufacturer, model number, and the number of
EDG trains.
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Table B-1. Plants, utilities, and EDG train classifications.

Class 1E EDG System'

Report per Regulatory e Number Number
Docket __Plant name Utility name Guide 1.108 Manufacturer Model - dedicated swing
313 Atkensas1® Arkansas Power and Light Co. No EM 20-645-E4 2 0
368 Arkansas2 Arkansas Power and Light Co. Yes FC 38TDS-1/8 2 0
334  BeaverValleyl*  Duquesne Light Co. No EM = . 20-645TEA 2 0
412 Beaver Valley2  Duquesne Light Co. No FC © 12PC2V400/EG-BIOC 2 0
456 Braidwood I* Commonwealth Edison Co. Yes cB KSV-20.T 2 0
457  Bmidwood2 Commonwealth Edison Co. Yes CB . KSV-20-T 2 0
260  BrownsFemy2  Tennessee Valley Authority Yes EM . 999-20/645E4 — 4
325  Brumswick1 Carolina Power & Light Co. No ‘NM NORDBERG-D-4900 2 0
324  Bromswick2 Carolina Power & Light Co. No NM NORDBERG-D4900 2 0
454  Bymonl Commonwealth Edison Co. Yes CB KSV-20-T 2 0
455  Byron2 Commonwealth Edison Co. Yes CB KSV-20-T 2 0
483 Callaway Union Electric Co. Yes " FC PC2.5V 2 0
317  CalvertClifis1*  Baltimore Gas & Electric Co. No FC 3800TDS-1/8 1 1
318 CalvertClifs2  Baltimore Gas & Electric Co. No FC 3800TD8-1/8 1 -
413 Catawbal Duke Power Co. Yes R DSRV-16-4 2 0
414  Catawba2 Duke Power Co. Yes D DSRV-164 2 0
- o R-16-645-E4
461 Clinton Nlinois Power Company Yes EM - 12-645-B4 © 2 0
445 Comanche Peak 1  Texas Utilities Generating Co. Yes “TD ' DSRV-164 2 0
446 Comanche Pesk2  Texas Utilities Generating Co. Yes ™ DSRV-164 2 0
315  Cookl Indiana & Michigan Elec. Co. Yes we - SWBI2CYL 2 0
316 Cook 2 Indiana & Michigan Elec. Co. Yes we SWB12CYL 2 0
208 Cooper Nebraska Public Power District No CB KSV-16T 2 0
302  CrystalRiver3  Florida Power Corporation No FC . 38TD8-1/8 2 0
346 Davis-Besse No EM " 20-645E4 2 0

Toledo Edison Co.
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Table B-1. (continued).

Class 1E EDG System
‘ IOy . Report per Regulatory ‘ Number Number

Docket . Plant name Utility name Guide 1.108 Manufacturer Model dedicated swing
275 DmbloCanyonl Pacific Gas & Electric Co. Yes AP 251F18GS 2 1
323 DisbloCanyon2  Pacific Gas & Electric Co. Yes AP 251F18GS 2 -
237  Dresden2 Commonwealth Edison Co. No EM 20-645-B4 1 1
249  Dresden3* Commonweatth Edison Co. No EM 20-645-E4 1 -
331  DumeAmold  lown Electric Lxght&PowerCo No FC 3800TD3-1/8 2 0
348 Ferleyl Alsbama Power Co. Yes FC 33TDR/PC2V400 2 1
364  Farley2' Alsbarna Power Co. Yes FC 3STDR/PC2VA00 2 —
341 Permi2 Detroit Edison Co. Yes FC 3RTDS-1/8 4 0
333 FitzPatrick! " Power Auth. of the State of N.Y. No EM 20-645-B4 4 0
285 Fort Calhomn Omaha Public Power District No EM 20-645-E4 2 0
244 Ginna* Rochester Gas & Electric Corp. No AP 16-251-F 2 0
416 Grand Gulf System Energy Resouroes Inc. Yes ™D DSRV-164 2 0
213 Haddam Neck Conn. Yankee AtomcpowerCo Yes EM 20-645-E4 2 0
400 Harris* Camhmeret&nghtCo Yes TD DSRV-164 2 0
321 Hatch1 Georgia Power Co. ! Yes FC 38TDS-1/8 2 1
366 Hatch 2 Georgia Power Co. Yes FC 38TDS-1/8 2 -
354 Hope Creek Public Service Electnc&GasCo. Yes ' FC PC2.3V 4 0
247  Indian Point2 Consolidated Edison Co. No AP 251 3 0
286 Indian Point 3 Power‘Auth‘ of the State of N.Y. No AP 251E16 3 0
305 Kewaunee® Wisconsin Public Service Corp. No EM 20-645-F4 2 0
373 LaSallel Commonwealth Bdison Co. Yes EM 20-645-E4 1 1
374 LaSalle2 Commonwealth Edison Co. Yes EM 20.645-E4 1 s
352 Limerick 1 Philadelphia Electric Co. Yes FC 38TDS 1/8-12 4 0
353 Limerick 2 Philadelphia Electric Co. Yes FC 38TDS 1/8-12 4 0
309 Muine Yankee'  Maine Yankee Atomic Power Co. No EM 20645B4 2 0
369 McGuire 1 Duke Power Co. Yes NM FS-1316-HSC 2 0
370  McGnire2 Duke Power Co. Yes NM FS-1316-HSC 2 0
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Table B-1. (continued).

_ Class 1E EDG System

. : ' B Report per Regulatory Number Number
Docket . Plant name Utility name Guide 1.108 Manufacturer _ Model dedicated swing
245 Millstone 1 Northeast Nuclear Energy Co. No FC 38TDS 118 1 0
336 Millstone 2 Northeast Nuclear Energy Co. No FC 3%TD8 118 2 0
423 Millstone 3 Northeast Nuclear Energy Co. Yes FC 14PC2V400 2 0
263 Monticello® Northern States Power Co.. No EM 20-645B4 2 0
220 Nine Mile Pt. 1 Niagara Mohawk Power No EM 20-645-F4 2 0
410 Nine Mile Pt. 2 Niagara Mohawk Power Yes ' CB KSV16T . 2 0
, Corporation ‘B 2
338 North Amma 1° Virginia Electric & Power Co. Yes FC 38TD 18 2 0
339  NorthAmna2 Virginia Electric & Power Co. Yes FC 38D 18 2 0
219 Oyster Creek GPUNuclear No EM 20-645-F4 2 0
255 Palisades Consumers Power Co. No AP 251F 2 0
528 Palo Verde 1 Arizona Public Service Co. Yes CB KSV-20-T 2 0
529 Palo Verde 2 Atizona Public Service Co. Yes CB KSV-20-T 2 0
530 Palo Verde 3 Atizona Public Service Co. Yes CB KSV-20-T 2 0
277 PeachBottom2 Philadelphia Electric Co. No FC 38TDE-1/8 — 4
278 PeachBottom3*  Philadelphia Electric Co. No FC 38ID818 — —_
40 Pery Cleveland Elec. Tiium. Co. Yes ™ DSRV-164 2 0
203 Pilgim = Boston Edison Co. “ No AP 251F18GS 2 0
266  PointBeach 1 Wisconsin-Michigan Power Co. No EM b s 2
301  PointBeach2*  Wisconsin-Michigan Power Co. No EM > ~ —
282  Pririelslnd1  Northern States Power Co. No FC 38TDE-118 2 0
306 Prairielsland2  Northem States Power Co. No. cL UD 45 VI6VS 5D 2 0
254 QuadCities1 - Commonwealth Edison Co. No EM. . 20-645-BA 1 1
265  QuadCities2 Commonwealth Edison Co. No EM | 20-645-FA B —
312 Rancho Seco Sacramento Municipal UtiL. District No EM "~ 20-645-PA 4 0
458 River Bend Gulf States Utilities Yes ™ DSR-48 2 0
261 . Robinson2 - Carolina Power & Light Co. No FC /IDB-1R 2 0
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Table B-1. (contmued)

Class 1B EDG System
Report per Regulatory Number Number

Docket __Plant name Utility name Guide 1.108 Menufacturer Model dedicated swing _
22 Salem1* Public Service Electric & Gas Co. Yes AP 9X10-122 18-251 3 0
311 Salem2 Public Service Electric & Gas Co. Yes AP 9X10-1/2 18-251 3 0
206  SanOrofre1*  Southemn California Edison Co. No ™ DSRV-20-4 2 0
31  SanOnofre2*  Southern Califomia Bdison Co. Yes EM 20-645E4 2 0
32  SmOnofre3*  Southem California Edison Co. Yes EM 20-645E4 2 0
443 Seabrook Public Service Co. of New Yes FC 16PC2.3V 2 0

Hampshire
327 Sequoyshl Tennessee Valley Authority Yes . EM R16-645-E4 2 0
328 Sequoyah 2 Tennessee Valley Authority Yes EM R16-645-E4 2 0
498  SouthTexas]  Houston Lighting and Power Co. Yes CB KSV-20-T 3 0
499  SouthTexas2  Houston Lighting and Power Co. Yes CB KSV-20-T 3 0
335 StLucel Florida Power & Light Co. Yes M R16-645-E4 2 0
389 St Lucie2 Florida Power & Light Co. Yes EM R16-645-E4 2 0
395 Summer South Carolina Electric & Gas Co. Yes FC 12PC2V400 2 0
280  Semyl - VirginiaFlectric & PowerCo. No EM 20-645E4 1 1
281  Swy2 . Virginia Electric & Power Co. No EM 20-645E4 1 —
387 . . Susq\nhmnal Pennsylvania Power & Light Co. Yes CB KSV-16-T - s
388 Susthmma 2 Pennsylvania Power & Light Co. Yes CB KSV-20-T — —
280 ThreeMilelsi1 - GPUNuclear . No FC 3800TDE-1/8 2 0
344 Trojan® Portland General ElectncCo No EM R16-645-B4 2 0
250  TukeyPoint3  Florida Power & Light Co. Yes EM 20-645-B4 2 0
251.  TurkeyPoint4  Florida Power & Light Co, Yes EM $20-645-F4B 2 0
2 VemontYamkee  Vermont Yankee Nuclear Power No FC 38TDS 1/8 2 0
424 Vogtlel Georgia Power Co. Yes D DSRV-164 2 0
425  Vogtle2 Georgia Power Co. Yes ™ DSRV-164 2 0
397  Wash Nuclear2 ~ Wash. Public Power Supply System Yes EM 20-645-B4 2 0
382 Waterford 3 Louisiana Power & Light Co. Yes cB KSVI6T 2 0
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- Table B-1. (continued).

3

Class 1B EDG System

- - s - Report per Regulatory ‘ , Number Number
Docket  Plant name Utility name Guide 1.108 Msnufacturer Model dedicated swing
482 WolfCreek Kansas Gas & Electric Co. Yes FC P.C.2.5V 2 0
029 Yankee-Rowe Yankee Atomic Electric Co. . No EM -~ 3 0
295 Ziml Commonwealth Edison Co. Yes CB KSV-16 2 1
304  Zion2 _______ Commonwealth Bdison Co. Yes CB KSV-16 2 —

a.NoEDGuninfailmeswmfmmt_lintheopemﬁonaldmaﬂﬁsplmt
-b. Information was not aveilable,
c. Indicates shared EDG trains between units.




B-2. EDG TRAIN UNPLANNED DEMANDS

The EDG train unplanned demands were derived from LERs reportmg EDG train ESF actuations
from 1987 through 1993. Events that occurred prior to the plant's low-power license date and after the
decommissioning date were excluded from the study. An EDG train unplanned demand for the purposes of
this smdyoccurrednftheEDGtramwasexthermanuallystartedorstartedautomhcaﬂymresponsetoa
low-voltage condition on the respective safety-related bus and the EDG output breaker closed and loads
sequenced on the safety-related bus. An EDG train demand was also counted (1) if a failure of the EDG
train occurred during the manual or automatic start sequence, (2) or the EDG train was out of service for
maintenance or testing at the time of an actual low-voltage condition on the respective safety-related bus.
Table B-2 presents the list of EDG train unplanned demands for each plant reporting EDG train failures in
accordance with Regulatory Guide '1.108 by plant name. Table B-2A presents the list of EDG train
unplanned demands for each plant not reporting EDG train failures in accordance with Regulatory Guide
1.108 by plant name.

Table B-2. Emergency diesel generator unplanned demands for the plants reporting per Regulatory
Guide 1.108. ,

LER : ,

Plant name number Event date Unit mode Number of demgnds
Arkansas 2 36890016 07/16/90 Cold shutdown 1
Braidwood 1 45687048 09/11/87 Cold shutdown 2
Braidwood 1 45688022  10/16/88  Operate
Braidwood 2 45788004 01/29/88 Cold shutdown 1
Byron 2 45587019 - 10/02/87  Operate - 2
Callaway 48389008 06/23/89 Operate - 1
Callaway 48390015 11/19/90 “‘Operate - 1
Catawba 1 41387042 111787 Cold shutdown 1
Catawbal 41380001 010789  Cold shutdown 1
Catawbal 41391018 ~ -09/06/91 Operate 1
ComanchePeak 1 44591019 7 06/09/91 - Operate 2
Comanche Peak 1 = 44591021 * - 07/28/91 Operate 2
Cook 1 31591004 05/12/91 ‘Operate 2
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Table B-2. (continued).

LER -

._Plant name number’ - Event date " Unitmode Numb'er. of démé.pds
. Cook2 - 31687007 ' - 07/14/87  Operate 1
Cook2 - 31690001  01/12/90 ~ Cold shutdown 1
. DisbloCanyon1 . 27587014 0825/87 " Operais 1
DisbloCanyon | ~ 27591004 03/07/91 . . Refuel 3.
Diablo Canyon 2 32387019 08/14/87  Operate 1
Diablo Canyon 2 32388007 = .. 06/30/88 Operate -1
 Diablo Canyon 2 32388008  07/17/88 Operate 3"
~ Diablo Canyon 2 32388012 10/10/88 Refuel 3
CFarleyl - - - 34891000 08/19/91  Operate )
Farley 1 34892006 ..  10/28/92  Cold shutdown 1
Farley 1 34892007 11/28/92 Hot standby 1
Farley 2 36487005 11/11/87 Refuel 2
Farley 2 36487006 11/15/87 Refuel 1
Fermi 2 34188019  05/07/88  Startup 2
Fermi 2 34189003 01/10/89 Cold shutdown 2
Fermi 2 34189023  09/24/89 Refuel 2
Haddam Neck 21389009  05/23/89  Operate . 1
Haddam Neck 21393009 06/22/93 Cold shutdown 2
Haddam Neck 21393010  06/26/93 Cold shutdown 2
Harris 40087011 03/07/87 Hotstandby 1
Harris 40087059 10/11/87 Cold shutdown 1
Harris 40088013 .. 06/03/88 - Operate - - 1
Harris 40088035 - 12/21/88 -  Operate 1-
Harris 40090012 04/15/90  Operate 1
NUREG/CR-5500, Vol. 5 B-10




Table B-2. (continued).

LER
Plant name number Event date Unit mode Number of demands
Harris 40093007 05/23/93 Operate 1
Hope Creck 35493003 05/13/93 Operate 2
LaSalle 1 37392015 . 12/01/92 . Refuel 1
LaSalle 1 37393015 09/14/93 Operate 2
McGuire 1 36987021 09/16/87 Cold shutdown 1
McGuire 1 36988038  11/20/88 Cold shutdown 1
McGuire 1 36991001 02/11/91 Operate 2
McGuire 2 36988014 06/24/88 Refuel 2
McGuire 2 37092002 03/05/92 . Cold shutdown 1
McGuire 2 37093008 = 12/27/93 Operate 2
Millstone 3 42387027  06/05/87 Operate 1
Millstone 3 42387038  11/10/87 Refuel 1
Nine Mile Pt. 2 41089010 03/21/89 Cold shutdown 1
Nine Mile Pt. 2 41092006 03/23/92 Refuel 2
Nine Mile Pt. 2 41092018 07/28/92  Operate_ 1
Nine Mile Pt. 2 41092020 09/25/92 Operate 1
Nine Mile Pt. 2 41092023 . 11/05/92 . Operate . 1
Nine Mile Pt. 2 41093001 . 01/05/93 Operate 1
Nine Mile Pt. 2 41093001  08/17/93 . Operate 1
Nine Mile Pt. 2 41093008  11/07/93  Cold shutdown 1
North Anna 1 33887013 06/14/87 Cold shutdown 1
North Anna 1 33888020  08/06/88 Operate 1
North Anna 1 33889006 03/23/89 Cold shutdown 1
North Anna 1 33889010  04/16/89  Cold shutdown 2
North Anna 1 33801010  04/23/91 Operate 1
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Table B-2. (continued).

LER
Plant name number Event date Unit mode Number of demands
North Anna 2 33990002 08/02/90  Operate 1
North Anna 2 33990009 10/28/90 Cold shutdown 1
North Anna 2 33991002 05/14/91 Operate 1
Palo Verde 1 52888003 O1/16/88  Operate 2
Palo Verde 1 52888010 07/06/38 Operate 2
Palo Verde 1 52888019 07/22/38 Cold shutdown 1
Palo Verde 1 52889016 09/02/89 Refuel 1
Palo Verde 1 52891004 03/20/91 Operate 1
Palo Verde 1 52893003 02/13/93 Operate 1
Palo Verde 2 52989001 01/03/89  Operate 2
Palo Verde 2 52992002 03/23/92 Operate 2
Palo Verde 2 52992004  06/19/92 Operate 2
Palo Verde 3 . 53088004 04/06/88 Operate 1
Palo Verde 3 53091006 08/24/91 Operate 1
Palo Verde 3 53091010 11/15/91 Hot standby 1
River Bend 45888005 02/11/88 Operate 1
River Bend 45889029 06/12/89 Cold shutdown 1
Salem 1 27290008 03/27/90  Operate - 2
Salem 1 27291022 - 06/06/91 Operate 1
Salem 1 27291022 06/13/91 ~ Operate 1
Salem 1 27292009 04/06/92  Refuel 1
Salem 1 27293012 06/09/93 Hot standby 1
Salem 1 27293016 10/21/93 Refuel 2
Salem 1 27293017 11/06/93 Refuel 1
Salem 2 31190037 09/22/90 Operate 1
Salem 2 31191012 08/26/91 ~ Operate 1
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Table B-2. (continued).

B-13

LER
Plant name - number Event date Unit mode Number of demands
Salem 2 31192001 - - 01/04/92 Refuel . 1
Salem 2 31192013 07/27/192 Operate 1
San Onofre 2 36189014 11/06/89 Cold shutdown 1
Seabrook " 44389010 08/15/89 Cold shutdown 1
Seabrook 44391008 06/27/91 Operate - 2
Sequoyah 1 32787016 02/27/87 Cold shutdown 1
Sequoyah 1 32787019 03/18/87 Cold shutdown 1
Sequoyah 1 32787060 - 08/27/87 Cold shutdown 1
Sequoyah 1 32788026 - 06/29/88 Cold shutdown 1
Sequoyah 1 32790005 04/09/90 ; Refuel 1
Sequoyah 1 32790014 = 06/25/90 Operate 1
Sequoyah 1 32792027 - 12/31/92 Operate 2
Sequoyah 1 32793015 06/14/93 Refuel 1
Sequoyah 2 32888034 - 08/15/88 Operate 1
Sequoyah 2 32792027 12/31/92 Operate 2
South Texas 1 49887021 - : 11/30/87 .. Cold shutdown 1
South Texas 1 49888026 03/30/88 Operate 1
South Texas 1 49888057 . .. 10/04/88 - Cold shutdown 1
South Texas 1 49889006 - - 01/21/89 Cold shutdown - 1
South Texas 1 49890014 06/20/90 Operate 1
South Texas 1 49890026 A 12/19/90 Cold shutdown 1
South Tgxas 1 49891004 02/15/91 Refuel 1
VSouth Texas 1 49891007 - 03/09/91 Cold shutdown 3.
South Texas 1 49891013 04/12/91 Cold shutdown 1
South Texas 2 49989001  01/06/89 . Cold shutdown 2
South Texas 2 49989003 02/03/89 Cold shutdown 1
South Texas 2 49989005 03/20/89 Start up 2
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Table B-2. (continued).

LER "

Plant name . number Event date Unit mode Number of demands
South Texas 2 49989009 - - 04/05/89 " - Operate. 1.
South Texas 2 49989014 04/18/89 Cold shutdown 1
South Texas 2 49989017 07/13/89 Operate 1
St. Lucie 1 33590005 04/18/90 Cold shutdown 1
St. Lucie 2 38987001 . 03/03/87 - Operate - )
St. Lucie 2 38992003 05/26/92 Operate 1
Summer 39587011 - 06/03/87 Hot standby" o |
Summer 39589012 07/11/89 Operate 2
Summer 39590007 04/23/90 Refuel 1
Summer 39590008 05/05/90 Cold shutdown 1
Summer 39591010 11/06/91 Cold shutdown 1
Summer 39592008 11/14/92 Operate 1
Turkey Point 3 25087012 05/07/87 Cold shutdown 1
Turkey Point 3 25092009 08/24/92 Hot standby 3
Turkey Point 4 25187012 07/05/87 Hot standby 2
Turkey Point 4 25092009 08/24/92 Hot standby -3
Vogtle 1 42490006 03/20/90 ~ Refuel 1
Vogtle 1 42490006 03/20/90 Refuel 2
Vogtle 1 42490006 03/20/90 Refuel 1
Vogtle 1 42493004 04/10/93 Refuel 1
Vogtle 2 42589023 07/20/89 * Operate - 1
Vogtle 2 42590002 03/20/90 Operate 1
Wash. Nuclear 2 39789016 05/14/89 Cold shutdown 1
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Table B-2. (continued).

LER

Plant name number Event date Unit mode Number of demands
Waterford 3 38290003 03/29/90 Operate 1
Waterford 3 38290012 08/25/90 Operate 1
Waterford 3 38292018 09/30/92 Refuel 1
Wolf Creek 48287030 07/20/87 Operate 1
Wolf Creek 48287048 10/14/87 Refuel 1
Wolf Creek 48290014 06/13/90 Operate 1
Wolf Creck 48290023 10/23/90 Operate 1
Zion 1 29588015 07/15/88 Hot standby |
Zion 1 29591017 11/08/91 'Hot standby 1
Zion 2 30491002 032191  Operate 1
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Table B-2A. Emergency

diesel generator unplanned demands for the plgnts not reporting per Regulatory

NUREG/CR-5500, Vol. 5
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Guide 1.108.
LER N -
Plant name number  Eventdate - Unit mode Numbe; of demands

Arkansas 1 31389040 12/05/89 - Cold shutdown -1
Arkansas 1 31389040 12/06/89 Cold shutdown 1
Arkansas 1 31393002 -~ 03/09/93 - Operate 1
Beaver Valley 1 33489013 11/12/89 Cold shutdown 1
Beaver Valley 1 33493013 10/12/93 - Operate - 3
Beaver Valley 2 41287036 11/17/87 = Operate 2
Beaver Valley 2 41288002 01/27/88 - Operate 1
Beaver Valley 2 41288004 02/01/88 Cold shutdown 1
Beaver Valley 2 41289012 - -04/27/89 - - Cold shutdown 1
Beaver Valley 2 41290019 11/05/90 Operate 1
Brunswick 1 32587006 03/03/87 Refuel 1
Brunswick 1 32588001 01/04/88 Operate 1
Brunswick 1 32589026 12/10/89 Operate 1
Brunswick 1 32593008 03/16/93 Cold shutdown 2
Brunswick 2 32489009 06/17/89 Operate 2
Brunswick 2 32491005 06/30/91 Operate 1

Brunswick 2 32491016 10/05/91 Refuel 1
Brunswick 2 32593008 03/16/93 Cold shutdown 2
Brunswick 2 32493011 11/22/93 Operate 1
Calvert Cliffs 1 31787012 07/23/87 Operate

Calvert Cliffs 1 31793003 06/10/93 Operate

Cooper 29887016 05/26/87 Startup 2
Cooper 29887017 07/07/87 Operate 2
Cooper 29887018 08/06/87 Operate 2




Table B-2A. (continued).

LER :
Plant name number Event date Unit mode Number of demands
Cooper 29889020 - 05/29/89 Cold shutdown 1
Cooper 29893008 03/28/93 Cold shutdown 1
‘Cooper 29893022 05/14/93 Cold shutdown 1
Crystal River 3 30287021 10/14/87 Refuel 1
Crystal River 3 30287025 10/16/87 Refuel 1
Crystal River 3 30289023 06/16/89 Operate 2
Crystal River 3 30289025 - 06/29/89 Hot standby 1
Crystal River 3 30291010 10/20/91 Cold shutdown 1
Crystal River 3 30292002 03/27/92 Operate 2
Crystal River 3 30293002 03/29/93 Cold shutdown 2
Crystal River 3 30293004 - - 04/08/93 Cold shutdown 1
Davis-Besse 34687011 09/06/87 Operate 1
Dresden 2 23790002 - - 01/16/90 Operate 2
Dresden 2 23790011 10/27/90 Cold shutdown 1
Dresden 2 23792033 - 10/15/92 Operate 1
Dresden 3 24989001 03/25/89  Operate 2
Duane Amnold 33188016 10/17/88 - Refuel - -1
Duane Arnold 33189011 - 08/26/89 Operate 1
Duane Amold 33190007 - 07/09/90 Refuel 2
Fitzpatrick 33388011 10/31/88 Refuel 2
Fort Calhoun 28587008 032187 - Refuel 2
Fort Calhoun 28590006 02/26/90 Refuel 2
Ginna 24488006 07/16/88 Operate 2
Ginna 24489002 - 05/06/89 Refuel 1
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Table B-2A. (continued).

LER ‘

_Plant name number Event date - Unit mode Number of demands
Ginna 24490009 06/09/90 - Hot shutdown - 1
Ginna 24491002 - - 03/04/91 - Operate 1
Ginna 24491002 03/07/91 Operate 1
Ginna 24492007 12/24/92 Operate 1
Indian Point 2 24787004 02/10/87 Operate . 3
Indian Point 2 24790016 . 12/03/90 Operate 2

_ Indian Point 2 24791006 03/20/91 Refuel -3
Indian Point 2 24791010 06/22/91 - Cold shutdown 2
Indian Point 3 28687009 05/15/87 Cold shutdown - 2
Indian Point 3 28688006 10/09/88 Operate‘_ ‘ 1
Maine Yankee 30988006 08/13/88  Operate 2
Milistone 1 24589012 04/29/89 Refuel 1
Millstone 2 33688002 - 01/19/88 - Refuel 1
Milistone 2 33688011 10/25/88 Operate 2
Milistone 2 33692012 07/06/92 Refuel 1
Nine Mile Pt. 1 22089002 03/08/89 Refuel 1
Nine Mile Pt. 1 22089002 03/11/89 Refuel 1
Nine Mile Pt. 1 22090023 11/12/90 Operate 2
Nine Mile Pt. 1 22093007 08/31/93 Operate 2
Opyster Creck 21989015 05/18/89 Operate 2
Opyster Creek 21992005 05/03/92 Operate 2
Palisado;s 25587012 04/17/87 Operate 1
Palisades 25587024 - 07/14/87 Operate 2
Palisades 25590020 11/10/90 =~ - Refuel 1
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Table B-2A. (continued).

LER ‘ :

Plant name number Event date Unit mode Number of demands
Palisades 25592029 04/04/92 Cold shutdown 1
Palisades 25592032 04/06/92 Cold shutdown 2
Palisades 25593005 07/20/93 Refuel 1
Peach Bottom 2 27787004 04/07/87 Cold shutdown 1
Peach Bottom 2 27788020 07/29/88 Refuel 2
Peach Bottom 2 27790006 04/02/90 Cold shutdown 1
Peach Bottom 2 27792010 ©  07/04/92 Operate 1
Peach Bottom 3 27888009 08/31/88 Cold shutdown 1
Pilgrim 29387005 03/31/87 Cold shutdown 2
Pilgrim 29387014 11/12/87 Cold shutdown 2
Pilgrim 29389010 02/21/89 Refuel 2
Pilgrim 29391024 - 10/30/91 Hot standby 2
Pilgrim 29393004 03/13/93 Operate 2
Pilgrim 29393010 05/19/93 Refuel 2
Pilgrim 29393022 09/10/93 Operate 2
Point Beach 1 26692003 04/28/92 Refuel 1
Point Beach 1 26693007 07/26/93 - Operate - 1
Point Beach 2 30189002 03/29/89 Operate 2
Prairie Island 1 28290007 05/17/90  Operate 1
Quad Cities 2 26587013 10/19/87 Operate 1
Quad Cities 2 26592011 04/02/92 Refuel 1
Rancho Seco 31287028 05/14/87 Cold shutdown 1
Robinson 2 26192017 08/22/92 Operate 2
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Table B-2A. (continued).

LER

Plant name number Event date Unit mode Number of demands
Surry 1 28089005 02/04/89 Cold shutdown 2
Surry 1 28089010 04/06/89 Cold shutdown 2

- Sumry 1 28089013 04/13/89 Cold shutdown 2
Surry 1 28089044 12/21/89 Operate 1
Sumry 1 28090004 05/22/90 Operate 1
Surry 1 28090006 . 07/01/90 Operate 1
Surry 1 28090017 - 12/02/90 Cold shutdown 2
Surry 1 28091018 08/26/91 Operate 2
Three Mile Isl 1 28987002 03/02/87 Refuel 1
Trojan 34487010 05/11/87 Refuel 1
Vermont Yankee 27187008 08/17/87 Refuel 2
Vermont Yankee 27191009 04/23/91 Operate 2
Vermont Yankee 27191012 04/23/91 Operate 2
Yankee-Rowe 02987008 05/31/87 Refuel 2
Yankee-Rowe 02987010 06/01/87 Refuel 2
Yankee-Rowe 02938002 03/22/88 Operate 1
Yankee-Rowe 02938003 03/26/88 Operate 1
Yankee-Rowe 02988008 05/17/88 Operate . 2
Yankee-Rowe - 02988010 11/16/88 Cold shutdown 1
Yankee-Rowe 02991002 06/15/91 Operate 3
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B-3. EDG TRAIN FAILURES

The search of the SCSS and NUDOCs databases resulted in the identification of 446 events for all
plants during the 1987 through 1993 time period in which at least one EDG train failure occurred. Table B-
3 provides the column heading definitions for Tables B-4 and B-4A. Table B4 lists the events for the
plants reporting failures in accordance with Regulatory Guide 1.108. Table B-4A lists the events for the
plants not reporting failures in accordance with Regulatory Guide 1.108.

EDG train failures that occurred prior to a plant's low-power license date or after the
decommissioning date were excluded. The events that were identified by a Special Report are listed in
Table B4 with a 5-digit number that identifies plant docket and year of report. Unique numbering similar
to the LER numbering requirements are not used for Special Reports.

The events for which the method of discovery is equal to "A" and "S(C)" and the failure mode was
either, FTS, FI'R, or MOOS, are events that were considered for calculations of the failure probabilities
used for comparison with the PRA/IPEs.

Table B-3. Column heading abbreviations used in Tables B-4 and B-4A.

Column Definition

Unit Mode Unit mode at the time of the failure
(PWRs) PO =mode 1 =>5% Power,
SU =mode 2 = startup,
HS = mode 3 = hot standby > 350F,
HD = mode 4 = hot shutdown 200-350F,
CD =mode 5 = cold shutdown,
RF = mode 6 = refuel
UN = unknown

.U = plant at power = OUTINFO data were used to determine
- whether the plant was at power or shutdown, LER/SR was
indeterminate. -

D =plant shut down = OUTINFO data were used to determine
whether the plant was at power or shutdown, LER/SR was
indeterminate.

(BWRS) PO =mode 1 =run mode
SU =mode 2 = start up,
- HS =not used for BWRs
HD = mode 3 = hot shutdown >200F,
CD = mode 4 = cold shutdown,
RF = mode 5 = refuel
UN = unknown
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Table B-3. (continued).

Column _Definition
U> =plantatpdwer= OUTINFO data were used to determine
-whether the plant was at power or shutdown, LER/SR was
indeterminate.
" D = plant shut down = OUTINFO data were used to determine
‘whether the plant was at power or shutdown, LER/SR was
indeterminate.

EDG train manufacturer AP = ALCO Power (GE of England)

~ CB=Cooper Bessemer ;
EM= Electro Motive (General Motors)
FC = Fairbanks Morse/Colt
NM-= Nordberg Mfg.
TD = Transamerica Delaval
"WC = Worthington Corp.

Number of failures The number of failures listed in this column is the numbcr of actual EDG
train failures that occurred. If a component failed for one EDG train and
the similar component was replaced on all the other EDG trains at the site

. for precautionary reasons, only one failure was recorded. The column also
represents the failure of more than one EDG train or the same EDG train
more than once. Failures in quick succession for the same reason are not
considered multiple failures. Separate entries are used for unrelated
failures from the same LER or Report.

Subsystem A= air start system
C = cooling system
E = electrical (gencrator or breaker system, including power and control
for them, including sequencer, load shed circuits)

F = fuel system including the governor (i.c., all Woodward failures even
if associated with the electnc controls for it)
H= HVAC
I= instrument and controls relating to start or shutdovm, including
control circuit power
L = lubrication oil system
M = mechanical, i.c., overspo;ed trip etc.
Method of discovery A = actual unplanned demand

NUREG/CR-5500, Vol. 5

O =otherthanSoran A
S = surveillance testing

S(C) = cyclic surveillance testing

B-22



Table B-3. (continued).

Column

Definition

FLMD

Recovered

Failure Mode

FTS = failure to start

FTR = failure to run

MOOS = maintenance out of service

RFR = restoration failure that identifies an EDG train failure that could
result in an EDG train trip during restoration of the EDG train to non-
emergency operating conditions, usually when ECCS actuations are reset

RFP = restoration failure that identifies an EDG train parallel operation
failure that could result in an EDG train trip during restoration of offsite
power

SIF = self-initiated failure

Recovery (only applies to failures found during unplanned demands) ‘
T—T'rue if operators recovered the failure

F—False if not recovered
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Table B-4. Emergency diesel generator failures for the plants reporting per Regulatory Guide 1.108.

LER/SR Event Unit EDG Number of * Method of
Plant name number date mode  manufacturer failures ~ Subsystem discovery =~ FLMD Recovered

Arkansas 2 36883003  03/10/88 RF FC I 0 FTS

Arkansas 2 36892004 04/24/92 CD FC 1 ~F S FTR

Braidwood 2 45788004 01729/88 CD CB 1 E A SIF F
Braidwood 2 45788 08/03/38 11 CB 1 F S " RFP

Braidwood 2 . 45790004 04/16/90  RF cB 1 F S FTS

Braidwood 2 45790 11/14/90 U CB 1 E S FTS

Braidwood 2 45793 09/28/93 U CB 1 I 0 FTS

Browns Ferry 2 26089023 0772389 CD EM 1 I S(C) FTIR

Browns Ferry 2 26089026  08/10/89 CD EM 1 A o FTS

Byron 1 45488 05/16/88 PO CB 1 F S RFP

Byron 1 45489004 03/28/89 PO CB 1 F S FTS

Byron 1 45489005 05/01/89 PO CB 1 F S 'FTS

Byron 1 45491 09/22/91 CD CB 1 A S(C) FTS

Byron 1 45491 09/27/91 CD CB 1 E S(C) FTS

Byron 1 45492 07/01/92 PO CB 1 F 0 RFP

Byron 2 45587012  07/30/87 PO CB 1 M S FTR

Byron 2 45588003 03/29/88 PO CB 1 A 0 FTS

Byron 2 45588 06/15/38 PO CB 1 E S RFP
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Table B-4. (continued).

LER/SR  Evemt  Unit EDG Number of Method of
Plant name number date mode  manufacturer failures Subsystem discovery FLMD Recovered

Byrn2 45588 10/05/88 PO CB 1 F S RFP

Byrn2 45592 037202 D CB 1 M o FTR

Byron 2 4552 0072 D cB 1 F 0 FIR

Callaway 48387002 040187 PO FC 1 B S FTS

Callaway 48387002 040187 PO FC 1 F 0 FIR

Callaway 48380001 0200789 PO FC 1 F S FIR

Callaway 48389 033089 U FC 1 C o FTR

Callaway 48389 04/01/39 D FC 1 E ] FTS

Callaway 48389008 06723589 PO FC 1 | A MOOS F
Callaway 48390 0924/  CD FC 1 E S© FTS

Callaway 48391 08/14/91 4] FC 1 F S FTS

Callaway 48393 12/02/93  RF FC 1 E o FTS

Catawba 1 41387011 0305787 PO ™ 1 I o RFR

Catawba 1 41388019 100737 D TD 1 I ] FTS

Catawba 1 41388019 1113587 D D 1 I ) FTS

Catawba 1 41387042 1117587  CD D 1 E A FTS F
Catawba 1 41383019 120187 D D 1 I S(C) FTS

Catawba 1 41388 03/07/88 U ™D 1 E o FTS

Catawba 1 41388019 0322788 PO D 1 I S FTS

Catawba 1 41388019  04/12/88 - PO D 1 I S FTS

Catawba 1 41388019 04/19/88 U D 1 I S FTS
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Table B-4. (continued).

LER/SR  Event  Unit EDG Number of | Method of
Plant name number date mode manufacturer failures Subsystem discovery FLMD Recovered
Catawba 1 41388019 0472588 U ™ 1 I s FTS
Catawba 1 41388019  0505/88 U D 1 I s FTS
Catawba 1 41380001  0107/39  CD D 1 I A MOOS
Catawba 1 41389 012789 D D 1 M S FTR
Catawba 1 41389 08/09/89 PO TD 1 E o RFP
Catawba 1 41390 1/12/%0 PO ™ 1 1 o RFR
Catawba 1 41391 041591  RF D 1 I o RFR
Catawba 1 41391 04725/01 D ™D 1 c S RFR
Catawba 1 41391 100991 U ™D 1 F ) FTS
Catawba 1 41391 112491 PO D 1 I S RFR
Catawba 1 41393 12/03/93  RF ™ 1 I s RFR
Catawba 1 41393 1206/93  RF ™ 1 E 0 FTS
Catawba 2 41488 011588 D TD 1 F SO FTS
Catawba 2 41488 0VI5/88 D TD 1 I ) FTS
Catawba 2 41388019  01/15/38 U TD 1 I S FTS
Catawba 2 41488 03/14/88  HD D 1 F S FTS
Catawba 2 41388019  04/12/88 PO D 1 I S FTS
Catawba 2 41489 092089 PO ™ 1 I s RFR
Catawba 2 41490 04119 - U D 1 F s FTS
Catawba 2 41491 01591 U ™ 1 I s RFR
Catawba 2 41491010 - 09/11/91 PO D 1 C s FTR
Catawba 2 41491 101991  RF ™ 1 1 S(©) RFR
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Table B-4. (continued).

‘ LER/SR Event Unit EDG Number of Method of
Plant name number date mode manufacturer failures Subsystem discovery FLMD Recovered
Catawba 2 41491 11/07/91 RF ™ 1 I S(O) RFR
Catawba 2 41493 01/13/93 PO D 1 I S RFR
Catawba 2 41493 0131/93  CD ™ 1 I S(©O) RFR
Catawba 2 41493 02/03/93 CD ™ 1 I 0 RFR.
Clinton 46189 10/30/89 U EM 1 E S REP
Clinton 46190011 - 05/14/90  SU EM 1 c S FIR
Clinton 46191 04/04/91 U EM 1 E S FTS
Clinton 46192 03/28/92 = RF 'EM 1 F 0 FTS
Clinton. 46192 07/17/92 U EM 1 E S FTS
Clinton 46192 092192 U EM 1 E S FTS
Clinton 46193 06/23/93 4] EM 1 E S RFP
Clinton 46193 092793  CD . EM 1 E S(C) FTS
Comanche Peak 1 44592 - 05/28/92. D 1 I S RFR
ComanchePeak 1 44592 05/28/92 TD 1 I o RFR
Cook 1 31502002  0206/92 PO we 1 F S FTS
Cook2 31692008  09/28/92  CD we 1 L S FTS
Diablo Canyon 1 27587014  08/25/87 PO AP 1 E A SIF F
Diablo Canyon 1 27588014  05/05/88 RF AP 1 F S(©C) FTR
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Table B-4. (continued).

LER/SR Event Unit EDG Number of ‘ Method of
Plant name number date mode manufacturer failures Subsystem discovery FLMD Recovered
Diablo Canyon 1 27590 04/30/90 PO AP 1 E S FTS
Diablo Canyon 1 27590 09/20/90 PO AP 1 F o FTS
Diablo Canyon 2 32388012 10/10/88 RF AP 1 I A MOOS
Diablo Canyon 2 32388 1/12/38  CD AP 1 I S(C) FTS
Diablo Canyon 2 32392 12/29/92 PO AP 1 E S FTS
‘Farlcy 1 34890008  11/12/90 PO FC 1 E S RFP
Fermi 2 34187 01/30/87 U FC 1 ' I S FTS
Fermi 2 34187 Q6I25/87 U FC 1 E 0] RFP
Fermi 2 34187 09/05/8’7 U FC 1 F S RFR
Fermi 2 34187 09/26/87 U FC 1 F S RFR
Fermi 2 34188 04/12/38 D FC 1 F S RFP
Fermi 2 34188 04/20/38 D FC 1 F S(C) FTS
Fermi 2 34188 04/25/88 D FC 1 E S(O) FTS
Fermi 2 34189023 09/24/89 RF FC 1 I A MOOS
Fermi 2 34189 10/23/89 D FC 1 E S RFP
Fermi.2 34191002 02/14/91 PO FC 1 F S RFP
Fermi 2 34191002 02/15/91 PO FC 1 F S RFP
Fermi 2 34193 12/16/93 u - FC 1 F ' S FTS .
Grand Gulf 41687 030587 U ™ 1 E s FIR
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Table B-4. (continued).

LER/SR  Event  Unit EDG Number of Method of
Plant name number date mode manufacturer failures Subsystem discovery FLMD Recovered

Grand Gulf 41687 112687  RF TD 1 I S RFR
Grand Gulf 41688 03/02/88 U TD 1 L S RFR
Grand Gulf 41688 033088 U TD 1 L S RFR
Grand Gulf 41688 041588 U D 1 c S FTR
Grand Gulf 41688 06/08/38 U D 1 I ) RFR
Grand Gulf 41688015  09/1538 PO TD 1 c 0 FTR
Grand Gulf 41688 121488 U TD 1 E S RFP
Grand Gulf 41689 121889 U TD 1 E s FTR
Grand Gulf 41690 1219 U D 1 E S FTR
Grand Gulf 41691 051391 U TD 1 E S FTS
Grand Gulf 41692 012802 U ™D 1 E s RFP
Grand Gulf 41692 0512592 D TD 1 E o FIR
Grand Gulf 41692 062392 U TD 1 I S RFR
Grand Gulf 41692 0915/2 U TD 1 1 S RFR
Grand Gulf 41692 100492 U TD 1 M 0 FTR
Haddam Neck 21391 11/0691  RF EM 1 E o FTS
Haddam Neck 21393006  05/25/93  RF EM 1 E S FTR
Hatch 1 32189015  10/09/89 PO FC 1 F S FTS
Hatch 2 36692004 PO FC 1 F 0 FTR

03/16/92
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Table B-4. (continued).

- LER/SR Event Unit EDG Number of Method of '
Plant name mmber  date mode  manufacturer failures Subsystem . discovery FLMD Recovered

Hope Creek 35491 - 05122/91 U FC 1 F S FTS
LaSalle 1 37388005  04/22/88  RF EM 1 F S(C) RFP.
LaSalle 1 37388012  06/08/88  RF EM 1 F S(C) FTS
LaSalle 1 37388012  06/08/88  RF EM 1 F o FTR
LaSalle 1 37391 04/0391  RF EM 1 F S(C) FTS
LaSalle 2 37492 01/18/92  RF EM 1 E 0 FTS
Limerick 1 35288022  06/09/88 PO FC 1 I 0 FTS
Limerick 1 35288 110738 U FC 1 E S FTS
Limerick 1 35290019  09/15/90  RF FC 1 E S(C) FTS
Limerick 1 35200022  10/03/90  RF FC 1 E o FTS'
Limerick 1 35293013 10126/93. PO FC 1 A s FTS
Limerick 2 35389005  08/03/89 CD- FC 1 L s FTR
Limerick 2 35390021  12/06/% PO FC 1 E S RFP
Limerick 2 35391005 040191  CD FC 1 E S(C) FTR
Limerick 2 35391009 052191  CD FC 1 E S(C) FTR
Limerick 2 35391 0872391 PO FC 1 F 0 FIR
Limerick 2 35392001  01/04/92 PO FC 1 I o FTS
Limerick 2 35392 0730/92 PO FC 1 F S FTS
Limerick 2 35392 1125/92 PO FC 1 E s RFP
Limerick 2 35392013  11/30/92 PO FC 1 F S FTS
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Table B-4. (continued).

_ LER/SR

. Event  Unit EDG- Number of Method of
Plant name - number date - mode manufacturer failures Subsystem discovery FLMD Recovered

Limerick2 35393 01/02/93 PO FC 1 F S FTS

McGuire1 = 36987014  07/28/87 PO NM 1 I o FTS

McGuire 1 | 36987030 0908587  CD NM 1 F 0 FTR

McGuire 1 - 36987021  09/16/87  RF M 1 1 A MOOS F
McGuire 1 36988 05/19/88 PO - NM 1 L S RFR

McGuirel 36988 0525588, U NM 1 I 0 RFR

McGuire 1 36988 052588 U NM 1 L S FTR

McGuire 1 .. 36988 10/17/88 . CD. NM 1 I S RFR

McGuire 1. 36988 110588  RF NM 1 E S RFP

McGuire 1 36989 - 1030/89 U . NM 1 F S FIR

McGuire 1 36990 03/03/90 D NM 1 c o RFR

McGuire 1 36990 . 03/04/90 D NM 1 I o RFR

McGuire 1 36990017 0612690 PO NM 1 F S FTS

McGuire 1- 36990017 06/26/%0 PO ‘NM 1 F 0 FTS

McGuire 1 36991 06/16/91: U NM 1 C o FTR

McGuire2 36988010 06/01/88.  CD NM 1 I S(0) FTS

McGuire 2 36988011  06/01/88  CD NM 1 F S(C) FTR

McGuire2 37088 06/02/88  CD NM 1 L S(C) FTR

McGuire 2 36088014  06/24/88  RF NM 1 I A FTS F
McGuire2 37088 0672488  RF NM 1 L o FTR

McGuire 2 ‘37088 - -12/15588 ' PO NM 1 L s FTS.

McGuire 2 37089 03/28/89 U NM 1 M S RFR
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Table B-4. (continued).

Event

LER/SR Unit EDG Number of Method of
. Plant name number date mode manufacturer failures Subsystem discovery FLMD Recovered
McGhire 2 37089 07/27/89 RF NM 1 E 0 'FIR
McGuire 2 37089 07/30/89 D NM 1 L S(C) RFR
McGuire 2 37089 09/28/89 U NM 1 I S FTS
McGuire 2 37089 10/05/89 U NM 1 I S FTS
McGuire 2 37089 10/27/89 U NM 1 A 'S FTS
McGuire 2 37080012 11/08/89  CD NM 1 E S(C) FTR
McGuire 2 37090 10/10/90 RF NM 1 I S(C) FTR
McGuire 2 37091012  11/07/91 U NM 1 'C S FTR
McGuire 2 37091 12/31/91 4] NM 1 I S FTS
Millstone 3 42388 09/06/88 PO FC 1 F S FTS
Millstone 3 42392 02/18/92 U FC 1 c S RFR
Nine Mile Pt. 2 41088036  07/21/88 PO CB 1 c S FTS
Nine Mile Pt. 2 41088 12/21/88 D CB 1 L 0 FTR
Nine Mile Pt. 2 41089 02/15/89 D CB 1 F S FTS
Nine Mile Pt. 2 41089030  09/20/89  CD CB 1 E S FTS
Nine Mile Pt. 2 41089 12/02/89 D CB 1 F S FTS
Nine Mile Pt. 2 41090 01/29/90 D CB 1 F S FTR
Nine Mile Pt. 2 41090 09/30/90 RF CB 1 E 0 FTS
Nine Mile Pt. 2 41091 05/21/91 U CB 1 F o] FTR
Nine Mile Pt. 2 41091 05/21/91 D CB 1 I S RFR
Nine Mile Pt. 2 41091 09/15/91 U CB 1 E o] RFP
Nine Mile Pt. 2 41092006  03/23/92 RF CB 1 I A MOOS
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Table B-4. (continued).

, . LER/SR Event Unit EDG Number of Method of
Plant name number date mode  mamufacturer failures Subsystem discovery FLMD Recovered
NineMilePL2 41092 040692  RF cB 1 E s FTS
NineMilePt.2 41092 04/29/92  RF CB 1 F S(C) FTR
Nine Mile Pt. 2 41092 04/30/92  RF CB 1 F S(C) FTR
Nine Mile Pt. 2 41092 08/13/92 U CB 1 1 S RFR
Nine Mile Pt. 2 41093001 0817/93 U CB 1 I A MOOS F
North Anna 2 33987001 0209787 PO FC F o FTS
North Anna 2 33988004  05/20/88 PO FC E S FTS
Palo Verde 1 52888 03/04/88  HS CB 1 E s FTS
Palo Verde 1 52889016  09/02/89  RF CB 1 E A SIF F
Palo Verde 2 52087 020857  CD CB 1 F s FTR
Palo Verde 3 53087 101387  HS cB 1 F s FTS
Palo Verde 3 153089004  01/0489 PO CB 1 M o FTR
Palo Verde 3 53090003  0328/9%0 PO CB 1 F 0 FTS
Perty 44087009 022787 PO TD 2 . A o FTS
Perry 44089 12/22/89 U D 1 E S FTS
Penry 44091009  03/1491 PO TD 1 E S FTS
Perty 44091009  03/14/91 PO TD 1 F S RFP




«/ o

S "IOA ‘00SS-D/OTIANN

. ve-d

Table B-4. (continued).

LER/SR

Seabrook

; Event Unit EDG Number of Method of
Plant name  number date mode manufacturer failures Subsystem discovery FLMD Recovered
River Bend 45888 01/28/38 U D 1 L S FTS ‘
River Bend 45889 0SsN7/89 D D 1 1 s RFR
River Bend 45889 082389 U D 1 1 5 RFR
River Bend 45889 101789 PO ™ 1 I s RFR
River Bend 45889 /1489 PO TD 1 I S RFR
River Bend 45801 022081 U ™ 1 c s FIR
River Bend 45891 08591 U D 1 I S RFR
River Bend 45891 1171281 PO TD 1 1 S RFR
' River Bend 45892 101392 PO ™ 1 I s RFR
River Bend 45893 071593 D ™ 1 c S RFR
Salem2 31188 08/04/88 PO AP 1 F S FTS
Salem 2 . 31189 109/09/39 PO AP - 1 C S FTR
Salem 2 31190 009/% U AP 1 F S FTS
Salem 2 31190 05/02/90  RF AP 1 M S(C) FTR
 Salem2 31190 05/18/90  RF AP 1 c S(O) FIR
Salem2 31190 05219  RF AP 1 c S(C) FTR
 Salemz 31191 052391 - PO AP 1 A 0 FTS
Salem 2 31191 0572591 PO AP 1 c o FTS
Salem 2 31192 03/0292 CD AP 1 c S(C) FTR
salem2 31192 03M05/92  CD ‘AP 1 F 0 FTS
Salem2 31192 0924/92 PO AP 1 M S “FIR
44391 - 09/11/91 - RF FC 1 A o  FIR




se-4
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LER/SR
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— Event  Unit EDG Number of Method of
Plant name number date mode  manufacturer failures Subsystem discovery FLMD Recovered
Seabrook 44391 09/16/91  RF FC 1 A S(O) FTR
Seabrook 44392410 1216/2 PO FC 1 E S FTS
Seabrook 44393 12/16/93 U FC 1 F S RFP
Sequoyah 1 32787060  08/21/87  RF EM 1 F ) FTR
Sequoyah 1 32787060  08727/87  CD EM 1 1 A MOOS
Sequoyah 1 32789014  05/06/89 PO EM 1 I 0 FTS
Sequoyah 2 32893 082193 D EM 1 F S FTS
Sequoyah 2 32893 122893 U EM 1 E S FTS
South Texas 1 49888 03/16/88 D CB 1 E S RFP
South Texas 1 49888 . 0707/ U CB 1 F s RFP
 South Texas 1 49888 08/13/88  HS CB 1 I S RFR
South Texas 1 49888 08126188 PO CB 1 I ) RFR
South Texas 1 49888  1027/88 PO CB 1 1 ) FTS
‘South Texas 1 49888 12/04/88 D CB 1 E S RFP
South Texas 1 49889  04/06/89 PO ‘cB 1 F S FTS
South Texas 1 49889 05/23/89 PO CB 1 F o RFP
South Texas 1 49889 05/24/39 - PO CB 1 I 0 RFR
South Texas 1 49880 06/08/89 - U CB 1 I o RFR
South Texas 1 49889 08/05/89  CD CB 1 c (o) RFR
SouthTexas1 . 49889  08/0789  CD . CB 1 c 0o RFR
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- LER/SR Event .. Unit EDG Number of Method of
Plant name number date mode  manufacturer failures Subsystem discovery FLMD Recovered
South Texas 1 49889023  12/16/89 PO CB 1 E S
South Texas 1 49890 02/09/90 PO CB 1 E S
South Texas 1 49890 08/29/90 PO CB 1 I S
South Texas 1 49891 01/17/91 RF CB 1 F S
South Texas 1 49891 03/05/91 RF CB 1 E " S(0)
South Texas 1 49891 121291 PO CB 1 E S
South Texas 1 49892 07/08/92 PO CB 1 I S
South Texas 1 149892 10/07/92 D CB 1 M o
South Texas 1 49892 10/08/92 D CB 1 F o
South Texas 1 49892 10/14/92 D CB 1 F S
South Texas 1 49892 10/16/92  RF CB 1 M S(C)
South Texas 1 49892 12/09/2  HS CB 1 F S
South Texas 1 49893 09/19/93 U CB 1 E S
South Texas 2 49989 11/03/89 U CB 1 F S
South Texas 2 49989 11/21/89 D CB 1 E S(C)
South Texas 2 49989 11/2889  CD CB 1 M S(C)
South Texas 2 49990 1126/  CD CB 1 F S(C)
South Texas 2 49991 07/1091 PO CB 1 L o
South Texas 2 49991 09/04/91 PO CB 1 E S
South Texas 2 49991 09/1391 PO CB 1 E S
South Texas 2 49991 10/06/91  RF ' CB 1 I o
South Texas 2 49991 10/30/91  RF CB 1 F S(C)
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Table B4, (continued).

LER/SR

Event Unit EDG Number of Method of
Plant name mmber date mode  manufacturer failures Subsystem discovery FLMD Recovered
SouthTexas2 49991 1200691  RF CB 1 I o RFR
South Texas 2 49991 120791  RF CB 1 I S RFR
South Texas 2 49991 122491 PO CB 1 I o RFR
SomhTexas2 49992 0408/92 PO e 1 I S RFR
South Texas 2 49992 . 06102 PO CB 1 I S RFR
St. Lucie 1 33589002  06/14/89 PO EM 1 F S FIR
St Lucie1 ' 33591 102191 CD EM 1 C S(C) FTR
St. Lucie 1 33591 112991 RF EM 1 E S FTS
St. Lucie 1 33592 040392 U EM 1 E S FTS
St. Lucie 1 - 33592 070192 U EM 1 I o RFR
St. Lucie 2 38987 09/02/87 U EM 1 F S FTS
St. Lucie2 38987 1005/87 U EM 1 F S(C) FTS
St. Lucie 2 38988 01/06/88 . U EM 1 F S FTS
St. Lucie 2 38989 031589 D EM 1 E S FTS
St Lucie2 38989 031589 D EM 1 M S RFR
St Lucie2 38989 0321789 D EM 1 M o RFR
St. Lucie2 . 38989 04/06/39 D EM 1 C 0 FTR
St. Lucie 2 38990 01/03/%0 U EM 1 F S RFP
St. Lucie 2 38991 011691 U EM 1 F 0 FTS
St.Lucie2 06/26/91 U EM 1 E o FTS

38991
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Table B-4. (continued).

LER/SR Event Unit EDG Number of Method of
Plant name number date mode manufacturer failures Subsystem discovery FLMD Recovered

Summer 39588 11/26/88 D FC 1 I S FTS
Susquehanna 1 38789024  09/16/89 PO CB 1 M S(C) FIR
Susquehanna 1 38789024  10/07/89 PO CB 1 M S(C) FTR
Susquehanna 1 38790018  08/30/90 PO CB 2 M 0 FTR
Susquehanna 1 38792 0131192 PO CB 1 C o FTR
Susquehanna 1 138792 12/04/92 PO CB 1 F S FTS
Susquechanna 2 38891006 0472291  CD CB 1 S(0) FTS
Susquehanna 2 38892001  03/18/92 PO CB 1 S FTR

Turkey Point 3 25088011  05/29/38 PO EM 2 F S FTR

Turkey Point 3 25088022  09/20/88 PO EM 1 F S FTS

Turkey Point 3 25092009  08/27/92  HS EM 1 E A FTR T
Turkey Point 4 25189011  09/15/89 PO EM 1 L 0 FIR

Turkey Point 4 25092009 - 08/24/92  HS EM 1 E A FTR T
Turkey Point 4 25193 02/25/93 U EM 1 E S FTS

‘Vogtle 1 42488 02/18/88 D TD 1 F o) FTS

Vogtle1 42488 09/23/88 U TD 1 L o RFR

Vogtle 1 42489 0717189 U TD 1 E S ~ FTS

Vogtle 1 42490 01/03/90 U ™D 1 I 'S RFR
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Table B-4. (continued).

o LER/SR  Event  Unit EDG Number of Method of
Plant name number date mode manufacturer failures Subsystem discovery FLMD Recovered
Vogtle 1 42490006  03/20/90  RF ™ 1 I A FTR T
Vogtle 1 - 42490006  03/20/90  RF D 1 I A MOOS F
Vogtle1 42490006  03/20/90  RF 1D 1 I o FIR
Vogtlel 42490  05723/% U ™ 1 I S FTS
Vogtle 1 42490014 06/1890 PO ™ 1 F s FTS
Vogtle 1 42490 07/05/9% U ™ 1 A S FTS
Vogtle 1 42490 0820090 U ™ 1 E S FTS
Vogtle 1 42491 os2281 U D 1 E S FTR
Vogtle 1 42491 100491  RF D 1 E S(C) RFP
Vogtle 1 42492010 111892 PO ™ 1 A s FIS
Vogtle 1 42492010 12/03/92 PO ™ 1 A 0 FTS
Vogtle2 42590  0124/% U D 1 A s FTS
Vogtle 2 42590 . 01250 U ™ 1 A o FTS
Vogtle 2 4249 - 041290 D TD 1 A S FTS
Vogtle 2 42490 0N U ™ 1 A S FTIS
Vogtle 2 42590 091490 U ™D 1 F 0 FTR
Vogtle 2 42590 10/09/90  RF TD 1 I S(C) RFR
Vogtle2 42591003 012991 U TD 2 E S RFP
Vogtle 2 42592 02/05/92 U ™ 1 E S RFP
Vogtle 2 42593 020193 U TD 1 E S RFP
Wash, Nuclear2 39788018  05/22/88  RF EM 1 I 0 FTS
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Table B-4. (continued).

LER/SR Event Unit EDG Number of Method of
Plant name number date mode manufacturer failures Subsystem discovery FLMD Recovered
Wash. Nuclear 2 39790012  05/27/90 RF EM 1 E S(C) FTR
Waterford 3 38287 05/08/87 PO CB 1 I S RFR
Waterford 3 38287 0612287 PO CB 1 I 'S RFR
Waterford 3 38287 06/2387 PO CB 1 I S RFR
Waterford 3 38387 08/1587 PO cB 1 I s RFR
Waterford 3 38288 03/08/88 U CB 6 I S RFR
Waterford 3 38288 04/04/88  CD CB 1 I ) RFR
Waterford 3 38288 09/09/88 PO CB 1 F o FIR
Waterford 3 38289 02/06/89 PO CB 1 F o RFP
Waterford 3 38289 0400389 PO CcB 1 F S RFP
Waterford 3 38290 0128/  CD CB 1 L S RFR
Waterford 3 38290 111290 PO CB 1 F S RFP
Waterford 3 38290 12726/9 PO CB 1 E o FTR
Waterford 3 38291 03/18/91  CD CB 1 M S(C) FTR
Waterford 3 38291 042191 D CB 1 I S RFR
Waterford 3 38291 06/19/91 U CB 1 I S RFR
Waterford 3 38291 08/20/91 U CB 1 F S FTS
Waterford 3 38291 111191 PO CB 1 H s RFR
Waterford 3 38292018  09/30/92  RF CB 1 1 A MOOS F
Wolf Creek 48287 1211/87 D FC L . 8(0) FTR
Wolf Creek 48287 12/19/87  RF FC 1 E S(C) RFP
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Table B-4. (continued).

LER/SR Event Unit EDG Number of Method of
Plant name number date mode manufacturer failures Subsystem discovery FLMD Recovered

Wolf Creek 48288 11/16/88  RF FC 1 F S FTR

Wolf Creek 48288 1127/88 D FC 1 F S(C) FTR

Wolf Creck- 48289 09/19/89 U FC 1 c 0 FTR

Wolf Creek' 48292 06/08/92 PO FC 1 c s FTR

Zion1 29587006  03/15/87  SU CB 1 F 0 FTR

Zion 1 29587006  03/15/87  SU CB 1 I o RFR

Zion 1 29588004  02/24/88  HS CB 1 M S(C) FTR

Zion 1 29590008  03/01/90 PO CB 1 L S RFR

Zion 1 29590023  11/06/90 PO CB 1 I o FTS

Zion 1 29590023 11/06/90 PO ~ CB 1 I S RFP

Zion 2 ‘ 30491002 032191 = PO CB 1 I A MOOS F
Zion 2 30492004  07/15/92 PO CB 1 C S FTR
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Table B-4A. Emergency diesel generator failures for the plants NOT reporting per Regulatory Guide 1.108.

FTS.

LER/SR  Event  Unit EDG Number Method of
Plant name number date mode  manufacturer of failures Subsystem discovery FLMD Recovered
Beaver Valley 2 41203012 110493  CD FC 2 E (o) FTS
Brunswick 1 32589001 011289  RF NM 1 I o FTR
Brunswick 2 32492001 010692 PO NM 1 F o  FIS
Calvert Cliffs 2 31888005 06/06/88 PO FC 1 E S - FTS
Cooper - 29889003 02/13/89 PO CB 1 A S FIR
Cooper 29889004  02/16/89 PO 'CB 1 M . o FTS
Cooper 20889020 052989  CD CB 1 I A - MOOS F
- Cooper 29893008  03/28/93  CD CB 1 E A SIF T
Crystal River 3 30287021  10/14/87  RF FC 1 I ‘A MOOS F
Crystal River 3 30289025 06/29/89  HS FC 1 I A - MOOS F
Crystal River 3 30291010 = 102091  CD FC 1 I A MOOS F
 Crystal River 3 130292002 0327/92  HS FC 1 c A FTR F
Davis-Besse 134691007  12/06/91 PO EM I s FTS
PO EM 1 I o

Davis-Besse 34691007 12/06/91
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Table B-4A. (continued).

LER/SR  Event  Unit EDG Number Method of
Plant name number date mode  manufacturer of failures Subsystem discovery FLMD Recovered

Dresden 2 23793012 04/18/93  RF EM 1 E S(©) FTS

Duane Amold 33187009  05727/87  RF FC 1 E S(C) FTS

Duane Amnold 33188016  10/17/88  RF FC 1 I A MOOS F
Duane Arnold 33190007  07/09/90  RF FC 1 I A MOOS F
Duane Amold (33193004  06/1193 PO FC 1 M s FTS

Duanc Amold 33193008  09/16/93  CD FC 1 E S©) FTS

Fort Calhoun 28587008 032187  RF EM 1 I A MOOS F
Fort Calhoun 28587008  0321/87  RF EM 1 I A MOOS T
Fort Calhoun 28587025  09723/87 PO EM 1 C S FTR

Fort Calhoun 128500006 02/26/90  RF EM 1 I A MOOS F
Fort Calhoun 28590020  09/13/% PO EM 1 E 0 FTR

Fort Calhoun 28591016  08/0291 PO EM 1 c S FTR

Indian Point 2 24787004 021087 PO AP 1 I A MOOS F
Indian Point 2 24788011  09/09/88 PO AP 1 C S(O) FTR

Indian Point 2 24791006 032091 - RF AP 2 I A MOOS F
Indian Point 2 24791010  06/22/91  RF AP 1 E S FTR

Indian Point 2 24792006 032392 PO AP 1 F 0 FTR

Indian Point 2 24793004  03/04/93  RF AP 2 F ) FTR

Indian Point 2 24793009  08/10/93 PO AP 1 I o FTS

Indian Point 3 28687009  05/15/87  CD AP 1 E A FTS F




S "IA “00SS-4O/OTANN

Table B-4A. (contimied).

LER/SR Event Unit EDG Number Method of
Plant name number date mode  manufacturer of failures Subsystem discovery FLMD  Recovered
Indian Point 3 28688008  08/17/88 PO AP 1 F o RFP
Indian Point 3 28689006 03/21/89 RF AP 1 I S FTS
Indian Point 3 28690002  02/03/90 PO AP 1 E S FTS
Indian Point 3 28690005  08/09/90 PO AP 1 I o FTS
Indian Point 3 28691002 12/05/90 RF AP 1 I o FTS
Indian Point 3 28692001  12/16/91 PO AP 1 E S FTS
Indian Point 3 28692007  06/10/92  RF AP 1 E o FTS
Indian Point 3 28692010  06/25/92  CD AP 1 I o FTS
Indian Point 3 28692011  07/06/92 CD AP 1 I s FTS
Indian Point 3 28693042 © 10/09/93 CD AP 2 H o) FTR
Indian Point 3 28693053  12/02/93 CD AP 3 C o FTR
Millstone 1 24501004 030791  CD FC 1 L S FTS
Millstone 2 33691009  08/21/91 PO FC 1 F S RFP
Millstone 2 33691009  08/23/91 PO FC 1 F S RFP
Millstone 2 33692012  07/06/92 RF FC 1 E A SIF
Nine Mile Pt. 1 22087012  07/24/87 PO EM 1 F 0 FTS
Nine Mile Pt. 1 22089002  03/08/89 RF EM 2 I A MOOS
Oyster Creek 21987044  10/30/37 CD EM 1 I o FTS
Oyster Creck 21989019  09/11/89 PO EM 1 I S RFP
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Table B-4A. (continued).

25492021

LER/SR Event Unit EDG Number Method of
Plant name number date mode  manufacturer of failures Subsystem discovery FLMD Recovered
Palisades 25593001 01/06/93 PO AP 1 M (o) FTS
Peach Bottom 2 27788020 07/29/88 RF FC 2 I A MOOS F
Peach Bottom 2 27790034 11/12/90 PO FC 1 E 0] FTR
Peach Bottom 2 27791020 06/07/91 PO FC 1 F 0 FIR
Peach Bottom 2 27792010 07/04/92 PO v FC 1 E A FTS
Peach Bottom 2 27793 08/03/93 PO FC 1 F S FTR
Peach Bottom 2 27793 10/12/93 PO FC 1 F S FIR
Pilgrim 29387005 03/31/87 RF AP 1 I A MOOS F
Pilgrim 29391005  03/25/91 PO AP 1 E S FTR
Point Beach 1 26688010 10/26/88 PO EM 1 | S FTS
"Point Beach 1 26693002 02/18/93 PO EM 1 1 S RFP
Prairie Island 1 28287001 . 02/04/87 PO FC 1 C S FTR
Prairie Island 2 30693003 . 07/19/93 PO CL 2 H (0] FTR
Quad Cities 1 25490003 - 02/13/90 PO EM 1 F S FTS
Quad Cities 1 25492021 08/11/92 PO EM 1 F S FTR
Quad Cities 1 08/25/92 PO EM 1 F S RFP
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Table B-4A. (continued).

Number

LER/SR Event Unit EDG : Method of -
Plant name number date mode  manufacturer of failures Subsystem discovery FLMD  Recovered
Quad Cities 2 26587001  01/03/87 RF EM 1 I o FTS
Quad Cities 2 26592011  04/02/92  CD EM 1 I A MOOS
Quad Cities 2 25492010 040792  CD EM 2 I o FTS
Rancho Seco 31287022  0729/87  CD EM 1 C S FIR
Robinson 2 26187023  08/26/87 PO FC 1 M S FTS
Robinson 2 26187028  11/05/387 PO FC 1 A S FTS
Robinson 2 26188005  02/13/38 RF FC 1 M o FTS
Robinson 2 26192006  04/13/92 RF FC 1 F. S FTR
Robinson 2 26193019  1122/93.  RF FC 1 A S FTS
Surry 1 28089010  04/06/89  CD EM 1 I A MOOS
Surry 1 28089013  04/13/89  CD EM 1 I A MOOS
Surry 1 28091017  05/09/91 PO EM 1 F. 0. FTS.
Surry 1 28001018  08/26/91 PO EM 1 F A FTS
Surry 2 28191007  08/02/91 PO EM 1 F o FTS
ThreeMileIst1 28989002  11/02/89 PO FC 1 c s FIR
Three Mile Isl 1 28993006  07/01/93 PO FC 1 L o] FTR
Trojan 34487010 05/11/87  RF EM 1 I A MOOS
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Table B-4A. (continued).

Method of

LER/SR Event Unit EDG Number
Plant name number date mode manufacturer  of failures  Subsystem discovery FLMD ' Recovered

Vermont Yankee 27192017  05/29/92 PO FC 1 M S FIR

Vermont Yankee 27192017  05129/92 PO FC 1 M o FIR
Yankee-Rowe 02087008  0531/87  HD EM 1 I A MOOS F
Yankee-Rowe 02988010 11/16/88 RF EM 1 1 A MOOS - F
Yankee-Rowe 02991001  02726/91 PO EM 1 F S FTS
Yankee-Rowe 02091005  11/05/91  CD EM 2 I s FTS




B-4. UNRELIABILITY EVENTS

Those events for which a demand frequency could be determined or estimated were analyzed from an
engineering and statistical approach. Based on this analysis, events that could be used in determining EDG
train unreliability were selected. Only plants required to report EDG train failures during testing per
Regulatory Guide 1.108 were used in the cyclic test contrlbutxon to unrchabxhty Table B-5 lists these
events with a short description of the event. ;

The first section of the table presents a list of the EDG train failures that occurred during an
unplanned demand. This list includes the FTS, FTR and MOOS events. No CCF events were observed
during an unplanned demand. The second section is a list of the CCF events that occurred ‘during cyclic
surveillance testing. The third list is of the FTR events found during cyclic surveillance testing. The fourth
section lists the FTS events found during cyclic surveillance testing.

NUREG/CR-5500, Vol. 5 B-48
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Table B-5. Summary of EDG train failure events used for unreliability calculations.

Failure :
Plant name mode LER number Event Description
date ‘
Unplanned Demand Failures : : : ‘
Catawba 1 FTS 41387042 11/17/87 A malfunction of a switch assembly resulted in loss of power to a 4.16-KV essential
' (Not Recovered) bus, causing the EDG to start and load the bus. The associated essential 600-V load
centers did not energize because a timer drift resulted in the load shed signal being still
available when the sequencer tried to close the supply to the 600-V bus. Notmalpowct
wasmtmedtothebusmmnuwsaﬁerthesmnoftheevent.
McGuire 2 FTS 36988014 06/24/88  While the plant was shutdown m pmpannon for a modnﬁcahon to a2B offsnte power
(Not Recovered) feed, an operator aligned all four 6.9-KV busses to the wrong offsite power feed (2B
“instead of 2A). When the 2B feed was de-energized for the modification, all four buses
de-energized and both EDGs received unplanned demands. EDG 2A tripped in less than
30 seconds after starting. Investigation concluded that the most likely cause of the EDG
trip was slow response of lube 0il pressure switches due to air or sediment in the sensing
lines. The slow response caused a false low lube oil pressure signal. Eight minutes after
the EDG trip, offsite power was restored to the bus.
Turkey Point 3 FTR 25092009 08/27/92 ~ EDG A for Unit 3 tripped after 3.5 days of operation during Hurricane Andrew. No
(Recovered) - cause for the trip was identified, andﬂ;eEDGwasrmtmedtoopmuoanShours
with no further tnps experienced.
Turkey Point 4 FTR -25092009 08/24/92 BDG A for Unit 4 tripped after 7 hours of operation during troubleshooting efforts to
(Recovered) - isolate a ground on dc control power. The procedure for ground isolation used was
intended to be used when offsite power was available and caused the trip. Power from
the EDG was immediately restored to the bus
Vogtle 1 FTR 42490006 03/20/90  During a refueling outage on Unit 1, a truck struck a support for an offsite power supply
, (Recovered) transformer causing a loss of offsite power. The loss of offsite power resulted in an

EDG start and loading of its safety bus; however, the EDG tripped after only 80 seconds
of operation. Nineteen minutes following this trip, an attempt to restart the EDG was
successful but again ended with a trip after 70 seconds of operation. Fifteen minutes
after this second trip, the EDG was started using the emergency start button and
continued to run throughout the remainder of the event. The most likely cause of the

B-49
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Table B-5. (continued).

Failure
Plant name mode LER number Event chnptxon
: date
EDGmpwasmtermttentactuatmn oftheh:ghjacketwatermeratlmmtches
Callaway 1 MOOS 48389008 06/23/89  During a plant shutdown the main generator was being shutduwn’asteqmredby '

: (Not Recovered) procedure when a relay failed in the control circuit causing a loss of power to safety-
related buses, An EDG was out of service for maintenance when the safety-related
buses lost power.

Catawba 1 . MOOS 41389001 01/07/89 Animpmpedy installed relay caused a loss of safety-relatedbuseswhenareactot
: (Not Recovered) : coolant pump was started. An EDG was out of service for maintenance when the safety-
mlamedhlsoslostpower
Zion 2 MOOS 30491002 03/02/91 Dmngasluvenﬂancetwtof ﬂxeﬁxmtersystem the deluge valves were inadvertently
. (Not Recovered) . opened and sprayed water on the auxiliary and main transformers. This catised a main
generator trip and loss of safety-related buses. An EDG was out of service for
_maintenance when the safety-related buses lost power.
Cydic Surveillance
Catawba 1 FTS 41388019 12/01/87  Dwuring ESF testing, EDG 1B tripped approximately 70 seconds after starting.
Investigation determined that the low-low lube oil pressure trip device did not operate
properly. During a 7 month period, the licensee had 10 failures for the same reason, and
, was not able to find a root cause. In May 1988, the licensee determined the canse of all
the failures to be a design problem with the pressure sensor. All of these failures could
occur during an emergency start since the low lube oil trip is not bypassed. Since all the
fanluresoommedmﬂlmashortpenodofumeforﬂ:esamedmgnpmblem, thwem
consxdetedasaCCFevent. :
Salem2 - FIR SR 31190 05/18/90 AjscketwutetleakdevelopedonathrudedconnecnonforEDGZAdunnga%hour
(2 Events) - . load test. Three days later during a 24-hour load test of EDG 2B, a jacket water leak

developed from a cracked threaded nipple. This is considered a CCF since even thongh
the leaks were not in the same exact location, they were both vibration induced and
occurred within a short period of time. Other leaks had occurred in the past, one on the
same nipple as this failure. In both events, the operator secured the tests due to the
jacket water leaks, though the leakage was withiri the make-up systém capacity.
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Table B-5. (continued).

Plant name

Failure
mode

LER number

Event
date

Description

Susquehanna 1
(2 Events)

Cyclic Surveillance

Browns Ferry 2

Diablo Canyon 1

Limerick 2

Limerick 2

McGuire 2

38789024

26089023

ot

27588014

35391005

gt

35391009

36988011

10/07/89

07/23/89

05/05/88

04/01/91

05/21/91

06/01/88

During a 24-hour surveillance test, EDG C experienced a crankcase overpressurization.
Three weeks earlier, EDG B also experienced a crankcase overpressurization. No single
root cause was determined for either occurrence, but potential causal factors were'
identified and corrective action was taken to improve the existing design.

During a surveillance of the accident signal logic, arcing and smoke were noticed ‘
coming from inside the engine control panel. When an attempt was mads to shutdown
the EDG, the EDG would immediately restart. Tho EDG was secured using the - -
emergency fuel cutoff lever. A diode failure cansed a voltage transient, resulting in
fusmgofoontnctsmthepmxonfmhucmlny 'lhlsfnilmesealedmthefastsmrtsngmlto
the EDG.

During a 24-hour load test, the EDG load decreased below acceptance criteria.
Operators were able to shift fuel filters and maintain EDG operation to complete the
test. Investigation showed a high differential pressure across the fuel filter, which was
caused by fungus in the fuel system. The same fungus condition existed in the other -
EDGs day tanks and in the main storage tank.

During a LOOP test, EDG 21 was manually tripped when its output voltage exceeded
acceptance criteria. The EDG had successfully powered and rejected the RHR pump
load. As part of the procedure in restoring loads, the RHR pump is restarted. After
starting the pump, the EDG output voltage increased above the acceptance criteria. A
potential tmnsformerfusethatwasnotﬁ:lly engaged causedtheloss of voltage control.

During a LOOP test, EDG 24 was manually tripped when its outputvoltageexceeded
acceptance criteria following starting of an RHR pump. A loose wire m the potential
transformer sensing network cuused the loss of voltage control.

After numerous troubleshooting runs, an operability test was run with the EDG
operating for 131 minutes and the EDG was declared operable. Several hours later when
running the ESF blackout test, the EDG successfully started and loaded the bus but
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Table B-5. (continued). -

Plant name

Failure
mode

LER number

Event
date

' Dmnptxon

McGuire 2

McGuire 2

McGuire 2

Nine Mile Pt. 2
(2 Events)

St. Lucie 1

Salem 2

Salem 2

SR 37088
37089012

SR 37090

SR 41092

SR 33591

SR 31190

SR 31192

06/02/88

11/08/89

10/10/90

04/29/92

10/21/91

05/02/90

03/02/92

tripped on overspeed after 14 minutes ofopemt:on The overspeed was the result of all
of the oil leaking from the governor, causing the governor to supply excess fuel.
Improper installation of the governor was determined to be the cause of the oil leak,

During an ESF test, the EDG was secured after 21 minutes as the result of a lubs oil
cooler leak. Approximately 100 gallons of lube oil sprayed into the EDG room. The
leakwascausedbyatomgasket thnthadbeenreoenﬁymstalled

During a 24-honr run, EDG 2B was manuslly tripped after leoursofoperatwnowmg
to a loss of voltage control caused by two blown fuses in the voltage regulator control

During a 24-hour surveillance test ran, EDG 2B tripped with no alarms after 2.5 hours
of operation. WaterﬁomheavymnshadentetedﬂerDGmomﬁomthemmtnke
plenumandledto ashort cucmt mthecontml panel

During a 24-hour nm, EDG 1 was secured owing to a fuel oil leak after 8 hours of
operation. The leak was caused by a crack in the fuel injector pump valve delivery
holder. The following day when the test was again being num, a different fuel injector
pump valve delivery holder developedaleak after4hom'sof opemtxon, andthetwtwas
again terminated.

During a 24-hour suweillanee run, EDG 1B tripped on high discharge water
temperature after 5.5 hours of operation. The radiator fan pulley shaft broke owing to
lngh stress,

During a 24-hour endurance run, theloadofEDGZBdecmsedﬁom2860KWto700
KW and could not be raised. The failure of the turbocharger bearing resulted in brittle
faiture of a compressor blade and seizure of the turbocharger. The failure occurred after
the EDG was mnning for 20 minutes,

During a 24-hour endurance nm, a jacket water leak developed on EDG 2A, and the test
was terminated after 20 minutes of operation owing to the size of the leak. The leak was
caused by a cracked fitting.
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Table B-5. (continued).

Plant name

Failure
mode

LER number

Event
date

Description

Seabrook

South Texas 2

South Texas 2

South Texas 2

South Texas 2

Wash. Nuclear 2

FTR

SR 44391

SR 49989

SR 49989

SR 49990

SR 49991

39790012

09/16/91

11/21/89

11/28/89

11/26/90

10/30/91

05/27/90

During an 18-month ESF surveillance test, EDG 1B was shutdown after 56 minutes of
operation when two air lines on the air start manifold were severed. Investigation also
identified broken air start lines on four cylinders. Licensee concluded this condition
would have resulted in equipment damage. Excessive vibration caused the failures.

During a 24-hour load test, EDG 22 was secured after 11.5 hours of operation owing to
overheating of the voltage regulator transformer. The overheating was caused by
induced current in a mounting bolt that was missing an insulator.

During a 24-hour load test nm of EDG 22, a master connecting rod failed, and the EDG
tripped. The rod failure was cansed by fatigue owing to an improperly drilled oil

+ passage. During performance of the endurance test, a loud knocking was heard in the

EDG by maintenance workers after 10 hours of operation. The workers evacuated the
area and the engine tripped.

DuringﬁLOOP—ESFt&ct EDG 23 was secured owing to a spraying fuel leak. The leak
waseausedby a crack in the threadedpoxtlon of the delivery valve holder.

The SR does not give any mdlcatnon of how long the EDG was nin before the failure
was identified and the EDG was tripped. The problem of cracks in the delivery valve
holder was a known problem for Cooper Bessemer EDGs and was addressed by the user
group. This particular event was considered a failure since the crack resulted in a
spraying of fuel on a hot exhaust header, constituting a fire hazard.

While performing an 8-hour run prior to a surveillance inspection, EDG 22 developed a
fuel leak on a high-pressure supply line. The leak gradually increased into a spray with a
fire hazard potential, and the EDG was shutdown. The SR does not indicate how long
the EDG ran before the leak developed and had to be secured.

During a 24-hour full load run, EDG 1 was manually tripped after 6 hours of operation
owing to failure of the generator slip ring end bearing. The bearing failure cansed
excessive vibration, rumbling, and a small fire. The bearing failure was caused by an
extra O-ring groove in the thrust bearing bracket, resulting in oil starvation.
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Table B-5. (continued).

Plant name

Failure
mode

LER number

Event
date

Descnptnon

Waterford 3

Wolf Creek

Wolf Creek

Zion 1

Cyclic Surveillance
FTS

Braidwood 2

Byron 1

FTR

SR 38291

SR 48287
SR 48288

29588004

45790004

SR 45491

03/18/91

12/11/87

11/27/88

+ 02/24/88

04/16/90

09/22/91

During a run as a prerequisite for the l&month mspechon, an overpmunnuon
ooamedonEDGAaﬁer3hom~sofopemtmn.1heeauseofthecmkmse :
overpressurization was stuck piston rings. Operators tripped the EDG and exited the
room. All 10 cylinder relief assemblies hﬂed, ﬁllmg the room with oil vapor

DuﬁngaM—hourmn,‘alubeoil ﬁttingbegnnleakingonEDGA.'meEDGhnd
operated for 10 hours when a lube oil line leak was reported by operations. Maintenance

_ attempted to stop the leak by tightening the fittings, but the leak worsened. The EDG

wassecmedsmoextwasthoughttheleakomﬂdtﬂhmaﬁelymnltmdamgoorfaﬂme
fmmanexcessweleak.

Durmga%hwmm,aﬁmloilneakdevelopedonaﬁ:ﬁngofsbcn;mmk
continued to increase, When a mist was seen coming from the leak, the EDG was
secured, and shortly after a fire was noticed in the vicinity of the leak. The EDG was
secuxedaﬁerl:&hounofopemtmn. .

DmingthoendumcenmforEDGO,theEDGwasmmﬂy shutdown 15 minutes after
bmngloadodowmgtoamddendmpmgenemtorloadmdexcmvevxbmtwn. The
turbocharger blower shaft had broken owing to a failure ofthe blower bearing sleeve
that resulted from overheating of the bearings.

EDG 2A was started in preparation for an l&monthmitveillanoe Shortly after starting,
the EDG speed began oscillating, and the EDG was shutdown. Theeausewasndentnﬁed
asfmhneofadmppmgmstormthegovmorumt

During a undervoltage sequenoertest EDG 1B fmledtostanfortwommutwaﬁer
receiving a start signal. AseoondattempttostarttheEDGwastmsuoowsﬁll A failure
of the turning gear interlock valve prevented air supply to the starting air valves. The
valves leaked sufficiently that after two minutes air pressure was unavailable to actuate
the starting air valves,
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Table B-5. (continued).

Plant name mode LER number Event Description
date :
Byron1 FTS SR45491  09/27/91 During a start for an ESF actuation test, EDG 1B failed to indicate proper voltage.
Investigation determined a fuse for the voltage control and metering circuit had blown.
CaliaWay o ‘ Fl’S Sﬁ48590 09/24/90 DuﬁﬁgEDGsequenoertwting, EDG B started but failed to sequence on any loads. A
plunger bolt tlmtactmtwasw:tchﬁostarttheloﬁsequencerwasfomdoutof
adjustment. The out of adjustment was caused three days earher by 1mpmper moVement
: ofatwthnkthatwasusedmtheblackoutwst ,
Catawba 2 FTs SR41488  OI/15/88  While performmg  Joad rejection test, EDG 2B could not be paralleled to the bus owing
: to oscrllahons The oscnllanons were caused by the governor bemg out of adjustment
Clinton FTS SR46193  09/27/93 Duringan mtegrated ECCS test, EDG 1B failed to reach the reqlumd voltage of 3740
VAC. Voltage reached only 3595 VAC. Insufficient eontzwt pressure for contacts on the
voltage regulatmg powntrometer caused the fmhlre _
Diablo Canyon 2 FTS SR 32388 11/12/88 D\mng performance of the 4-KV bus muto transfer venﬁcauon sarveillance test, EDG
1-3 failed to start. Dxrty oontacts on the seoond level undervoltage relay prevented the
v EDG fmm stanmg ‘ i v
Fermi 2 FTS =~ SR34188  O0420/88 During m ECCS test, EDG 13 could mot be loaded to il fosd. The EDG is required by
' the surveillance to be loaded at 2500 KW , but it could only be loaded to 1500 KW. The
cause was the governor load limit knob was set improperly. The licensee concluded that
the knob was changed by anunauth(mzedpérson since the last EDG twtaboutone
month pnor s
Fermi 2 04/25/88 EDG 11 fmled when attemphng to start 5 minutes after bemg shutdown from a 24-hour

FTS

SR 34188

run. The EDG came up to speed but failed to ‘generate voltage when the exciter failed to
flash the generator field. The cause of the farlum was intermittent operation of the relay
that resets the field flashing circuit.
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Table B-5. (continued).

Plant name

Failure
mode

LER number

Event
date

Description

LaSalle 1

LaSalle 1

Limerick 1

McGuire 2

St. Lucie 2

South Texas 1

Susquehanna 2

FTS

FTS

37388012

SR 37391

35290019

36988010

SR 38987

SR 49891

38891006

06/08/88

04/03/91

09/15/90

06/01/88

10/05/87

03/05/91

04/22/91

EDG 0 tripped on underfrequency after running loaded for approximately one minute.
The EDG had run loaded for 27 hours, shutdown, and started within five minutes after
the shutdown. The EDG started and loaded the bus but experienced a frequency
oscillation that did not dampen out prior to the trip. A combination of high oil
temperature and a governor speed adjustment problem caused the frequency oscillations.
Although the EDG ran for about one minute after starting; this is considered as a fail to
start since the oscillation occurred immediately after the start and did not dampen out.
During an undervoltage auto-start test, the 1B EDG failed to start. The cause of the

failure was a defective governor-nm solenoid.

During a loss of offsite power test, EDG 13 was manually tripped owing to an
overvoltage condition. The overvoltage condition was caused by failure of the voltage
regulator rectifier bank. The LER indicates this overvoltage condition occurred
immediately after the start; thercfore this is considered a FTS.

Dunngablackouttest,EDGZAfaxledtosmt.Thecawewasdetmnedtobe

' mtemnttent fmlure of contacts in the EDG start tumng relay,

Follomgammﬁdex nm, EDG2B failed while starting durmgaloss of
offsite power test. The EDG was manually tripped when the voltage fluctuated and the
frequency dropped while the EDG was being loaded. 'IhecauscofthefmhueWas
determmedtobeamechamcal malfunctlon of the govemor

Duunga%-homloadtestnm, the EDG 11 output breaker tripped. The failure was
caused by a faulty voltage regulator. The SR only states that during the performance of
the 24-hour load test the ontput breaker tripped. Therefore, it is not clear if the EDG ran
before the failure, It is assumed the voltage regulator had already failed at the start. The
SR states that during subsequent tmublwhooung starts the fa:lum oocurmd immediately
after starting.

Dunngalossofoffsntepowertmt EDGAfalledtomchmtedspeedandloadthe
safety-related bus. The cause of the failure could not be determined, though it is
suspected a sticky pnenmatic valve caused the failure. After replacing the pneumatic
valve, subsequent tests of the EDG were performed satisfactorily.
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B-5. COMMON CAUSE FAILURE EVENTS

All failure events were evaluated to identify the common cause failure (CCF) events. Since all plants
are required to report common cause failures per 10 CFR 50.73, this subsection was not limited to only
those plants required to report per Regulatory Guide 1.108, but includes all plants. From all the events
reviewed, 34 CCF events were identified. Many LERs and Special Reports reported only one actual failure,
but the information available indicated that failure of a second EDG train would have occurred owing to
the same cause if a start and run had been attempted. If the cause of the actual failure would have clearly
caused failure of another EDG train, then the event was identified as a CCF. If, however, the report did not
clearly identify that another EDG train would have also failed due to the same cause, the event was not
considered a CCF. Similarly, for reports that identified failures discovered prior to an EDG train start
demand (e.g., the condition was found during inspection) and no actual start or run failure occurred, a CCF
was identified in only those cases for which a second failure could be certain. For purposes of this CCF
study, a personnel error resulting in more than one inoperable EDG train, even without any component
malfunction, is considered a CCF event.

_ All CCF events identified in this study are listed in Table B-6. The Cause and Coupling Factor are all
discussed in Reference B-1, Common Cause Failure Data Collection and Analysis System. The number of
failures listed in the table is the number of failures specifically discussed in the report. In some cases,
multiple failures of the same component are discussed in the report, but for purposes of defining a CCF
event only one failure was listed for each component. An actual failure was a reported failure of the EDG
train to start or run. An expected failure indicates that the licensee discovered a condition that would have
prevented correct operation of one or more EDG train.

NUREG/CR-5500, Vol. 5 “B-58
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Table B-6. Common cause failure events,

LER/SR Number & type of Coupling
-_Plant name -umber f e Event description : failures Cause factor
Beaver Valley 2 41293012  During testing, both EDG trains failed automatic loading capability owing to malfunctionof 2 actual Design deficiency Hardware design
thed:gmlmhdmtmammdwnhﬂnwlmdmmmym {component)
cmﬂmonenstedbemdmdeqndepostmodnﬁmm
Catawba 1 41388019 kepmdfaamomnmm,znnnoummmedby.defeeuvemgmfmlm 2 actoal Manufacturing ~ Hardware design
Catawba 2 -~ Mubrication ofl pressure trip sensor. The EDG train failures, all found during surveillance deficiency (component)
- testing, were fail to start, or stert and immediately trip. (There were a total of six failures on
the 1A EDG train and two faitures on the 1B EDG System.) For CCF evertts, the rumber of
. actual faitures cannot exceed the mumber of different EDG trains that failed, even though they
failedmeﬂmoﬂp&lbaeweﬂtedfm’l&eisforﬂn!AEmuﬁn.
Clinton - 46190011 mMAmmm@wmmmmmmm 1 actual Inadequate k0pemion
were not set to provide adequate flow. EDG train B valves were also set wrong. 1 expected procedure procedure
Dusne Amold 33187009 - EDG train B stopped during a test ran owing to an incorrect setpoint on a newly installed lad‘ual Inadequate Maintenance/test
MMMWMEDGMM&MW 1 expecied procedure procedure
Fort Cathoun 28587025 E)Gmmzmppedowmgtohgbooolmmwmmmdbyapdmﬂyopenm 1 actual Internal Internal
dmmﬂdﬁﬂdbmapildvﬂwmmdcwmmonmanm 1 expected contamination ' environment
mmmmmmsmmmmmmemm but no actual '
failure occurred.
Fort Calhoun 28590020 mtmmnwmg@lmmummmmmwmnhmm 1 actual . Design deficiency Extemal
cabinet. The licensce assumed that EDG train 2 would also be susceptible to the same failure 1 expected environment
Fort Calhoun 28591016 Ane)duustdmpcmnpmfaﬂmmdszDGmmwas(ﬁmvaed(hnmgmmgwhenﬂn 1 actual Manufacturing  Hardware quality
jacket water temperature increased rapidly. The damper pin on the 1 EDG train was cracked 1 expected deficiency (manufacturing)
hnnothokmbbm«ymgddmnedpmbablemwuammfadumg&fect
Grand Gulf 41688015 Tubes in the EDG train 2 intercooler had been ruptured by the diffuser plate in the left bank. 1 actual Design error Hardware design
) This caused a cooling water leak such that the EDG train would not run unattended. A crack 1 expected

was found on the EDG train ] intercooler, but no leak yet existed.

B-59

(component)
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Table B-6. Cont.

LER/SR

Number & type of . Coupli
Plant name number Event description failures Canse ' fncl:g
Grand Guif SR Failure of power element in temperature control valve for 11 EDG train jacket water cooler 1 actual Mamfacturing ~ Hardware design
41638002 mMmh@hMmmlmmumdmforbdhEDGmwe 1 expected deficiency (component)
replaeedowmgtopaalm!oryofﬁequanfuhm

Haddam Nock 21393006 EDG«:inAfailedtoéuﬁimennmingZthmiﬁon%—hmitestwﬁngtoudmm 1 actual Ambient Hardware design

: voltage suppression devices caused by inadequate cooling in the excitation cabinet. EDG train 1 expected environmentsl (component)
B parts were replaced when the EDG train A parts were replaced because of excessive dust stress
accumulation, age related wear, and lack of ventilation.

Indian Point 2 24793004  Two of three EDG trains started on the loss of a 480-V bus, During recovery, fuel oil transfer 2 actual Inadequste Maintenance/test
pumps 21 and 22 did not start owing to dirty contacts on the level switch and a blown fuse, 1 out of service procedure schedule
respectively.

Indian Point 3 286590005  Control power fuses were biown on the 32 EDG train owing to poor maintensnce practices 1 actual Inadequate Maintensnoe/test

) and Jess than adequate documentation of the jacket water train and pressure switch. Prior to 1 expocted procedure procedure
the3ZEDthmfmlmEDGm31badexpmemedblownpowaMhnhd 1 out of service
subsequently tested satisfactorily.

Indian Point 3 28692010 A fuse blew in the 31 EDG train control panel during CO; operation in conjunction with EDG 1 actual Design deficiency Hardware design
train exhaust fan operation. A simulated CO, actuation blew the fuse in the 33 EDG train 2 expected . (component)
control panel. The condition resutted from a design deficiency during installation of the CO,
system.

Indian Point 3 28693042  Room ventilation exhanst fan motors tripped during operation. All fans were tested, and it was 2 actual Inadequate Maintenance/test
discovered that current was too high owing to a design change to install an overload heater. 1 expected procedure procedure
Administrative controls and inadequate maintenance testing program contributed to problem.

Indian Point 3 28693053  Service water valves failed 10 open during a post-maimenance test, rendering all EDG trains 3 actual Failureto follow  Maintenance/test
inoperable. The primary cause was improper maintenance on the solenoid valves to the flow procedure staff
control valves.

McGuire 1 36990017  During an operability test, EDG train 1A failed fo fully load owing to paint onthe facl pump 1 actual Inadequate Maintenance/test

‘ “rack connections to the govemor. Paint was also found on the EDG train 1B fuel pumprack. 1 expected procedure staff T
Owing to the nature of the events, this expected failure was considered an actual faiture in
Table B-4. )

Milistone 2 33691009  The 12U EDG train exhibited emratic load control owing to intermittent failure of the 2 actual Setpoint drift Hardware design

electronic controf unit in the govemnor system. Both EDG trainz exhibited the same erratic (component)
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Table B-G Cont.

LERISR*

‘ Number & type of Coupling
Plamt name mumber . Event description faitures Cause factor

NotthAnna2 33987001  The load Hmitsetting was set100 low on both EDG trains, which could have preventedthe 2 expected Failureto follow  Operation
the load were 1o reach maximum design load, the EDG train will trip. The load limits had not
been reset to the correct settings following a special test. This event was considered a faiture in
TableMbemmfﬁqaunmemmwﬁhblemMaEDGmfmhnumder
mmmloadcondmom.

Perry 44087009 Twoair start solenoid valves fuiled, preventing stars of both EDG trains. No conclusive case 2 actual Ambient Hardware design

‘ , mfmﬂfunlmdfmlmaﬂxenlmdshadbemndenﬁﬁedformplmﬂ,hﬂdn environmental (component)
mkwasnapufamodprmtoﬁumﬂfaﬂm : stress

Prairio Island 2 30693003 ‘vmlmmmemummmbahmmmmtm“mmmfu 2 actual Failureof other  Maintenance/ test
ﬁkmmmmwammldlﬂwM component procedure
qudxﬁeuuonlmms. .

QuadCities2 .. 25492010 Lmofun1zs-vnc‘us@hedhm&nzmammemw(weof 2 actual Unintertionst  Hardware design
auto-start) for four minutes, The loss of the dc bus was caused by a contractor technician personnel error (system)
ud&m:ﬂywaﬁngafu@kdbwmeuonb&uyhnl.

Quad Cities 1 25492021 mmmpmmmmwumsedbymunppedmﬂnmlmm 2 actual Construction/ Hardware quality
‘ S ‘ ﬂnlundﬂxelﬂEDGhnsmaﬁ‘eﬂed,zweduaput . installation error  (installation)
Robinson 2 26193019 B EDG train was inoperable owing 1o a test procedure that required air to be appliedtothe 1 actual Inadequete Maintenance/test
: distributor while the EDG train was running, which resulted in damage to the air distributor 1 expected procedure procedure

such that the EDG train would not start. It is assumed that the A EDG train would have also
failed if the run time during the previous test had been 45 min instead of 10 min with the air
start system on.
Salem 2 SR31190  Jacket water loaks during load tsts were caused by & loosened fiting, (vibration induced) and 2 actual Ambient Hardware design
a cracked thread on the nipple (vibration induced fatigue). environmental (system)
: stress
Sequoyah 1 32787060 Onlpassagesonﬁnhydnmhcmaiormﬁle 1A-A EDG train were clogged with RTV 1 actual (on Unit 1) Manufacturing Hardware design
Sequoyah 2 (s|||mmm),ammgtheEDGmmtomPonovmpeed.Nootherfailumwerefwnd 3 expected (both Units) deficiency (component)

from the RTV, hnmummaﬂfanBDGmunmnplweduﬂRTlelnolongerbe
used on the actuators.
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Table B-6. Cont.

Yankee-Rowe

Testing determined EDG trains 1 and 3 were inoperable owing to excessive arcing across

LER/SR Number & of H
Pjant name number Event description fxnlnt:zpe Cause Couplmmg
South Texas 2 SR 49991 BahEDGmmppodwhenukmunofﬁnmrgemyundewmgmfmmmmd 2 actual Internat Maintenance/ test
: nndaﬂnwnofdnckvdves,dlowmgadewusemoamolmmmuam ‘ ocontamination schedule -

,Susquehami 1 38789024  EDG train C crankcase occurred (w/smoke in diesel bay) owing toa - 2 actual Wm. Maintenanoe/ test

Susquchamma 2 mhnmmomeDGmBhldammlarpmblemSWdum!m A combination of procedure procedure
causes were responsible, but maintenance was the dorinant focus of corrective actions,

Susquehanna 1 38790018 EDGuambumopaableowmgbbnghdrmﬁmﬁeoﬁuﬂmhbnuhmmlﬁém'nnd 2 actual Inadequate Maintenance/ test

Susquehanna 2 m!ms:ondnrmg mnmw«klbmsymmmmmmmEDGmD - procedure procedure

Three Mile Isl. 1 28989002  The EDG train 1A radiator gear drive bearing scized because of inadequate lubrication from 1 actual Inadequa!e anemncdm
shudge formation in the Jubrication lines. A similar condition was found on the 1B EDG ‘1 expected procedure procedure ¢
System. The cause was an inadequate inspection/maintenance procedure for the lubrication oil
system.

Turkey Point 3 25088011  During a fuel pump surveillance test, the fiel oil tank isolation valve (single valve toboth 2 actusl Failureto follow - Hardware design
EDG trains) was found locked closed instead of locked open. This was caused by a chemistry procedure (system)
technician not following the sampling procedure. The only fuel available to the EDG trains
wuhﬁndayunkforendlEDGmh.

Vogtle 1 SR . AnwlvepstmsﬁekmgpnvaﬂedﬁnlB.ZA.md2BBDGmﬁmmmﬂncwse 3 actual (on both Units) Mamfactoring ~ Hardware quality

Vogtle 2 42490005  was determined to be inadequate manufacturing tolerances. (There were two additionat 1 expected (on Unit 1) deficiency i
failures of the 2A EDG System.) Only 3 of the 4 EDG trains on site failed; therefore, CCF "
failures indicate 3 actual. Table B-4 shows all 5 failures, 3 of which were on the 2A-EDG

Vogtle 1 SR Wiring diagram error and subsequent installation error resulted in EDG train 1B tripping 1 actual (on Unit 1) Design deficiency Hardware design

Vogtle 2 42491004  shortly after start. Review of wiring discrepancy on other EDG trains revealed that the same 3 expected (on both Units) (component)
memstedforlAﬂA.deB.msdeﬁcxencywaﬂdmtprwunﬂnEDGmﬁm
stamngmmunerga\cymhnwwldbeamaumfulm :

Vogtle 2 42591003 Both EDG trains failed o operate properly in parallel with the grid owing to excessive 2 actual Construction/  Hardware design
reactive power. This condition was cansed by improper sizing of potential transformers installationerror  (component)
 feeding the voltage regulator circuits. -

02991005 2 actual Construction/  Hardware quality
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Table B-6. Cont.

LER/SR Number & type of Coupling
Plant name number Event description failures Cause factor
contacts (one on each EDG train), caused by incorrect starting contactor coils installed 1 out of service installation error  (installiation)

(240/480 VAC vs. 125 VDC). The EDG trains were capable of starting on an emergency
signal, but probably would not have restarted if they had been shut down for any reason.

a. There was only one CCF event coded for each of the two LERs at Susquechanna, Owing to the design of five shared EDG trains for both units, the emergency power system is modeled as a one-unit plant
site.
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Appendix C

Fallure Probabilltles and Unrellablllty Trends

This appendix contains results from the statlstlcal analysis of EDG train data that lead to
estimates of probabilities for each failure mode, including distributions that characterize any variation
observed in the data. Three types of detailed analyses are given: a plant-specific analysis for probability
-, of individual failure modes; an investigation of the possible relation between plant low-power license
date and EDG train performance, as measured by unreliability and by failures per year; and an
investigation of whether overall performance changed during the seven yéars of the study.

C-1. BASIC EVENT FAILURE PROBABILITIES

Industry patterns in the EDG train failure modes are discussed in the first subsection below. The
second contains plant-specific distributions for those cases where empirical Bayes distributions
describing between-plant variability were found.

C-1.1 Analysis of Individual Failure Modes

Much of the detailed analysis of the EDG train operatxonal data was limited by the realization that
‘only a subset of the plants having diesels report testing problems according to Regulatory Guide 1.108
(RG-1.108). Since testing data were of necessity restricted to this subset of plants, a question considered
early in the study was the feasibility of restricting the entire study to those plants following the RG-
1.108 criteria. For each failure mode, statistical tests for significant differences among the unplanned
demand data for the reporting and nonreporting plants were evaluated. In no case did the chi-square
statistics reveal a significant difference between the unplanned demand data used to estimate EDG train
unreliability. However, because the data from reporting plants contained information from cyclic
surveillance tests, which results in a significantly larger data set, the study was restricted to the subsct
of reporting plants. Section C-4 contains observations about the nonreporting plant data.

Table C-1 contains results from the initial assessment of data for the eleven failure modes,
including point estimates and confidence bounds for the probablhty of failure for each mode. Note that
the point estimate and bounds do not consider any special sources of variation (e.g., year, plant unit,
EDG manufacturer). These results are plotted in Figure C-1.

. Table c-2 summarizes the results from testing the hypothes1s of constant probabxlmes across
e groupmgs for each failure mode based on data source, plant mode, calendar years, plants, and EDG

manufacturer. Statlstlcal evxdence of dxﬁ'erences between these groupmgs was found, as dxscussed
below. : :

“Plant Mode. The only significant difference between power operatxon and shutdown operations
failure probabilities was for the MOOS failure mode.
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Table C-1. Point estimates and confidence bounds for EDG train failure modes (RG-1.108 plants).

Failure mode Type of demand Failures f Demands d Probability*
Maintenance out of Unplanned, - 3 112 (0.007, 0.027, 0.068)
service (MOOS) not shutdown
Unplanned, 8 83 (0.049, 0.101, 0.160)
" shutdown ,
7 7 7 'Pooled 11 195 (0.032, 0.056, 0.092)
-Common causé failure (CCF) - Unplanned 0 “39 - (0.000, 0.000, 0.074)
, SN -Cyclic tests - 4 - 297 - (0.005, 0.013, 0.031)
- Pooled - - 4 . 336 *(0.004, 0.012, 0.027)
Self-initiated failure (SIF) . - Unplanned -3 146 (0.006, 0.021, 0.052)
Failure to start (FTS) Unplanned 2 181 (0.002, 0.011, 0.034)
o - Cyclic tests 17 1364 (0.008, 0.012, 0.019)
" Pooled 19 © 1545 (0.008, 0.012, 0.018)
Failure to recover Unplanned 2 2 (0.224, 1.000, 1.000)
from FTS (FRFTS) : ..
_Failure to run—early (FTRg) Unplanned B | 179 (0.000, 0.006, 0.026)
(O_to 0.5h) Cyclic tests® 1 665 (0.009, 0.016, 0.027)
' ‘ Pooled 12 844 (0.008, 0._014, 0.023)
Fulure to run—middle (P'l'R“) Cyclic tests® 15 654 (0.014, 0.023, 0.035)
(0.5 to 14 h) '
Failure to tun-late (FTRD Cyclic tests® 1 639 (0.000, 0.002, 0.007)
(14 to 24 ) o : A
Failure to recover Unplanned 0 3 (0.000, 0.000, 0.632)
from FTR (FRFTR) ’
Restoration failure-reset (RFR) ~ Unplanned 0 179 (0.000, 0.000, 0.017)
' ' , Cyclic tests 6 638 (0.004, 0.009, 0.018)
Pooled 6 817 (0.003, 0.007, 0.014)
Restoration failure-power (RFP) Unplanned 0 179 (0.000, 0.000, 0.017)
o Cyclic tests '3 632 (0.001, 0.005, 0.012)
' ,Pooled 3 - 811 (0 001, 0004 0.010)

8. The middle number is the point estxmate, _ﬂd and the two end numbers form a 90% confidence mtcrval

b. For three events (four failures), run times were not known well enough to classify the events. The average number of FTR;

- failures was 11, Use of averages due to this uncertainty also applies for cxchc fmlurcs and demands for FTR,, and FTR;.
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Data Source

MOOS Not shutdown i
MOOS Shutdown

MOOS Pooled

CCF Unplanned
CCF Cyclic
CCF Pooled

SIF Unplanned

FTS Unplanned -

FTS Cyclic
FTS Pooled

FRFTS Unplanned
- FIRE Unplanned
FTRE Cyclic
FTRE Pooled
FTRM Cyclic
FTRL Cyclic
FRFTR Unplanned
RFR Unplanned

RFR Cyclic
RFR Pooled

RFP Unplanned
RFP Cyclic
RFP Pooled

-+ Point estimate and 90% confidence bounds

.

0.00

" Figure C-1. ' Point estim:

reporting plants.

0.01
Probability

1.00

ates and confidence bounds fnor'EDG train failure modes for RG-1.108
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Table C-2. Evaluation of differences between groups for EDG train failure modes (RG-1.108 plant data).

P-values for test of variation® -

Entities with relatively

Between Between ' Between
‘ Type of data plant  Between Between EDG high chi-square
Failure mode - demand sources modes  years plants manufacturers statistics®
Maintenance Pooled - 0.037 NS NS NS _
out of service (MOOS) Unplanned (not - - NS 0.018° NS Zion 2, but data are sparse
shutdown) ' '
Unplanned — - NS =~ NS NS
(shutdown) ;
Common cause faiture (CCF) Unplanned - NF NF NF NF
: : Cyclic tests — - NS NS NS
Pooled NS NS NS NS NS
Self-initiated failure (SIF) Unplanned - NS NS 0.016° NS Braidwood 2, but data are sparse
Failure to start (FTS) . Unplanned - NS NS NS . NS :
- Cyclic tests — - 0.019 NS : NS © 1988
' Pooled ~ NS NS 0.011 NS . NS 1988.
Failure to recover from FTS (FRFTS) Unplanned = - - NF NF ~NF NF
Failure to run , early (FTRy) Unplanned - IF IF “1F _IF ' o
: Cyclic tests - - NS 0.043 0.001 Salem 2, ALCO Power, Nordberg Mfg.
: ~ Pooled ' NS NS NS NS 0.011 ALCO Power, Nordberg Mfg.
Failure to nm, middle (FTRy) Cyclic tests - — NS 0.001 NS South Texas 2
Failure to nin, late (FTR) . Cyclic tests - —_ Ns NS <0.001  Nordberg Mfg.
Failure to recover from FTR ~ Unplanned - NF NF NF NF
(FRFTR) ; -
Recovery failure during reset (RFR) Unplanned — NF NF NF NF ;
: - - Cyclic tests — — NS  <0.001 © 0.002 - Catawba 2; Transamerica Delaval
- Pooled NS NS NS <0.001 - 0.002  Catawba 2; Transamerica Delaval
Recovery failure upon power Unplanned - NF NF NF NF o '
restoration (RFP) - Cyclic tests — — NS NS NS
3 . Pooled NS NS

NS NS NS

a. —, not applicable; NS, not significant (P-value >0.05); NF, no failures or no successes (thus, no test); 1F, only one failure.

b. Years, plants, and EDG manufacturers with an unusual failure probability (compared to others in the group) are flagged. The entities that dominate the chi-square
statistic are listed for those cases in which the p-values were less than 0.05. Unless noted otherwise, probabilities for the flagged entities were higher than average.

c. This chi-square test may be unreliable in this case because so few failures occurred.




Year. Among failures to start on unplanned and cyclic test demands, seven of nineteen occurred
in 1988 and five occurred in 1991 No other significant dnfferences related to year were identified.

-« Plant. There were sxgmﬁcant plant-to-plant differences in failure probabilities, particularly for
failures to run in the middle period. South Texas 2 with two or three failures (depending on the actual
run times) in less than eight demands dominates. The Zion 2 and Braidwood 2 data associated with high

- chi-square statistics for maintenance during operations and for self-initiated failure, respectively, each

represent just one failure in just one demand. Salem 2 and McGuire 2 had the highest probability of

- diesel failure in the first half-hour of runmng Catawba 2 had three of the six failures in restoration reset

~ during cyclic testing.

EDG Manufacturer. There were significant EDG manufacturer differences in failure
probabilities for failure to run and for recovery failures during reset. For early failures to run (in the
first half-hour), Nordberg Mfg. and ALCO Power diesels had the highest failure probabilities. The
single failure on a cyclic test that was known to occur after 14 hours of running was on a Nordberg
Mfg. diesel. Transa.menca Delaval dxesels had four of the six RFR faﬂures

More specxﬁc descnptxons of the partmular data that were used to estimate unreliability for each
failure mode and the rationale for.choosing that data are discussed in subsections below. The type of
modeling selected to calculate the distributions that characterize sampling and/or - between-group
variation is also dxscussed All of these results are based on data from the RG-l 108 plants.

C-1.1.1 Mamtenance Out of Servnce

Three maintenance out of service (MOOS) events occurred among 112 unplanned demands while
plants were in the power operations mode. In comparison, 8 MOOS events occurred among 83
unplanned demands .while plants were in shutdown modes (including hot standby). The MOOS rate
when the plants were shutdown was almost three times the MOOS rate when plants were operating.
Table C-1 and Figure C-1 show this difference, and Fisher’s exact test found this difference was nearly
statistically significant (P-value=0.0568).* Therefore, the MOOS data were differentiated by plant mode
throughout the reliability analysxs and the power operatlons (1 €., not shutdown) rate was used in the
rehablhty estimates. -

- For the power. operatlons mode -data, . the- chx-square stausncal analysxs detected a mgmﬁcant

| B dlﬁ‘erence among plants, -but there were too few failures for the test to be reliable. Plant-specific

empirical beta distributions could not be formed. Therefore, a simple Bayes beta distribution describing

approxunately the same variation as the confidence interval was derived. This distribution was used in

- .- the variance propagatlon to quantrfy the EDG MOOS rate when the plants were in the power operatnons
. mode. . - .

- For the shutdown mode RG-l 108 plant data, the chi-square statistical analys15 d1d not detect any
significant differences in any of the grouping variables (e.g., years, plants). .

a. When the non-RG-1.108 plants are included, the difference is highly significant (P-value<0.0001).
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. C-1.1.2 Common Cause Failure

'No common cause failures (CCF) were observed in the 39 unplanned demands that demanded
two or more trains. Four CCF events were identified during cychc testing. They are discussed
_ briefly below.

In the _cyclic tests, the separate diesel trains are not tested simultaneously. In two of the four
CCF events among RG-1.108 plants, just one train failure was observed. In each of these events,
the plant units had two dedicated EDG trains and no swing diesels. The potential for loss of the
system existed if there would have been a simultaneous demand for both trains. One of these two
events was a failure to start, while the other was a recovery failure on power restoration.

; The remaining CCF failures occurred in plants with EDG train configurations involving more than
two EDG trains (one plant unit had three dedicated diesel trains and the other had five swing diesels). In

~ each event, two failures occurred over a period of several days as the individual diesels were tested.
However, in each of these events a single failure mechanism was involved. Both events were detected
during the loaded run phase (i.e., FTR), and represent train failures and not a system loss.

. Comparisons of operational data CCF results to PRA/IPEs is not straightforward owing to the
various EDG train configurations and different techniques used in risk assessments to model CCF. For
this reason, no attempt was made to directly compare the operational data CCF results with CCF
statistics based on PRA/IPE information. In the unreliability analysis, the CCF events were treated as
train failures and included in the individual failure modes.

: For the four failures, the statistical tests showed no significant differences between the unplanned
demand and cyclic test data; thus, these were pooled. The tests also showed no significant differences
across years, plants or EDG manufacturers. However, an empirical Bayes distribution was identified
reﬂectmg variation in the failure data when grouped by diesel manufacturer.

C-1.1.3 Self-lnitlated Failure

Self-initiated failures are caused by train configuration problems. Only those unplanned demands
and failures that could have occurred during plant operations were considered for SIF failure probability
estimates. Estimates were derived to describe a phenomena seen in the operational data. The events were
not used in the unreliability estimation process because they do not cormpond to failure mechanisms
typically modeled in fault trees.

No empirical Bayes distributions or differences across years or diesel manufacturers were found
for the self-initiated failure mode. Among plants, the failure data varied from no failures in ten
opportunities (at South Texas 2) to one failure in one opportunity (at Braidwood 2). The apparent
statistical significance of the Braidwood 2 mult is muted by the fact that the data are sparse and
multiple tests are being made.

NUREG/CR-5500, Vol. 5 C-8



C-1.1.4 Failure to Start

From an engineering standpoint, each cycli_c surveillance test contains two sequences that reliably
and realistically simulate an EDG train unplanned start demand. Significant differences were not found
in the data for unplanned and testing demands, so these data were pooled.

Empirical Bayes distributions describing variation were found for both plant and year. Among
years, 1938 had 7 of 19 failures. This difference is highly significant. The 1988 failures occurred at five
different units. The distribution reflecting variation in plant unit was selected for the unreliability
analysis because it was slightly broader than the year distribution, and it fit the data better (no plants
were flagged in the goodness of fit test for the beta-binomial model).

C-1.1.5 Failure to Recover from FTS

Just two of the nineteen failures to start occurred on unplanned demands. They were not
recovered. There were no between-group differences in the data. For unreliability evaluations, the
simple Bayes beta distribution was used to model failure to recover from FTS.

C-1.1.6 Failure to Run

As explained in Appendix A, Section A-2.1.5, the probability of failure to run was found to
depend on the different lengths of the missions, in spite of the fact that mission times were unknown for
most of the operational data. Careful review of the cyclic test and unplanned demand failure data
allowed determination of run times for most, though not all, of the events. Run times for successful
unplanned demands were known only rarely, but were assumed to be at least 0.5 hours. Twenty-four
hours was assumed for the mission time of the cyclic tests. To investigate the dependence of failures on
run times, the known run times before failure were plotted as a function of the fraction of the set of such
times that are less than or equal to each observed time. The cumulative curve that resulis can be
approximated by three straight segments, with breaks at approximately 1/2 hour and 14 hours.
Therefore, the failure rate was modeled as being constant in each of the time periods 0 to 1/2 hour,
1/2 hour to 14 hours, and 14 to 24 hours. No conclusions were drawn about the failure rate afier
24 hours. The cyclic test data were used for all three time periods while the unplanned demands were
applicable only for the first half hour. They were not used for the later umc penods because the mission
times varied greatly and were often unknown. .

- As explained in Section A-2.1.5, the fallure to un analysxs was also complicated by the fact that
running times prior to failure were unknown for three events, involving four failures. Thus, these events
- could not be clearly classified as ‘early, mlddle, or late failures. The uncertainty was considered by
performing analyses for each pos51ble scenario for these events, then combmmg the results to form a
" “mixture” distribution, ‘This -processing was performed as d&scrlbed in Appendix A to characterize
, between-plant performance and between-yw performanoc

Early fallures to run. Empmcal Bayes dlstnbtmons reﬂecung variation in plants and years
were found in every data set for the early failures to run, i.c., in every possible combination for the
uncertain events, Slgmﬁcant chi-square test results for dxﬁ'erencm in data groupings were found only

33% of the time for years and 39% of the time for plants. Salem 2 had the highest failure probability in
those data sets for which its two uncertain failures occurred in the early period (together with its two
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known early failures to run). The combined beta distribution reflecting variation between plants was
selected for the unreliability analysis. / :

. The early failures to run were also analyzed using fractional failures for the uncertain events to
see 1f differences in mode, data source (unplanned versus cyclic tests) or EDG manufacturer exist. The
chi-square tests found that significant differences exist between EDG manufacturers ALCO Power and
Nordberg Mfg. have relatxvely high rates (an average of 3.88 failures in 78 demands for ALCO Power

- ..diesels and 2 failures in 28 demands for Nordberg Mfg). The ALCO Power diesel failures occurred at

- Salem 2, and the Nordberg failures occurred at McGuire 2. The mixture method was not implemented
in this study to identify possible distributions for variation in manufacturers. The computed beta
distribution for plants was judged to sufficiently reflect the overall variation and uncertainty. A gamma
distribution was also derived from this beta distribution to describe the rate of failure for the 0 to
0.5-hour period.

Middle Fallure to Run. Thirteen of the cyclic test failures to run were known to have océurred
during the middle period, from 0.5 to 14 hours after the diesel was loaded and running. As many as four
additional events may have occurred in this period, depending on the timing of the three uncertain
events. o . R N ,

For every data scenario, significant differences were noted between plant units in the FTRy, data.
The average P-value was 0.001. A higher rate was found for South Texas 2, though the rate is not
, significant when multiple testing is considered. The average of the empirical Bayes beta distributions
found for each data scenario, as described in Section A-2.1.4, was used for the unreliability
calculations. This distribution reﬂects variation among plants, as well as the uncertainty introduced by
the unknown failure times. ; : <

The uncertain event analysis also considered variation in years. Significant differences between
years based on chi-square tests were not found in any of the data scenarios. Empirical Bayes
distributions for variation in year were found just-33% of the time. Use of fractional failures for the

-uncertain data in a test for differences among EDG manufacturers found no sxgmﬁmnt differences in
the 0.5- to 14-hour period. :

Late Failure to Run. One cyclic failure was known to have occurred in the period from .14 to
.24 hours. Two of the three uncertain events might have occurred during this period, though the
probability of these occurrences, based on the pattern of known cyclic failure times, is small (1/23 for
each). One of the uncertain events had one failure; the other had two. Therefore, the average number of
failures is 1.125, based on the common occurrence of one failure, the 1/23 potential of two failures (one .
known, one unknown), the 1/23 potential of three failures (one known, two in the unknown time event),
and the (1/23)*(1/23) possibility of four failures having occurred in this time interval. The. first and
-second moments of the simple Bayes distributions arising from these four cases were averaged
according to these probabilities, and a beta distribution was fit to the resulting moments. This
distribution was used as described in Section A-2.1.5 for the unreliability estimates. The distribution
entered the calculations only for unreliabilities for mission times exceeding 14 hours. A gamma
distribution was also derived from the beta distribution to descnbe the rate of failure for the 14 to 24-

. hour period.

A statistical test for differences in groups using the fractional failures and demands arising from

Vth>e uncertain data show a significantly higher rate for Nordberg Manufacturing diesels.- The known
failure occurred for this manufacturer (at McGuire 2), and there were just 18 demands. The other six
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manufacturers among the RG-1.108 plants had from 18 to 194 demands and either no failures or a
- small probability of failure from the uncertain data.

C-1.1.7 Failure to Recover from FTR

Reeovenes ﬁ'om FTR are only relxably attempted on unplanned demands. Of the three FTR events
on unplanned demands at RG-1.108 plants, none were recovered.* These data are not sufficient to draw
conclusions about any between-group differences. Therefore, a simple Bayes beta distribution was used
for unreliability evaluations. :

C-1.1.8 'Restoration Fallure during‘ Reset'

Statistical tests show no sxgmﬁcant differences between the unplanned demand and cyclic test data
for recovery failure during reset; thus, these were pooled. Significant between-group differences and
empirical Bayes distributions were found for both plant and EDG manufacturer. Three of the six
failures occurred at one plant, Catawba 2. Catawba diesels are made by Transamerica Delaval. One
other RFR failure occurred in a Transamerica Delaval diesel (at Vogtle 2). All four of these failures
were caused by mstmmentatlon problems, while the other two RFR failures were not in instrumentation

subsystems

The empmcal Beyes beta distrlbution _describlng ,variation among plants was used for unreliability
evaluations because it was wider (had a higher upper 95 percentile).

C-1.1.9 Restoration Fallure upon Pewer Restoration

Statistical tests show no sngmﬁcant dlﬁ'erences between the unplanned demand and cyclic test data
for recovery failure upon power restoration; thus, these were pooled. The tests also show no significant
differences across years, plants, or EDG manufacturers. Therefore, a simple Bayes beta distribution
was used for unreliability evaluations.

C-1.1.10 Summary of Beta Dlstributions for Individual Failure Modes

Table C-3 describes the beta distributions used to model each of the eleven failure modes. This
table differs from Table C-1 and Figure C-1 because it gives Bayesxan distributions and intervals rather
than confidence intervals. The Bayesian distributions allow the results for the failure modes to be
combined to give an uncertainty dxstnbutlon on the unrelxabnhty

Table C-3 includes distributions for the four failure modes not used in the unreliability
calculations: common-cause failure, self-initiated failure, and the two restoration failure modes. Also, it
gives the original beta distributions derived for the probability of failure during the complete mission
time (0.5 hours, 13.5 hours, and 10 hours, respectively, for FTRs, FTRy, and FTRy). These
distributions were used in the unreliability calculations explained in Section A-2.1.5.

a. Note that just one of these three failures was used in the failure unreliability analysis. The other two occurred
during the middle and late periods rather than in the first half-hour.
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An overlap exists between Table C-3 and Table 3 in the body of the report. Table 3 describes

Bayesian distributions modeling the statistical variability observed in the data for those failure modes -

used to estimate EDG train unreliability. However, for the three failure to run modes, Table 3 provides
gamma distributions for failure rates. The gamma distributions were derived from the beta distributions,
as explained in Section A-2.1.5. They are given in Table 3 (and in the next section) for use by those
wishing to make failure rate comparisons.

C-1.2 Plant-Specific Distributions fdr Féllure Probabilities

This section provides plant-specific or manufacturer-specific failure probabilities and rates for the
five failure modes where such variation could be modeled, namely, FTS, FTRg, FTRy, CCF, and RFR.
Gamma distributions and rates are provided for the two failure to run modes; the others have beta
distributions and probabilities. All the distributions are based on plants except for CCF, for which the
distribution is on EDG manufacturer. All the tables listed in this section are based on plants that report
in accordanoe with RG-l 108.

Pla.nt-speciﬁc failure probabilities for FTS are shown in Table C4. For the column labeled
"Empirical Bayes mean and 90% interval" in the table, the middle number is the mean of the empirical
Bayes beta distribution and the end points include 90% of the Bayes probability, leaving 5% in each
tail. Methods for deriving the distributions are given in Section A-2.1.4 of Appendix A. The table also
shows the raw counts and 90% confidence intervals. For the column labeled "90% confidence interval,"
the middle number is the point estimate, the fraction of demands that resulted in failure, and the end
points form the confidence interval. Note that the empirical Bayes intervals are more consistent with
each other than the confidence intervals are, because the empirical Bayes method pulls the extreme
plants toward the general population. If the data from a plant are solely relevant for estimating the
failure probability for that plant, the confidence intervals should be used. If instead, the plants belong to
a population with individual differences, the empirical Bayes intervals should be used.

Probabilities for common cause failure for each diesel manufacturer are in Table C-5. These
tables are in the same format and have the same basic interpretation as Table C-4.

Plant-specific empirical Bayes gamma distributions are given in Tables C-6 and C-7 for early and
middle failure to run rates. Confidence intervals are not given in these tables since the distributions were
derived by mixing the results of eighteen possible scenarios for the status of three events whose failure
times were not known, as described in Section A-2.1.5 of Appendxx A. The average number of failures
and demands used to assess each probability distribution are given.

Nondegenerate empirical Bayes distributions were not found for the other failure modes.

- Therefore, for each of these modes that was used in the unreliability estimating process, the generic
distribution based on pooling the data from all the RG-1.108 plants was used
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Table C-3. EDG failure mode data and Bayesian probability distributions (based on data from RG-1.108 plants).

D i’aﬂhre mode

Demands |

Bayes mean and

_ ‘ Failures Modeled variation - Distribution® 90% interval
Maintenance (MOOS) (not shutdown) 3 112* Sampling Beta(3.5, 109.5)  (0.0097,0.0310,0.0615)
Common cause failure (CCF) 4 336° Between manufacturer Beta(3.8,297.6)  (0.0041,0.0124,0.0244)
Self-initiated failure (SIF) 3 146*. Sampling . - Beta(3.5,143.5) = (0.0075,0.0238,0.0474)
Fail to start (FTS) 19 1545° Between plant Beta(0.9, 70.2)  (0.0005,0.0124,0.0386)
Fail to recover from FTS (FRFTS) 2 2t Sampling Beta(2.5, 0.5) (0.4307,0.8333,0.9991)
Fail to run—early (FTRp) (0-0.5 h) 12 - 844%. .. Between plant Beta(0.2, 18.1) - (0.0000,0.0127,0 .0630)
Fail to run—-middle (FTR,) (0.5-14h) | 15 654" Between plant Beta(0.2,9.1) = (0.0000,0.0247,0.1226)
Fail to run—late (FTR,) (14-24 h) 1 639 Sampling Beta(1.4, 566.7)  (0.0003,0.0025,0. 0067)
Fail to recover from FTR (FRFTR) -0 3 Sampling - Beta(0.5, 3.5) - (0.0006,0.1250, 0.4441)
Restoration failure—reset (RFR) 6 C 817 Between plant . ‘Beta(0.1,9.6) . (0.0000;0.0078,0.0470)
Restoration failure~-power (RFP) .3 811° Sampling Beta(3.5, 808.5) (0. 0013 0.0043, 0 0086)

a. For the three fail to nmn modw gamma distn‘lmtwns were denved fmm the beta distributions shown in this table, as explamed in Section A-2.1. 5

The resulting gamma d:stnbutlons are ptwenwd in Table 3 of the main report.

b. Basedonlmplmeddemnnddata. . } R

c. Basedonfaﬂmesdnnngmplannedorcychcustdemndsforwhlch anattemptwasmadetosmrtmomtlmnonedmel

d. Basedonuuplmneddemandsthatoccnuedatpowermoonldhavcoocunedatpower

e..Based on both unplanned m_d‘cychctestdata._ .

f. Of the 19fallurestostart,twooecnrredonnnplanneddemands

g. Based on both unplanned demand and cychc test data, with allowances made for three events for which the exact failure time was unknown.

h. Based on cyclic twt data, w:th allowanm made for three events for which the exact failure time was unknown.

i. Based on cychc test data, w1th allowances made for two events for wlnch the exact failure time was unknown and conld have occuned late.

j. Among unplanneddemnnds at RG-l lOSplants afmlureoocurredmtheearlypenodand2beyondtheearly time frame. Allthreewmusedfor the recovery

failure for FTR.




- Table C4. Probabxhty of FTS, by plant (RG-1.108 plants) -
' - Beta dlstrlbutxon v
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081

90% confidence - Empirical Bayes
Plant f - d interval® Alpha Beta® ~ mean and 90% interval®
Arkansas 2 0 17 (0.000, 0.000,0.162) - 0.82 80.98 (0.000,0.010, 0.032)
Braidwood 1 0 20 (0.000, 0.000,0.139) - 0.81 .- 83.16 . (0.000, 0.010, 0.031)
Braidwood2 ~ 1 16 (0.003,0.063,0.264) - 1.39 62.92 - - (0.002, 0.022, 0.057)
Browns Ferry2 0 12 (0.000, 0.000, 0.221) - 0.83 77.08 ~  (0.000, 0.011, 0.034)
. Byron.1 2 24 (0.015,0.083,0.240) - 1.63 52.09 -  (0.004,0.030, 0.076)
. Byron2 -0 22 (0.000, 0.000, 0.127) - 0.81 84.57 ~ (0.000, 0.009, 0.030)
- Callaway - 1.21 1(0.002,0.048,0207) 1.47 7039 (0.002, 0.020, 0.053)
- Catawba 1 2 22 (0.016,0.091,0.259) " 1.58 49.44  (0.004, 0.031, 0.078)
" Catawba 2 1 24 (0.002,0.042,0.183) = 1.51 74.84 = (0.002, 0.020, 0.051)
~_Clinton . ~ 1 20 (0.003,0.050,0.216) . 1.45 - 68.90  (0.002, 0.021, 0.054)
. ComanchePeak1 0 20 (0.000, 0.000, 0. 139) -0.81 83:.16 - - (0.000, 0.010, 0.031)
S Comanche Peak2 0 0  (no data) - 0.88 -70.20 - . (0.000, 0.012, 0.039)
+ Cook 1 © 0 18  (0.000, 0.000, 0.153) 0.82 81.72 (0.000, 0.010, 0.032)
© Cook 2 0 22 (0.000,0.000,0.127) 0.81 84.57 (0.000, 0.009, 0.030)
- Diablo Canyon 1 0 27 (0.000, 0.000, 0.105) 0.80 87.91 (0.000, 0.009, 0.029)
. Diablo Canyon2 1 27 (0.002,0.037,0.164) 155 79.23 (0.002, 0.019,0.049)
- Farley 1 0 28 (0.000,0.000,0.101) 0.79 88.55 . (0.000, 0.009, 0.029)
. Farley2 - 0 23 (0.000, 0.000, 0.122) 0.81 85.25 - (0.000, 0.009, 0.030)
~Fermi2 . 2 45 (0.008,0.044,0.133) 2.07 81.51  (0.005,0.025, 0.058)
. GrandGulf -~ 0 24 (0.000,0.000,0.117) 0.80 8593  (0.000, 0.009,0.030)
' Haddam Neck 0 21 (0.000,0.000,0.133) 0.81 83.87 (0.000, 0.010, 0.031)
- Harris 0 26 (0.000,0.000,0.109) 0.80 87.26 (0.000, 0.009, 0.029)
. Hatch 1 0 30 (0.000,0.000,0.0905) 0.79 89.82 (0.000, 0.009, 0.028)
~ Hatch2 0 16 (0.000,0.000,0.171) 0.82 80.23 (0.000, 0.010, 0.032)
~ Hope Creek 0 50 (0.000,0.000,0.058 . 0.74 101.43 - (0.000, 0.007, 0.024)
 LaSallel 2 19 (0.019,0.105,0.296) 1.50 45.53 (0.004, 0.032, 0.082)
LaSalle 2 0 12 (0.000,0.000,0.221) 0.83 77.08 (0.000, 0.011, 0.034)
- Limerick 1. -1 40 (0.001,0.025,0.113) 1.68 97.52 (0.002, 0.017, 0.042)
- Limerick 2 - 0 32 (0.000,0.000,0.089) 0.78 91.07 (0.000, 0.009,:0.028)
- McGuirel - 0. 23 (0.000,0.000,0.122) - 0.81 8525  (0.000,.0.009, 0.030)
" McGuire 2 229 (0.012,0.069,0.202) 1.75 58.89 (0.004, 0.029, 0.070)
Millstone 3 0. 26 0.000,0.000,0.109) 0.80 87.26 (0.000, 0.009, 0.029)
Nine MilePt.2 ~ 0 27  (0.000, 0.000, 0.105) 0.80 8791 (0.000, 0.009, 0.029)
North Annal 0 30 (0.000,0.000,0.095) 0.79 89.82  (0.000, 0.009, 0.028)
. North Anna 2 0. 23 (0.000,0.000,0.122) 0.81 8525 - (0.000, 0.009, 0.030)
~ PaloVerdel 0 - 27 ~ 10.000, 0.000, 0.105) - 0.80 87.91  (0.000, 0.009, 0.029)
" Palo Verde 2 0 30 (0.000,0.000,0.095) 0.79 89.82 ~ - (0.000, 0.009, 0.028)
" Palo Verde 3 0. 19 (0.000,0.000,0.146)  0.81 ~82.45 .  (0.000, 0.010, 0.031)
- Perry 0. 20 (0.000,0.000,0.139) - 0.81 = 83.16 - (0.000,,0.010,-‘0.031)
. ‘River Bend 0 18 (0.000, 0.000,0.153) = 0.82 ~81.72 * _ (0.000,0.010, 0.032)
¢ Salem 1 0 39 (0.000,0.000,0074) 077 9525 - (0.000,0.008, 0.026)
- Salem2 0 40 ' (0.000, 0.000,0.072) ~ 0.77 - 95.82 = . (0.000, 0.008, 0.026)
", - San Onofre 2 0. 29 (0.000,0.000,0.098) - 0.79 ~ 89.19 (0.000, 0.009, 0.029)
.- San Onofre 3 0. 32 (0.000,0.000,0.080) 0.78 91.07 - (0.000, 0.009, 0.028)
;Seabrook 0’ 15 (0.000,0.000,0.181) . 0.82 79.46 -  (0.000, 0.010, 0.033)
- Sequoyah 1 0 20 (0.000, 0.000, 0.139) " 83.16

. (0.000, 0.010, 0.031)



Table C-4. (continued).

90% confidence Beta distribution =~ Empirical Bayes

Plant - ~f d’ . interval® = - Alpha  Beta - mean and 90% interval®
“Sequoyahz 0 23 (0.000, 0.000, 0.122)  0.81 8525  (0.000, 0.009, 0.030)
South Texas1 1= 41 (0.001,0.024,0.111) - 1.69 ~98.87 ~  (0.002,0.017, 0.042)
 SouthTexas2 0 .26 (0.000,0.000,0.109) 0.80 87.26  (0.000, 0.009, 0.029)
St.Luciel . . 0 . 21 (0.000,0.000,0.133) 081 83.87  (0.000, 0.010, 0.031)
St. Lucie 2 1 22 (0.002,0.045,0.198) .1.48 71.88 (0.002, 0.020, 0.052)
Summer 0 27 (0.000, 0.000, 0.105) 0.80 87.91 (0.000, 0.009, 0.029)
- ‘Susquehanna 1 0 24 (0.000,0.000,0.117) -~ 0.80 85.93 (0.000, 0.009, 0.030)
“Susquehanna 2 1 -16 (0.003, 0.063,0.264)- 1.39 62.92 (0.002, 0.022, 0.057)
Turkey Point 3 0 24 (0.000, 0.000, 0.117) 0.80 85.93 (0.000, 0.009, 0.030)
‘Turkey Point 4 0 21 (0.000,0.000,0.133) 0.81 83.87 (0.000, 0.010, 0.031)
Vogtle 1 0 24 (0.000, 0.000, 0.117) 0.80 85.93 (0.000, 0.009, 0.030)
Vogtle2 0 .18 (0.000,0.000,0.153) 0.82 81.72 (0.000, 0.010, 0.032)
Wash. Nuclear2 0 29 (0.000, 0.000,0.098) 0.79 89.19 (0.000, 0.009, 0.029)
Waterford 3 0. 22 . (0.000, 0.000, 0.127) . 0.81 84.57.  .(0.000, 0.009, 0.030)
Wolf Creek 0 24 (0.000, 0.000, 0.117) 0.80 85.93 (0.000, 0.009, 0.030)
Zion 1 0 38 - (0.000, 0.000, 0.076) 0.77 - 9466  (0.000, 0.008, 0.026)
Zion 2 0 20 (0.000,0.000,0.139) 0.81 83.16 (0.000, 0.010, 0.031)
RG-1.108 v L ‘ A
Population 19 1545 (0.008, 0.012, 0.018 0.88 70.20 (0.000, 0.012, 0.039)*

a. The middle number is the maximum likelihood estimate, f/d, and the end numbers form a 90% confidence
interval.

b. The middle number is the Bayes mean, a/(a +b), and the end numbers form a 90% interval.
¢. This confidence interval is too short, because it assumes no variation between plants.

d. This empirical Bayes interval models the substantial variation between plants, but not the randomness of events
within a plant.
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Table C-5. Probablhg; of CCF by manufacturer (based on RG-1.108 plant data).

90% confidence Beta distribution ~~ ~  Empirical Bayes
, Plant _ ; f d interval® Alpha _ Beta mean and 90% interval®
~ ALCO Power 1 25  (0.002, 0.040, 0.176) 0.88  59.54 (0.001, 0.015, 0.045)
Cooper Bessemer 1 82  (0.001, 0.012, 0.057) 2.42 192.73 (0.003, 0.012, 0.028)
" Electro Motive 0 73 (0.000,0.000,0.040) 091 9038 - (0.000, 0.010, 0.031)
Fairbanks 0 85  (0.000, 0.000, 0.035) - 077 7870 (0.000, 0.010, 0.032)
" Morse/Colt S ‘
Nordberg Mfg. 0 14 (0.000, 0.000, 0.193) 1.83 152.26 (0.002, 0.012, 0.029)
. Transamerica 2 47 (0.008,0.043,0.128) ° 0.54 3243 - (0.000, 0.017, 0.061)
Delaval : : . : - .
- Worthington Corp. 0 10 (0.000, 0.000, 0.259) - 1.81 148.68  (0.002, 0.012, 0.029)
" RG-1.108 L o
Population 4 33  (0.004, 0.012, C. 027)" 375 297.55 (0 004, 0. 012 0.024)!

‘a. The nuddlc number is the maxxmum likelihood esumatc, ﬂd’ and the end numberl form a 90% confidence interval.
b. The middle number is the Bayes mean, a/(a+b), md the end numbers form s 9095 interval,

¢. This confidence interval is too short, because it usumcs no variation betwecn manufacturcn

d. This empirical Bayes interval models the substantial variation between manufacturers, but not the mndomneu of events
within & manufacturers.
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Table C-6. Hourly failure rates for FTR; (the early period 0 to 0.5 h), by plant (RG-1.108 plants).

C-17

- Gamma distribution Empirical Bayes mean

Plant Failures . Demands* Alpha Beta and 90% interval®
Arkansas 2 0 -9 0.25 14.37 (0.000, Q.017, 0.084)
Braidwood 1 0 12 0.25 15.86 (0.000, 0.016, 0.076)
Braidwood 2 0 7 025 13.35 (0.000, 0.019, 0.090)
Browns Ferry 2 0.4° 6 0.38 7.72 (0.000, 0.050, 0.210)
Byron 1 0 10 0.25 14.87 (0.000, 0.017, 0.081)
Byron 2 0 12 0.25 15.86 (0.000, 0.016, 0.076)
Callaway 0 10 0.25 14.87 (0.000, 0.017, 0.081)
Catawba 1 0 10 0.25 14.87 (0.000, 0.017,.0.081)
Catawba 2 0 11 0.25 15.37 (0.000, 0.016, 0.078)
Clinton 0 -9 0.25 14.37 (0.000, 0.017, 0.084)
Comanche Peak 1 0 12 0.25 15.86 (0.000, 0.016, 0.076)
Comanche Peak 2 0 0 0.25 9.79 (0.000, 0.025, 0.123)
Cook 1 0 10 0.25 14.87 (0.000, 0.017, 0.081)
Cook 2 0 12 0.25 15.86 (0.000, 0.016, 0.076)
Diablo Canyon 1 1 15 1.10 15.23 (0.005, 0.072, 0.209)
Diablo Canyon 2 0 16 0.25 17.76 (0.000, 0.014, 0.068)
Farley 1 0 16 - 0.25 17.76 (0.000, 0.014, 0.068)
Farley 2 0 13 0.25 16.34 (0.000, 0.015, 0.074)
Fermi 2 0 23 0.24 20.96 (0.000, 0.012, 0.057)
Grand Gulf 0 12 0.25 15.86 (0.000, 0.016, 0.076)
Haddam Neck 0 13 0.25 16.34 - (0.000, 0.015, 0.074)
Harris 0 16 0.25 17.76 (0.000, 0.014, 0.068)
Hatch 1 0 15 0.25 17.29 (0.000, 0.014, 0.069)
Hatch 2 0 8 0.25 13.87 (0.000, 0.018, 0.087)
Hope Creek 0 26 - 0.24~ 22.29 (0.000, 0.011, 0.053)
LaSalle 1 -0 9 025 14.37 (0.000, 0.017, 0.084)
LaSalle 2 0 6 0.25 12.83 (0.000, 0.019, 0.094)
Limerick 1 0 19 0.25 19.15 (0.000, 0.013, 0.062)
Limerick 2 2 16 1.67 13.25 (0.018, 0.126, 0.317)
McGuire 1 0 13 0.25 16.34 (0.000, 0.015, 0.074)
McGuire 2 2 15 -1.64 - 12,62 . - (0.018, 0.130, 0.329)
Millstone 3 0 14 0.25 16.82 - (0.000, 0.015, 0.071)
Nine Mile Pt. 2 o 17 0.25 18.23 (0.000, 0.014, 0.066)
North Anna 1 0 18 0.25 18.69 (0.000, 0.013, 0.064)
North Anna 2 0 13 0.25 16.34 (0.000, 0.015, 0.074)
Palo Verde 1 0 17 0.25 18.23 (0.000, 0.014, 0.066)
Palo Verde 2 0 18 0.25 18.69 (0.000, 0.013, 0.064)
Palo Verde 3 0 11 0.25 15.37 (0.000, 0.016, 0.078)
- Perry ‘ 0 10 0.25 14.87 (0.000, 0.017, 0.081)
- River Bend 0 10 0.25 14.87 (0.000, 0.017, 0.081)
Salem1 -0 24 0.24 21.41 (0.000, 0.011, 0.056)
Salem 2 2.8¢ 22 1.66 10.92 (0.021, 0.152, 0.382)
San Onofre 2 0 15 0.25 17.29 (0.000, 0.014, 0.069)
San Onofre 3 0 ' 16 0.25 17.76 (0.000, 0.014, 0.068)
Seabrook 0 9 0.25 14.37 (0.000, 0.017, 0.084)
Sequoyah 1 0 14 0.25 16.82 (0.000, 0.015, 0.071)
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Table C-6. (continued).

o . -Gamma distribution -~ . Empirical Bayes mean

~ Plant Faxlures : Demands -Alpha Beta and 90% interval®
. Sequoyah2 -~ 0 13 025 16.34 . (0.000, 0.015, 0.074)
. South Texas 1 0 25 024  21.85 (0.000, 0.011, 0.054)
South Texas 2 1.4° 17 1.18 12.80 (0.007, 0.093, 0.261)
- St. Lucie 1 0 11 0.25 15.37 (0.000, 0.016, 0.078)
- .8t. Lucie2 - 0 11 0.25 15.37 (0.000, 0.016, 0.078)
- Summer 0 17 025 1823 (0.000, 0.014, 0.066)
‘Susquehanna 1 0 12 0.25 15.86 (0.000, 0.016, 0.076)
Susquehanna 2 0 7 0.25 13.35 (0.000, 0.019, 0.0950)
Turkey Point 3 0 14 025 16.82 (0.000, 0.015,0.071)
- Turkey Point 4 0 13 0.25 16.34 (0.000, 0.015, 0.074)
- Vogtle 1 1 14 1.0 14.60 (0.005, 0.074, 0.216)
- Vogtle 2 0 10 0.25 14.87 (0.000, 0.017, 0.081)
. Wash. Nuclear 2 0 15 025 17.29 (0.000, 0.014, 0.069)
- Waterford 3 0 12 0.25 15.86 (0.000, 0.016, 0.076)
- Wolf Creek 0 14 0.25 16.82 (0.000, 0.015, 0.071)
Zion1 1 20 1.15 18.32 (0.004, 0.063, 0.179)
Zion 2 0 10 025 14.87 (0.000, 0.017, 0.081)

RG-1.108 . :

Population 11.6 844.0 0.25 9.79 (0.000, 0.025, 0.123)

&. Demands from unplnnned and cyclic surveillance tests.

b. The mxddle number is the Bayes mean, a/b, md the end numbers form a 90% interval.

c. The time of one failure was completely unknown The failure was given a subjective probablhty of 9/23 of
having occurred in the first half hour, because of the 23 failures with known times on cyclic tests, 9 occurred in

the first half hour. See Section A-2.1.5.

d. The time of one event (two failures) was completely unknown. The event was treated in the same manrer as the
uncertain Browns Ferry event. See Section A-2.1.5.

e. The time of one failure was before 14 hours, but otherwise unknown The failure was given a subjective
probability of 9/22 of having occurred in the first half hour, because of the 22 failures thh known tlmes < 14
1 hours on cyclic tests, 9 occurred in the first half hour. See Section A-2.1.5.
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Table C-7. Hourly failure rate for FTR,, (the middle period 0.5 to 14.0 h), by plant (RG-1.108
plants). o . ~

‘ © . . Gamma distribution .. Empirical Bayes mean
Plant Failures Demands® - Alpha  Beta and 90% interval®
Arkansas 2 0 LRI - 0.24 245.32 (0.000, 0.001, 0.005)
Braidwood 1 0 8 - 024 245.32 (0.000, 0.001, 0.005)
Braidwood 2 .- 0 S | 0.24 232.60 : (0.000, 0.001, 0.005)
Browns Ferry 2 0.6° 56 - 0,60 158.52 (0.000, 0.004, 0.014)
Byron 1 0 10 0.24 270.56 (0.000, 0.001, 0.004)
Byron 2 0 10 024 270.56 (0.000, 0.001, 0.004)
Callaway 0 9 0.24 257.97 (0.000, 0.001, 0.005)
Catawba 1 0 9 0.24 257.97 (0.000, 0.001, 0.005)
Catawba 2 0 11 0.24 283.09 (0.000, 0.001, 0.004)
Clinton 0 9 0.24 257.97 (0.000, 0.001, 0.005)
Comanche Peak 1 0 8 0.24 245.32 : (0.000, 0.001, 0.005)
Comanche Peak 2 0 .0 0.26 143.38 (0.000, 0.002, 0.009)
Cook 1 h 0 8 0.24 245.32 (0.000, 0.001, 0.005)
Cook 2 0 10 024 270.56 (0.000, 0.001, 0.004)
Diablo Canyon 1. 0 11 0.24 283.09 (0.000, 0.001, 0.004)
Diablo Canyon 2 0 -9 0.24 25797 (0.000, 0.001, 0.005)
Farley 1 0 12 024 295.57 (0.000, 0.001, 0.004)
Farley 2 0 10 0.24 270.56 (0.000, 0.001, 0.004)
Fermi 2 0 18 0.23 369.83 (0.000, 0.001, 0.003)
Grand Gulf 0 12 0.24 295.57 (0.000, 0.001, 0.004)
Haddam Neck 0 8 0.24 - 245.32 (0.000, 0.001, 0.005)
Harris 0 10 024 270.56 (0.000, 0.001, 0.004)
Hatch 1 0 15 0.24 332.82 (0.000, 0.001, 0.003)
Hatch 2 0 8 0.24 245.32 (0.000, 0.001, 0.005)
Hope Creek 0 24 023 443.41 (0.000, 0.001, 0.003)
LaSalle 1 0 .6 0.25 219.78 (0.000, 0.001, 0.005)
LaSalle 2 0 -6 0.25 219.78 (0.000, 0.001, 0.005)
Limerick 1 0 19 0.23 382.12 (0.000, 0.001, 0.003)
~ Limerick 2 0 14 0.24 320.43 (0.000, 0.001, 0.004)
McGuire 1 0 10 - ~024  270.56 : (0.000, 0.001, 0.004)
McGuire 2 1 9 1.25  252.43 - (0.000, 0.005, 0.014)
Millstone 3 0 12 0.24 295.57 ‘ - (0.000, 0.001, 0.004)
---Nine Mile Pt. 2 2 10 2.11  247.84 - (0.002, 0.008, 0.020)
"North Anna1 =~ 0 12 0.24 29557 (0.000, 0.001, 0.004)
North Anna2 0 10 0.24 270.56 (0.000, 0.001, 0.004)
Palo Verde 1 0 10 024 270.56 (0.000, 0.001, 0.004)
Palo Verde 2 0 12 0.24 295.57 (0.000, 0.001, 0.004)
Palo Verde 3 0 8 0.24 245.32 (0.000, 0.001, 0.005)
Perry 0 10 0.24 270.56 (0.000, 0.001, 0.004)
River Bend 0 8 0.24 245.32 (0.000, 0.001, 0.005)
Salem 1 0 15 0.24 332.82 (0.000, 0.001, 0.003)
Salem 2 1.1¢ 15 0.80 201.91 (0.000, 0.004, 0.013)
San Onofre 2 0 14 024 32043 (0.000, 0.001, 0.004)
San Onofre 3 0 16 0.24 345.17 (0.000, 0.001, 0.003)
Seabrook 1 6 1.20 203.18 (0.000, 0.006, 0.017)
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Table C-7. (continued).

Gamma distribution  Empirical Bayes mean

Plant Failures  Demands* Alpha  Beta and 90% interval®
Sequoyah 1 0 6 025 219.78 (0.000, 0.001, 0.005)
Sequoyah 2 0 10 0.24 270.56 (0.000, 0.001, 0.004)
South Texas 1 0 14 0.24 320.43 (0.000, 0.001, 0.004)
. South Texas2 26 . 7.6 221 179.33 (0.002, 0.012, 0.028)
St. Lucie 1 1 - 10 1.26  268.30 (0.000, 0.005, 0.013)
St. Lucie 2 0 9 0.24 257.97 (0.000, 0.001, 0.005)
Summer 0 10 024 270.56 (0.000, 0.001, 0.004)
Susquehanna 1 2 12 2.17 281.62 (0.002, 0.008, 0.018)
Susquehanna 2 0 7 024 232.60 (0.000, 0.001, 0.005)
Turkey Point 3 0 10 0.24 270.56 (0.000, 0.001, 0.004)
“Turkey Point 4 - 0 8 024 24532 (0.000, 0.001, 0.005)
Vogtle 1 0 10 0.24 270.56 (0.000, 0.001, 0.004)
~Vogtle 2 0 8 024 245.32 (0.000, 0.001; 0.005)
- Wash. Nuclear 2 1 14 1.28 329.72 (0.000, 0.004, 0.011)
" Waterford 3 1 10 - 1,26 268.30 (0.000, 0.005, 0.013)
Wolf Creek 2 10 2.11 247.84 (0.002, 0.008, 0.020)
Zion 1 0 17 0.23 357.51 (0.000, 0.001, 0.003)
Zion2 0 10 0.24 270.56 (0.000, 0.001, 0.004)

RG-1.108 '

. Population 15.3 654.4 0.26 143.38 (0.000, 0.002, 0.009)

4. Demands from cyclic surveillance tests only.

b. The middle number is the Bayes mean, a/b, and the end numbers form a 90% interval.

c. The time of one failure was completely unknown. The failure was given a subjective probability of 13/23 of

having occurred in the 0.5- to 14.0-h period because, of the 23 failures with known times on cyclic tests, 13
occurred in the 0.5- to 14.0-h period. See Section A-2.1.5. The average number of demands also is not an integer
because of uncertainty about whether the failure occurred in the first period, and hence reduced the number of

demands for FTR,,. .

d. The time of one event (two failures) was completely unknown. The event was treated in the same manner as the

uncertain Browns Ferry event. See Section A-2.1.5.

¢. The time of one failure was before 14 hours, but otherwise unknown. The failure was given 2 subjective
_probability of 13/22 of having occurred in the middle run period because, of the 22 failures with known times

< 14 hours on cyclic tests, 13 occurred between 0.5 and 14 hours into the test. See Section A-2.1.5.
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C-2. INVESTIGATIQN OF RELATION TO PLANT LOW-POWER
"~ LICENSE DATE

The possibility of a trend in EDG train performance with plant age as measured by a plant's low-
power license date was investigated. This evaluation was performed for unreliabilities, for the rate of
unplanned demands, and for the ratgoffa:!ures

Table C-9 shows the EDG unreliability by plant for the RG-1.108 plants, along with the plant
low-power license ‘date. The details of calculating the plant-specxﬁc unreliabilities deserve some
attention. The unreliabilities calculated for Section 3.1.2 of the main report are not used because the
failure probabxlmes for four of the seven failure modes in the calculation were generic, not plant-
specific. Therefore, the trend- study estimates were obtained as described in Sect:on A-2.1.4. First, the
RG-1.108 population. data for a failure mode were pooled and a diffuse prior with the RG-1.108

population mean (more specxﬁcally, a constrained noninformative prior) was formed for each failure

mode. For each plant, each of these priors was updated with plant-specific failures and demands from

the study period to obtain plant-specific posterior distributions for each failure mode. The resulting

" updated distributions were combined for each plant as described in Sections A-2.1.5 and A-2.2 to yield
plant-speclﬁc unrehabxhtles for EDG that were very sensitive to the plant data.

A simple approach for seekmg trends is to plot the plant-specxﬁc unrehablhty agamst the plant
low-power license date. Such a plot is shown in the main body of this report, with 90% uncertainty bars
plotted vertically. The 90% intervals were not used in the trend calculations, but are shown as a matter
of interest. Linear regression (least squares fitting) was used to see if there was a trend, here and in the
work described in the next section. A straight line was fitted to the unreliability (shown as dots in the
plot), and a straight line was also fitted to log(unreliability). The log fit was selected if it accounted for
substant:ally more of the variation, as measured by R?, or if it were needed to produce a plot with
regression confidence limits greater than zero..If the simple model fit as well as the log model, the
simple model was chosen for simplicity.

The regression-based confidence band shown as dashed lines on the plots applies to every point of
the fitted line simultaneously.’The methodology for the confidence bounds was developed by Working,
Hotelling, and Scheffé, and is described in References C-1 and C-2 as well as many other statistics
books that treat lincar regression. The regression line as a whole lies within the band with 90%

confidence when the data being plotted are normally distributed.

The slope of the trend line was not statistically significant for the unreliabilities or the logs of the
unreliabilities. :

The above result used only those failures that occurred during unplanned demands and cyclic
surveillance tests, for which demand counts are available. To make use of all the data, the plant-specific
rate of failures per diesel per calendar year for the study period was estimated. Rates were also
- - estimated for unplanned demands. The simplest normalizing technique was used: the rate for a plant

- 'was estimated as the quotient (number of events)/(number of calendar years in the study for the plant
times the number of diesel generators), with calendar time estimated as described in Section A-1.2.3 of
) Appendlx A. Mamtenance out of semce events were excluded from the failure rate assessment.

As with the unreliabilities, plant-specific rates were plotted against the plant low-power license

date and a trend line was fitted to rate and to log(rate). For both failure and demand rates, use of log
models was necessary to avoid negative regression prediction limits. For log models of rates, a
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refinement to the methodology helps stabilize the simultaneous confidence intervals. The method,
described in the Example 2: Poisson Regression sectlon of Ref. C-2, weights the log rates inversely

according to their variances.

An additional detail of the methodology deserves mention. The log model cannot be used directly

" when a rate is zero. Rather than simply use an (arbitrary) fraction of a failure or demand divided by

exposure time to estimate a non-zero rate for these cases, all the data for a particular rate were adjusted

uniformly. The constrained noninformative prior distribution (see Section A-2.1.4) with a mean value

equal to the RG-1.108 population mean for the rate (total event count plus 0. 5 divided by total time)

~ was used as a prior distribution and updated with plant-specific data. The resultmg plant-specific mean

was used for the rate. Tt was strictly positive, and therefore its logarithm was defined. For the EDG train

rates, this adjustment effectively added approximately 0.5 to each failure count and, depending on the

" rate under consideration, between 1.3 and 2.4 years to each exposure time. This process, explained

- further in Section A-3, results also in the calculation of 90% Bayesmn uncertamty bounds for mh rate.
Th&scboundsarcshownmtheplotsasamatterofmterwt . Co

“Tests for variation between ‘plants for both failure rates and unplanned demand rates show
significant variation in both cases. The P-values for the chi-square tests were less than 0.0001.
However, the only significant trend with respect to plant age was with the plant failure rates. A
significant trend (P-value=0.0070) was found in the failure rate as a function of plant age. The rate

© tends to be hlghcr for the newer plants. No trends were found with unplanncd demands o
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(RG-1.108 plants).

Table C-9. Plant-speéiﬁc ﬁnreliabiiity' based on constrained noninformative priors and a 24-hour
mission time, by low-power license date

Low-power Bayes mean

Plant license date and 90% interval

Haddam Neck 06/30/67 (0.001, 0.038, 0.129)
Turkey Point 3 07/19/72 (0.001, 0.034, 0.114)
Turkey Point 4 - 04/10/73 (0.001, 0.031, 0.104)
Zion'1 10/19/73 (0.001, 0.037, 0.122)
Zion 2 - 11/14/73 (0.008, 0.102, 0.275)
Browns Ferry 2 08/02/74 (0.001, 0.044, 0.138)
Hatch 1 10/13/74 (0.001, 0.039, 0.130)
Cook'1. - 10/25/74 (0.001, 0.037, 0.123)
St. Lucie 1 03/01/76 (0.001, 0.042, 0.134)
Salem1 " - 12/01/76 (0.000, 0.030, 0.102)
Farleyrl o 06125177 (0.001, 0.035, 0.121)
Cook 2 - 7 12/23/77 - (0.001, 0.038, 0.129)
North Anna 1 -~ 04/01/78 - (0.000, 0.035,.0.120)
Hatch 2 - 06/13/78 (0.001, 0.041, 0.133)
Arkansas 2 - - 09/01/78 (0.001, 0.040, 0.133)
Sequoyah 1 - 02/29/80 ~ (0.001, 0.035, 0.116)
North Anna 2 04/11/80 (0.001, 0.036, 0.122)
Salem 2 04/13/80 (0.001, 0.041, 0.126)
Farley 2 10/23/80 (0.001, 0.040, 0.131)
McGuire 1 06/12/81 (0.001, 0.036, 0.122)
Sequoyah 2 06/25/81 (0.001, 0.034, 0.115)
San Onofre 2 02/16/82 (0.001, 0.039, 0.130)
LaSalle 1 04/17/82 (0.010, 0.065, 0.156)
Grand Gulf 06/16/82 (0.001, 0.039, 0.131)
Susquehanna 1 07/17/82 (0.001, 0.044, 0.137)
Summer 08/06/82 (0.001, 0.033, 0.109)
San Onofre 3 11/15/82 (0.001, 0.039, 0.130)
McGuire 2 03/03/83 (0.012, 0.068, 0.160)
St. Lucie 2 04/06/83 (0.004, 0.050, 0.137)
Diablo Canyon 1 11/08/83 (0.001, 0.040, 0.131)
LaSalle 2 -12/16/83 - (0.001, 0.041, 0.134)
Wash. Nuclear 2 12/20/83 (0.001, 0.041, 0.133)
Susquehanna 2 03/23/84 (0.005, 0.056, 0.150)
Callaway 06/11/84 (0.014, 0.109, 0.266)
Limerick 1 10/26/84 (0.003, 0.048, 0.139)
Byron 1 10/31/84 (0.009, 0.066, 0.160)
Catawba 1 12/06/84 (0.010, 0.067, 0.162)
Waterford 3 12/18/84 (0.001, 0.038, 0.125)
Palo Verde 1 12/31/84 (0.001, 0.029, 0.095)
Wolf Creek 03/11/85 (0.001, 0.039, 0.121)
Fermi 2 03/20/85 (0.006, 0.053, 0.139)
Diablo Canyon 2 04/26/85 (0.004, 0.044, 0.119)
River Bend 08/29/85 (0.001, 0.038, 0.130)
Millstone 3 11/25/85 (0.000, 0.037, 0.128)
Palo Verde 2 12/09/85 (0.001, 0.030, 0.098)
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Table C-9. (continued).

Low-power. -~ - Bayesmean =
Plant - license date - - and 90% interval
Catawba 2 02/24/86 (0.004, 0.052, 0.145)
Perry ) ' 03/18/86 , (0.001, 0.040, 0.132)
Hope Creek 04/11/86 (0.000, 0,033, 0.118)
Clinton : 09/29/86 , (0.004, 0.054, 0.147)
Harris 10/24/86 (0.001, 0.031, 0.104)
Nine Mile Pt. 2 10/31/86 (0.010, 0.086, 0.217)
Byron 2 : 11/06/86 (0.001, 0.036, 0.122)
Vogtle1 ~ - 01/16/87 (0.001, 0.041, 0.133)
Palo Verde 3 < 03/25/87 (0.001, 0.035, 0.116)
Braidwood 1 . 05/21/87 (0.001, 0.036, 0.122)
South Texas 1 : 08/21/87 (0.002, 0.044, 0.130)
Braidwood 2 12/18/87 (0.004, 0.054, 0.148)
South Texas 2 - 12/16/88 (0.002, 0.042, 0.126)
Vogtle 2 ‘ 02/09/89 (0.001, 0.037, 0.123)
Seabrook - : 05/26/89 (0.001, 0.040, 0.127)
-Limerick 2 07/10/89 (0.001, 0.043, 0.136)
Comanche Peak 1 02/08/90 (0.001, 0.033, 0.110)

Comanche Peak 2 02/02/93 (0.001, 0.044, 0.139)
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- C-3. ANALYSIS BY YEAR, 1987-1993

The analyses of Section C-2 were modified to evaluate if there was a time trend during the period
of the study (i.e., through calendar txme) Unreliability was considered as well as failure rates and
unplanned demand rates.

Table C-10 shows the unrehablhtyestlmated by year. The estimates are obtained by pooling the
data from all the RG-1.108 plants during any one calendar year and updating the constrained
noninformative prior described in Section A-3 for each failure mode with data from each year. Main-
tenance, failure to start, and the three FTR probabilities are included, as well as recovery from failures
to start and from failures to run. Shutdown data were excluded in the estimation of the maintenance out
of service probability. The failures used to estimate the unreliability were those for which failure
opportunities (demands) can be counted. The linear model method to test for a trend was the same as
described in Section C-2, except that the time variable was calendar year instead of low-power license
date. The linear model was selected in preference to the logarithmic fit, but the slope of the trend is not
statistically significant. That is, there was no trend in unreliability during the study period.

Rates for each calendar year were also analyzed by pooling the data from all the RG-1.108 plants
during each calendar year. The counts were normalized by the number of diesel years of data associated
with each calendar year for the RG-1.108 plants. A total of 952.5 diesel years of data were involved in
these rate assessments. Maintenance events (MOOS) were excluded from the failure rate evaluation. No
Bayesian adjustment was required to account for zero rates. The fitted line and its regression limits were
not found to be negative, o linear rather than logarithmic fits were selected.

The results dfthciateb.nzlyses areShownmmambodyofthcreport The individual rate bounds
shown for information are 90% confidence limits based on-a constant occurrence rate in time. A
chi-squared test shows that failure rates per diesel year differ significantly from one year to the next in
the study period. However, no trend was found in the fdilure rates.

, Calendar year trends show, pa.rt:cularly in the unplanned demand rate per plant year a statxstlcally
significant trend, which was found to be decreasing (P-value=0.0058). The trend was less significant
when the data were normalized per diesel year (P-value=0.0771). Overall, the unplanned demand rates
from year to year were more sunﬂarthanthefadure rates. The slope of the trend line when normalized
by plant year rather than diesel year was significantly different from zero, but it was not large. Chi-
square tests for differences in the unplanned demand rates per diesel year and per plant year found no
significant differences.
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Table C-10. Year-specific unreliability based on constrained noninformative priors and a 24-hour
mission time. '

: . Bayes mean .
Year and 90% interval -
87 (0.003, 0.031, 0.082)
88 (0.015, 0.045, 0.088)
8 . (0.007, 0.060, 0.151)
.90 .~ (0.003, 0.031, 0,081)
91 . (0.016, 0.059, 0.121)
93 . (0.008,0.062,0.157) . . -

C-4 RESULTS FOR NON-RG-1 108 PLANTS

For the main analysns descnbed in this report, only plants reporting according to Regulatory Guide

1.108 were included. Only for these plants were data for single-diesel failures on cyclic surveillance

- tests available. Comments on the statistical analysis ﬁndmgs from tests on unplanned demand data that
mclude all plants having dxesels follows . :

C-4 1 Faslure Mode Companson

F.arly in the study, tests for differences between RG-1.108 plants and non-RG-1.108 plants were
conducted for each failure mode. Three failures on unplanned demands (one failure to start and two self-
initiated failures) were excluded because they could not occur during operations. These failures all
-occurred at non-RG-1.108 plants. For the early failure to run mode, with uncertain counts in three
events due to unknown failure times, the average numbers of failures and demands were used in the
chi-square tests. For all the modes that were used in the unreliability analysis, no significant differences
in data from the two groups of plants were found. Of course, the middle and late failure to run modes
were not included in these tests, since only cyclic test data were used for these analyses Furthermore,
differences may exist that were not detected in the statistical tests. The data are sparse in several cases,

~and the completeness of even the unplanned demand data for the non-RG-l 108 plants is hard to
ascertain.

The maintenance out of service failure mode deserves further dlscussmn While no dlfferences
were observed during operational periods, which were used for the unreliability analysis, significant
differences were noted for shutdown periods. The non-RG-1.108 plants experienced 21 failures out of
82 unplanned demands during shutdown periods. The RG-1.108 reporting plants experienced 8 failures
in 83 demands. Fisher’s exact test for this difference has a p-value of 0.018, indicating that the
nonreporting plants have a higher outage probability during shutdown periods. Variation between plants
exists for shutdown MOOS probabilities among the non-RG-1.108 plants.

The data for recovery from failure to start and from failure to run are sparse, regardiess of
whether the RG-1.108 plant data are included. Therefore, no statistically significant differences were
noted. The results are somewhat different; however for the two groups of plants. For recovery from
failure to start the point estimate among RG-1.108 plants is 1.0 for the probability of failure (2 recovery
failures out of 2 unplanned demand failures), while it is 0.5 for the non-RG-1.108 plants (1 out of 2).
Conversely, for recovery from failure to run, the point estimate of the probability of failure to recover is
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0.0 for the RG-1.108 plants and 1.0 for the non-RG-1.108 plants. The sole failure to recover from
failure to run occurred at a non-RG-1.108 plant.

C-4.2 Unreliability .COmpaﬁsan'

No empirical Bayes distributions for unreliability analysis were found using data from just
non-RG-1.108 plants. The unplanned demand data for these plants were too sparse. No mode used in
the unreliability analysis had more than two failures. Unreliability estimates were constructed for
comparison with other plants using simple Bayes distributions based on the pooled data that reflects
sampling variation only. With just one failure to run among these data, the failure to run probability
was not split into three time periods as with the data that included cyclic surveillance tests. The results
of the comparisons are in the main text.

C-4.3 Trend Analysis Comparisons

The total data were analyzed for trends by low-power license date and calendar year using both
the cyclic test data from RG-1.108 plants and the unplanned demand data from all the plants. The
results were the same as for the RG-1.108 plants. In 1532.7 diesel years of data, significant differences
were found between plants for overall failure rates per year and unplanned demand rates by plant year
and by diesel year (the P-values were <0.0001 in every case). Increasing trends were observed in the
failure rates, with a P-value of 0.0001.

Similarly, the addition of unplanned demand data for the non-RG-1.108 plants had little effect on
the analysis by calendar year. Significant between-year differences were found for the failure rates
(P-value=0.0014). Decreasing trends were found for the unplanned demand rates when normalized by
plant year (P-value=0.01); the P-value was 0.0408 when normalized by diesel year. No other trends or
significant differences were found in the calendar time analysis.
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