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FOREWORD

In its "Policy Statement on Severe Accidents Regarding Future Designs and Existing Plants,” the U.S. Nuclear
Regulatory Commission (NRC) formulated an approach for systematic safety examination of existing plants. The
purpose of this examination was to study particular accident vulnerabilities and desirable, cost-effective changes to
ensure that the plants do not pose any undue risk to public health and safety. To impiement this approach, the
Commission issued Generic Letter 88-20, requesting that all licensees perform an Individual Plant Examination (IPE)
“to identify any plant-specific vulnerabilitics 1o severe accidents and report the results to the Commission "

In concert with the objectives of the policy statement, a memorandum from the Deputy Executive Director for
Nuclear Reactor Kegulation, Regional Operations and Research to the Office of Nuclear Regulatory Research, dated
May 12. 1993, recommended that the NRC “publish a world-class document highlighting the significant safety
insights resulting from this program and sho wing how the safety of reactors has been improved by the IPE initiative "
This draft report fulfills that recommendation by documenting the insights gained by reviewing the IPE submittals.
As such, this report provides perspectives on the following major objectives:

. the impact of the IPE program on reactor safety

- the number and type of vulnerabilities or other safety issues that have been identified, and the
related safety enhancements that have been implemented

- the impact that the improvements have had on plant safety
- whether any of the improvements have generic implications for all or a class of plants

. plant-specific features and assumptions that play a significant role in core damage frequency (CDF)
estimation and containment performance analysis

— the important design and operational features that affect CDF and containment performance, with
regard to the different reactor and containment types

— the influence of the IPE methodology and assumptions on the results, with regard to the different
reactor and containment types

- the significant plant improvements in reducing CDF and increasing containment performance, with
regard to the different reactor and containment types

. the importance of the operator's role in CDF estimation and containment performance analysis
— operator actions that are consistently important in the IPEs
— operator actions that are important because of plant-specific characteristics
- the influence of medeling assumptions and different methodologies on the results

. IPEs with respect to risk-informed regulation

xxi NUREG-1560, Draft



Foreword

-— the quality of the IPEs, compared to a quality probabilistic risk assessment and, therefore, the
potential role of the IPEs in risk-informed regulation

In addition to the above objectives, this report provides perspectives on the following items:

. the implication of the IPE results relative to the current risk level of U.S. plants compared with the
Commission's Safety Goals

. the improvements that have been identified as a result of the station blackout rule and analyzed as part of
the IPE, and the impact of these improvements on reducing the likelikood of station blackout

. the results of the IPEs compared with the perspectives gained from NUREG-1150

As noted above, the perspectives presented in this report are derived frcm results presented solely in the IPE
submittals. Consequently, comments on the interpretation and accuracy of the IPE results as presented in this report
are particularly important. All comments should be addressed in writing within 90 days to:

Mary Drouin

Office of Nuciear Regulatory Research
U.S. Nuclear Regulatory Commission
MS TIOESO

Washington, DC 20555

This report will be revised on the basis of comments received. The final version of this report is expected to be

issued n 1997,

M. Wayne Hodges Director
Division of Systems Technology
Office of Nuclear Regulatory Research

NUREG-1560, Draft XXii
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! REPORT ORGANIZATION
L

| As a result of Generic Letter 88-20, the U S. Nuclear Regulatory Commission received 75 separate [PE submittals

covering 108 nuclear units, each submittal containing a wealth of information. Table | lists the general type of
information contained in a single submittal.

Table 1 General information contained in IPE submittals.

Core damage frequency gener

al information Containment analysis general information

Plant design and operational information (e.8.,
system operation, function, dependencics,

Plant design and operational information (eg.,
cavity geomelry, containment strength, spray

configuration) operation)
* Analysis scope, boundary conditions, data, * Analysis scope. boundary conditions, data.
assumptions, models, methods assumptions, models, methods

Core damage frequency

Initiating events and frequencies

Success critena

Operator actions and failure probabilities
Equipment failure probabilities

Accident sequence results

CDF and accident sequence dominant contributors
Plant vulnerabilities and improvements

Plant damage states and frequencies
Containment event trees

Containment failure frequencies
Containment failure modes and mechanisms
Radionuclide release frequencics
Containment failure contributors

Munigating systems

Containment performance improvements
Plant vulnerabilities and improvements

L I I
L I I O

ee——

In examining the information from the IPE submittals, the staff adopted the following viewpoints:

impact of the IPE Program on reactor safety

reactor and containment design and operational perspectives
IPEs with respect to risk-informed regulation

additional IPE perspectives

The report is arranged in five parts. Part | provides an overail summary of the key perspectives gained in each of
the above areas. Parts 2 through § provide a more in-depth discussion of the perspectives gained by reviewing the
[PE submittals. The contents of these parts and associated chapters (as shown in Figure 1) are described .n more
detail below.

Glossary and Index —

Many terms used in this report are dependent on the technical context and, therefore, can vary in definition.
Glossaries are provided at the end of Volumes | and 2 to aid the reader in understanding the specific meaning of
cach term as used in this report.

In addition, the staff anticipates that this report will be used by many different readers, each with different interests
To further aid the reader, the staff has provided an index to quickly point the reader to specific items of interest.
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Part I, SUMMARY REPORT
Individual Plant Examinations
Perspectives on Reactor Safety and
Plant Performance

The number and type of vulnerabiliues and the subsequent associated safety
enhancements, the impact of plant vulnerabilities and umprovements oo plant

safety, wdentificaton of genenc plant improvements, and containment performance
IMprovemen iy

The influence of plant de _. and operation versus analysis data, assumptions,
models aad scope on the vanability of the [PE results among and within the
different classes of plants (reactor types and containment types), and understanding
the key plant {eatur: s and opevator actiots und plant improvements in prevesting
and sutgating core damage and ndioouchde relcases

The role of the [PEs in nak-infoemed regulation, including the characteristics of
a quality PRA, how the IPEs compare with these attributes for a quality PRA,
and the himited staff review of the [PE submuttals

Othe: perspectives that can be guned from the [PE results, including inferences
regurding the Commussions’s safety goals, the impact of the station blackout rule
on core damage, and the NUREG-1150 perspectives compared 10 thase of the

[PEs
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Volume 1, Part 1 — Summary Report
Part | is a single-volume report divided into eight chapters, as follows:

. Chapter | serves as an introduction, providing background information; discussing the objectives of the IPE
Insights Program; presenting the scope, limitations, and general comments regarding the program; and
serving as a roadmap to the remainder of the document.

. Chapter 2 summarizes the key perspectives on the impact of the IPE program on reactor safety. Chapter 2
is divided into three sections as follows:

- Section 2.1 discusses the plant vulnerabilities and their impact on reactor safety (as
reported by licensees). aiong with any generic implications.

— Section 2.2 discusses plant improvements and their impact on reactor safety (as reported
by licensees) along with any generic implications.

—- Section 2.3 discusses plant-specific containment performance improvements identified by
licensees.

. Chapter 3 a summarizes the key perspectives regarding plant-specific features and assumptions that play a
significant role in CDF. For each reactor class, this chapter discusses the key design and operational
features that affect CDF, as well as the impact and influence of methods and assumptions on CDF results,
and the significant improvements affecting CDF on a core damage accident ciass basis. The key
perspectives discussed include those features, methods, and assumptions that have the greatest impact on
cavsing the variability observed in the results for the given class of plants. Therefore, Chapter 3 is divided
into sections aligned with the different classes of boiling water reactor (BWR) and pressurized water reactor
(PWR) plants as defined in Tables 2 and 3, respectively. The perspectives within the different classes are
discussed relative to the different accident classes as defined in Table 4.

. Chapter 4 summarizes of the key perspectives on the plant-specific features and assumptions that play a
significant role in the containment performance. For each containment class, this chapter discusses the key
design and operational features that affect containment performance, as well as the impact and influence of
methods and assumptions on containment performance results, and the significant improvements affecting
containment performance on a containment failure class basis. The key perspectives discussed include those
featurec, methods, and assumptions that have the greatest impact on causing the variability observed in the
resuits for the given class of plants. Therefore, the perspectives in Chapter 4 are discussed relative to the
different containment failure classes (as defined in Table 5). As in Chapter 3, Chapter 4 is also divided into
sections with the perspectives provided for the different BWR and PWR containment classes as defined in
Tables 6 and 7, respectively. In addition, this criteria discusses perspectives on the reported radionuclide
releases resulting from containment bypass or early containment failure
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Table 2 Summary of BWR plant classes and associated nuclear

power plants.

IPE submittals

* Big Rock Poimt * Dresden 2&3 Millstone | * Nine Mile Point |
¢ Oyster Creek

BWR 17273
These plants generally have separate shutdown cooling and containment spray systems and a multi-loop |
core spray system. With the exception of Big Rock Point, which 1s houscd in a large dry containment, |
these plants use an isolation condenser |
* Browns Ferry 2 * Brunswick 1&2 ¢ Cooper ¢ Duane Arnold
¢ Fermi 2 *  Fuzpatrick * Hatch 1&2 * Hope Creek
* Limenck 1&2 ¢ Monticello * Peach Bottom 2&3 o Pilgrim |
* Quad Cities 1&2 ¢ Susquehanna 1&2 ¢ Vermonl Yankee

BWR 3/4
These plants are designed with two independent high-pressure injection systems, namely reactor core
isolation cooling and high-pressure coolant injection (HPCl). The associated pumps are each powered
by a steam-driven turbine. These plants also have a multi-loop core spray system and a multi-mode
residual heat removal (RHR) system that can be aligned for low-pressure coolant injection, shutdown
cooling, suppression pool cooling, and containment spray functions
* Clinton ¢ Grand Guif | * LaSalle 1&2 * Nine Mile Point 2
* Perry | * River Bend ¢ WNP2

BWR 5/6

These plants use a high-pressure coic spray (HPCS) system that replaced the HPCI system. The HPCS
system consists of a single motor-driven pump train powered by its own electrical division complete
with a designated diesel generator. These plants also have a single train low-pressure core spray
system, as well as a multi-mode RHR system similar to the system design in the BWR 3/4 group
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Babcock &
Wilcox
(R&W)

Table 3

¢ ANO |

Summary of PWR plant classes and associated nuclear
power plants,

IPE submittals

o Crystal River 3 ¢ Davis Besse * Oconee 1,2&3

s T™MI |

The B&W plants use once-through steam generators. Primary system feed-and-bieed cooling can be
established through the pressurizer power rehef valves using the high-pressure injection (HPI) system.
The HPI pump shutoff head is greater than the pressurizer safety relicf valve setpoint. Emergency
core cooling recirculation (ECCR) requires manual alignment to the containment sumps. The reactor
coolant pumps (RCPs) are generally a Byron Jackson design

Combustion
Engineering
(CE)

e ANO 2
o Millstone 2
* St Lucie 1&2

o Calvert Cliffs 1&2 ¢ Fort Calhoun |
¢ Palisades ¢ Palo Verde 1,2&3
o Waterford 3

¢ Maine Yankee
¢ San Onofre 2&3

The CE plants use U-tube steam generators with mixed capability to establish feed-and-biced cooling
Several CE plants are designed withuut pressurizer power-operated valves.  The RCPs are a Byron
Jackson design

Westinghouse | * Ginna * Kewaunee ¢ Point Beach 1&2 ¢ Praine Island 1&2
2-loop
These plants use U-tube steam generators and are designed with air-operated pressurizer rehiel valves.
Two independent sources of high-pressure cooling are available to the RCP seals. Decay heat can be
removed from the primary system using feed-and-bleed cooling. ECCR requires manual switchover
1o the containment sumps The RCPs are a Westinghouse design
* Beaver Valley | s Beaver Valley 2 ¢ Farley 1&2 ¢ North Anna 1&2
Westinghouse | ® Robinson 2 ¢ Shearon Harris | * Summer ® Surry 1&2
3-loop e ‘Jurkey Point 3&4

This group is similar in design to the Westinghouse 2-loop group. The RCPs are a Westinghouse
design

Westinghouse
4-loop

s Braidwood 1&2 * Byron 1&2 ¢ Callaway o Catawba 1&2

o Comanche Peak 1&2 » DC Cook 1&2 ¢ Diablo Canyon 1&2 ¢ Haddan: Neck

¢ [ndian Point 2 * |ndian Point 3 o McGuire 1&2 * Millstone 3

* Salem &2 ¢ Scabrook s Scquoyah 1&2 e South Texas 1&2
e Vogtle 1&2 s Watts Bar | ¢ Wolf Creek e Zion 1&2

The Westinghouse 4-loop group includes nine plants housed within ice condenser containments
Many of these plants have large refueling water storage tanks such that switchover to ECCR cither 1s
not needed during the assumed mission ime or 18 significantly delayed.  The KCPs are a
Westinghouse design
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Table 4 Definition of core damage accident classes.

Accident class definition

Transients — events that disrupt the normal conditions in the plant requiring a reactor trip with the need for
core heat removal Transient initiators include events related to the balance-of-plant (e g . turbine
t=n or loss of feedwater) and evenis associated with plant support systems fe.g., loss of service
water or loss of AC bus)
General For BWRs and PWRs, transient events follow od by failure to successfully remove core heat and bring
Transients tiie reactor 10 safe shutdown
For BWRs, this class is divided into two subclasses
(1) Transients with loss of coalant injection —
Events followed by immediate loss of all coolant injection systems reculting in core damage and
potentially containment failure
(2) Transients with loss of decay heat removal —
Events followed by initial success of coolant injection systems and immediate failure of decay heat
removal systems. Adverse environments created in the suppression pool and the containment (or
the connected building following containment venting or failure) may result in failure of coolant
injection sysiems and subsequent core damage. Containment failure can occur before the initiation
of core damage
Station Transient events that strictly involve an initial loss of offsite power followed by a failure of emergency Ii
Blackout onsite AC power. The failure of AC power results in failure of AC-dependent sysiems, leaving only
the AC-independent system available for core heat remeval
Anticipated Transient events followed by a failure to terminate the nuclear chain reaction by failing te insert the
transient contrul rods
without
scram
M“ =S |
Loss-of- == evenis that disrupt the normal conditions in the plant as a result of a breach in the primary
coolant- coolant causing a loss of core coolant inventory and lead directly to a reactor trin with the need
accidents Jfor ccre heat removal
(LOCAs)
General LOCAs that irvolve primary sysiem pipe breaks of all sizes that occur within the containment, pump
LOCAs

seal failures, and inadvertent open relief valve initiating events. (The contribution from transient
initiators with a subsequent stuck-open relief valve are included in the transient accident classes.)

Interfacing
Svstem
LOCAs

LOCAs in systems that interface with the primary system (including the emergency core cooling
systemj at locations that result 11 an open path out of the containment

Steam
Generator
Tube

Rupture

Internal
Flooding

LOCAS that involyve loss from the primary to the secondary through a ruptured sicam generator tube

= events that involve rupture of water lines or operalor errors that directly result in failure of
required mitigating systems (e g.. through loss of caoling) and/or fail other mitigating svstems as a
resull of submergence or spraying of required componenis with waier
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Foilure
mode

Table § Definition of containment failure mode classes.

Containment failure mode definition

Failure of the pressure boundary between the high-pressure reactor coolant system and a low-pressure
auxiliary system. For PWRs, bypass can also occur because the failure of the steam generator tubes, cither |
as an initiating event or as a result of severe accident conditions. [n thess scenarios, if core damage ‘
occurs, a direct path to the environment can exist,

Structural failure of the containment within a few hours of the start of core damage  Early structural
failure can result from a variety of mechanisms such as direct contact of the core debris with the
containment, rapid pressure and temperature loads, hydrogen combustion, and fuel-coolant interactions
Failures to isolate containment and vented containments are classificd as carly contaimment fatlures

Late

———
Structural failure of the containment several hours after reactor vessel failure  Late structural failure can
result from a variety of mechanisms, such as gradual pressure and temperature increases, hydrogen
combustion, and basemat melt-through by core debris. Venting containment late in an acoident s
classified as a late containment failure

Table 6 Summary of BWR containment classes and associated
nuclear power plants.

Dresden 2&3
Hatch 1&2

Cooper
Fitzpatrick

Brunswick 1&2
Fermi 2

Browns Ferry 2
Duane Arnold
Hope Creek Millstone | Monticello Nine Mile Point |
Oyster Creck Peach Bottom 2&3 Pilgrim | Quad Cities 1&2
Vermont Yankee ]

L
.« s
.« & o
. 8 o o

The Mark | containment consists of two separate structures (volumes) connected by a series of large
pipes. One volume, the dryweil, houses the reactor vessel and primary system components. The other
volume is a torus, called the wetwell, containing a large amount of water used for pressure suppression
and as a heat sink. The Brunswick units use a reinforced concrete structure with a steel tiner. Al other
Mark | containments are free-standing steel structures. The Mark | containments are inerted during plant
operation to prevent hydrogen combustion

Mark |1

» LaSalle 1&2 ¢ Limerick &2 o Nine Mile Point 2 Susquehanna 1&2
¢ WNP2

The Mark |1 containment consists of a single structure divided into two volumes by a conerete floor. The
drywell volume is situated directly above the wetwell volume and 15 connected to it with vertical pipes
Most Mark 11 containments are reinforced or post-tensioned concrete structures with a steel Liner, but
WNP 2 uses a free-standing steel structure.  These containments are also merted during plant operation (o
prevent hydrogen combustion

Mark i

¢ Clinton ¢ Grand Gulf | ¢ Pary | ¢ River Bend

The Mark 111 containment is significantly larger then Mark | and Mark Il containments, but has a lower
design pressure. [t consists of the drywell volume surrounded by the wetwell volume, with both enclosed
by the primary containment shell The drywell is a reinforced concrete structure in all Mark 1
containments, but the primary containment is a free-standing steel structure at Perry and River Bend, and
a reirforced concrete structure with steel Liner at Clinton and Grand Gulf. These containments are not
inerted but rely on igniters to burn off hydrogen and prevent significant accumulation during a severe
accident

hﬂi—v
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Table 7 Summary of PWR coniainment classes and associated
nuclear power plants,

IPE submittals

ANO |

ANO 2 Beaver Valley |

. . . ¢ Beaver Valley 2
* Big Rock Point® * Braidwood 1&2 ¢ Byron 1&2 ¢ Callaway
¢ Calvert Cliffs 1&2 ¢ Comanche Peak 1&2  Crystal River 3 * Davis Besse
¢ Diablo Canyon 1&2 o Farley 1&2 * Fort Calhoun | * Ginna
¢ Haddam Neck ¢ Indian Point 2 ¢ Indian Point 3 ¢ Kewaunee
Large dry * Maine Yankee ¢ Millstone 2 * Millstone 3 ¢ North Anna 1&2
and * Oconee 1,2&3 ¢ Palisades * Palo Verde 1,2&3  Point Beach 1&2
Sub- ¢ Prairie Island 1&2 ¢ Robinson 2 ¢ Seabrook * San Onofre 2&3
atmospheric ¢ Salem 142 ¢ South Texas 1&2 ¢ St Lucie 1&2 ¢ Shearon Harris |
* Summe * Surry 1&2 e TMI | ® Turkey Point 3&4
¢ Water * Wolf Creek ¢ Vogtle 1&2 * Zion 1&2

The large dry and subatmospheric containment group includes of 65 units, of which 7 have
containments kept at subatmospheric pressures. These containments rely on structural strength and
large internal volume to maintain integrity during an accident. Most of these containments use a
reinforeed or post-tensioned concrete design with a steel liner. A few units are of steel construction,

¢ Catawba 1&2 ¢ DC Cook 1&2 * McGuire 1&2 * Sequovah 1&2
Ice * Watts Bar |
condensers

] The ice condenser containment is a pressure suppression containment that relies on the capability of

| the ice condenser system to absorb energy released during an accident. The volumes and strength of
these containments are less than those of the large dry containments. Ice condenser containments
also rely on igniters to control the accumulation of hydrogen during an accident. Seven of the ice
condenser units have a cylindrical stegl containment surrounded by a concrete secondary containment.
The remaining two units have a concrete containment with a steel liner and lack secondary
containments

*Although Big Rock Point has a BWR, it is housed in a large dry containment; therefore, for containment classification

purposes, it is considered a PWR containment
s e e ‘M

. Chapter 5 summarizes the key perspectives on the importance of the operator's role in CDF estimation and
containment perforrnance analysis. The important human actions are discussed for both the BWRs and the
PWRs. This dis-ussion includes a description of the human actions generally important for the plants, a
summary of the differences between reactor classes, and a discussion of human actions important at only
a few plants. In addition, this chapter discusses perspectives on the variability observed in the human
actions, with emphasis on one particular operator action (as an example of causes in variability).

. Chapter 6 summarizes the key perspectives on iPEs with respect to risk-informed regulation. This chapter
is divided into four sections as follows:

- Section 6.1 summarizes the role of the IPEs.

o Section 6.2 summarizes the characteristicsthat comprise a current quality probabilisitc risk
assessment (PRA).

- Section 6.3 summarizes the comparison of the IPEs against the characteristicsof a quality
PRA.

— Section 6.4 summarizes perspectives regarding their potential role in risk-informed regulation.
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. Chapter 7 summarizes additional IPE perspectives, and is divided into three sections as follows:

-— Section 7.1 discusses the NUREG-1150" risk results in light of what can be inferred
from the IPE results relative to the Commission's Safety Goals.

— Section 7.2 discusses the plant improvements associated with specific regulations (ie.,
station blackout (SBO) rule) in light of their impact on CDF.

— Section 7.3 discusses key perspectives identified in NUREG-1150 in light of the results
from the IPE analyses.

. Chapter 8 presents overall conclusions and observations considering the various perspectives provided in
the previous chapters and the primary purposes of the IPE Insights Program to permit an understanding of
how reactor safety has been improved by the IPE initiative. In this regard, Chapter 8 provides perspectives
regarding how NUREG-1560 can be used, and is divided into four sections as follows:

Volume 2, Parts 2 through 5 —
Parts 2 through S comprise a single volume divided into ten chapters, as described below.
Part 2 — Impact of the IPE Program on Reactor Safety

Part 2 provides a more in-depth discussion of the information provided in Part |, Chapter 2, Impact of the IPE
Program on Reactor Safety. Part 2 comprises a single chapter, Chapter 9, concerning Plant Vulnerabilities and
Improvements (including containment performance improvements). Specifically, Chapter 9 summarizes the criteria
used to define vulnerabilities in the IPEs, and discusses specific vulnerabilities identified by the licensees and the
actions taken to address those vulnerabilities. This chapter also presents further discussion regarding specific
improvements identified by various licensees. Chapter 9 is divided into the following sections.

. Section 9.1, Vuinerability Definition

* Section 9.2, Plant Vulneraoilities

. Section 9.3, Plant Improvements

. Section 9.4, Containment Performance Improvements

. Section 9.5, Impact on Reactor Safety As a Result of Plant Enhancements

Part 3 — Reactor and Containment Design and Operational Perspectives

Part 3 provides a more in-depth discussion of the information in Part 1, Chapters 3, 4 and 3, regarding reactor and
containment design and operational perspectives. As such, Part 2 is divided into the following four chapters:

. Chapter 10, Background for Obtaining Reactor and Containment Design Perspectives, explains the approach
chosen to obtain the perspectives discussed in this report. In addition, this chapter makes the reader aware
of the plant and containment characteristics, as well as the boundary conditions, assessments, and

'WSNRC, “Severe Accident Risks: An Assessment for Five U.S. Nuclear Power Plants,” NUREG-1150,
December 1990.
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assumptions used in IPE modeling that can potentially affect the results reported in the IPEs. This
information will help the reader understand the specific perspectivesand insights discussed in the subsequent
chapters.

Chapter | 1, Reactor Design Perspectives, discusses the CDF perspectives relative to reactor design in greater
depth than is provided in Chapter 3. This discussion includes the dominant contributors summarized in
Chapter 3 for each accident class in each reactor class, along with discussion of other contributors to the
accident class CDFs. This chapter also provides quantitative CDF information, indicating the ranges of
reported CDFs and averages. In addition, for each reactor class, this chapter discusses the factors causing
plants to have the highest and lowest CDFs for each accident class.

Chapter 12, Containment Design Perspectives, provides additional details about the perspectives obtained
regarding the treatment and results of containment performance in the IPEs, as summarized in Chapter 4.
As such, this chapter provides further discussion of the plant-specific features and assumptions that impact
the results. In addition, this chapter presents more quantitative information, involving ranges and averages
of probabilities and frequencies of containment failure modes and releases, grouped by containment class.

Chapter |3, Operational Perspectives, provides additional perspectives regarding human actions beyond those
summarized in Chapter 5. This discussion includes the approach used to obtain the perspectives, as well
as additional detail regarding the approaches used to model human actions in the IPEs. In general, this
chapter provides more in-depth discussions for the perspectives summarized in Chapter 5 as well as more
examples. The discussion regarding the difference in important operator actions relative to reactor class is
considerably expanded in Chapter 13, which also provides more examples of the causes of variability in
important human actions.

Part 4 — IPEs with Respect to Risk-Informed Regulation

Part 4 provides a more in-depth discussion of the information discussed in Part I, Chapter 6, IPEs with Respect to
Risk-Informed Regulation, and is divided into the following two chapters:

Chapter 14 provides a detailed and explicit description of acceptable attributes of a quality PRA. These
attributes cover the entire scope of a PRA (Levels |, 2, and 3) for intenal events (excluding internal fire)
at full power. This discussion does not include the scope of a PRA covering internal fire, external events
(such as seismic) and other modes of operation (such as shutdown).

Chapter 15 provides a detailed comparison of the [PEs, collectively, against the acceptable attributes for a
quality PRA (as defined in Chapter 14). This discussion identifies where the [PEs meet the attributes and
where (and to what degree) they deviate from the attributes.

Part 5 — Additional IPE Perspectives

Part 5 provides a more in-depth discussion of the additional IPE perspectives discussed in Part |, Chapter 7, and is
divided into the three following chapters:

Chapter 16 provides a detailed description of how the IPE results were compared to the NRC safety goals
and subsidiary objectives. In particular, this chapter provides more detail concerning the approach adopted
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to infer how the IPE results might be compared to the quantitative health objectives. This comparison was
complicated because offsite risk estimates were not reported in most IPEs.

. Chapter 17 provides further information related to the impact of the SBO rule on CDFs. This information
includes details on the approach used to address the impact of the SBO rule, including a discussion of the
type of coping methods used by various plants to comply with the SBO rule. Chapter 17 also provides
further details (beyond those in Section 7.2) on the factors affecting the SBO CDF for the groups of plants
that accounted for implementation of the SBO rule in the IPEs and those that did not account for
implementation of the rule in the IPEs. In addition, this chapter presents results of regression analyses that
were performed to determine the key factors affecting the SBO CDF.

. Chapter 18 provides greater detail regarding a comparison of the IPE results with those reported in
NUREG-1150. Specifically, this chapter provides more detail on a numerical comparison of the results and
the underlying reasons for the observed differences in the CDF analyses and containment performance
assessments. In addition, this chapter contrasts the perspectives derived from the NUREG-1150 study with
those drawn from the reported [PE results.

Foece o
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AC
AAC
ADS
ADV
AEOD
AFW(S)
AMSAC
ANL
ANO
ARI
ARFS
ASEP
ATWS
BAAT
BE
BOP
B&W
BWR
BWROG
BWST
CCi
CCFP
CCw
CD
CDF
CE
CET
CVCS
CHR
CPI
CRAC
CRD
CRDHS
Cs
CSS
Cs
CST
CGCS
Cw
DC
DCH
DDT
DHR
DIS
EAC
EC
ECCR

ABBREVIATIONS

Alternating Current

Alternate AC

Automatic Depressurization System
Atmospheric Dump Valve

Office of Analysis and Evaluation of Operational Data
Auxiliary Feedwater (System)

ATWS Mitigating System Actuation Circuitry
Argonne National Laboratory

Arkansas Nuclear One

Alternate Rod Insertion

Air Return Fun System

Accident Sequence Evaluation Program
Anticipated Transient Without Scram
Battery lifetime

Basic Event

Balance of Plant

Babcock and Wilcox

Boiling Water Reactor

BWR Owners’ Group

Borated Water Storage Tank
Core-Concrete Interaction

Conditional Containment Failure Probability
Component Cooling Water

Core Damage

Core Damage Frequency

Combustion Engineering

Containment Event Tree

Chemical and Volume Control Tank
Containment Heat Removal

Containment Performance Improvement
Calculations of Reactor Accident Consequences
Control Rod Drive

Control Rod Drive Hydraulic System
Core Spray

Coutainment Spray System

Cesium

Condensate Storage Tank

Combustible Gas Control System
Circulating Water

Direct Current

Direct Containment Heating

Deflagration to Detonation Transformation
Decay Heat Removal

Distributed Igniter System

Emergency Alternating Current
Emergency Condenser

Emergency Core Cooling Recirculation

XXXV
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ECCS
EDG
ECF
ECF/B
ECT
EFW
EOF
EOP
EPG
EPRI
ESF
ESFA(S)
ESW
EVSE
FCI
FLIM
FMEA
FSAR
FWCI
GL
GE
GSl
HCR
HCU
HEP
HHSI
HIS
HPCI
HPCS
HPI
HPME
HPR
HPSI
HRA
HVAC
I

iA

IC

IE
IORV
IPE
IPEP
IREF
ISGTR
ISLOCA
kV
LOCA
LER

NUREG-1560, Draft

Emergency Core Cooling System
Emergency Diesel Generator

Early Containment Failure

Early Containment Failure or Bypass
Emergency Cooling Tower

Emergency Feedwater

Emergency Operations Facility
Emergency Operating Procedure
Emergency Procedure Guideline
Electric Power Research Institute
Engineered Safety Feature

Engineered Safety Feature Actuation (System)
Emergency Service Water

Ex-vessel Steam Explosion
Fuel-Coolant Interaction

Failure Likelihood Index Methodology
Failure Mode and Effects Analysis
Final Safety Analysis Report
Feedwater Coolant Injection

Generic Letter

General Electric

Generic Safety Issue

Human Cognitive Reliability

Hydraulic Control Units

Human Error Probability

High Head Safety Injection

Hydrogen Igniter System
High-Pressure Coolant Injection
High-Pressure Core Spray
High-Pressure Injection

High-Pressure Melt Ejection
High-Pressure Recirculation
High-Pressure Safety Injection

Human Reliability Analysis

Heating, Ventilation, and Air Conditioning
lodine

Instrument Air

Isolation Condenser

Initiating Event

Inadvertently Open Relief Valve
Individual Plant Examination
Individual Plant Examination Partnership
Individual Risk Of Early Fatality
Induced Steam Generator Tube Rupture
Interfacing System Loss-of-Coolant Accident
Kilovolt

Loss-of-Coolant Accident

Licensee Event Report
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LOOP
LOSP
NMLPCI
LLPCS
LPI
LPR
LPSI
LWR
MAAP
MFW
MOV
MSIV
MTC
NMP
MWt
NPSH
NRC
NSSS
NSW
NUMARC
ORCA
ORE
PARV
RBCCW
RCFC
RPT
RWCU
PCPL
PCS
PDS
PIV
PORYV
PRA
PSA
PSF
PWR
QHO
RAI
RCIC
RCP
RCS
RES
RHR
RHRSW
RPS
RPV
RWST
RY

Loss of Otfsite Power

Loss of Station Power

Low-Pressure Coolant Injection
Low-Pressure Core Spray
Low-Pressure Injection

Low-Pressure Recirculation
Low-Pressure Safety Injection

Light Water Reactor

Modular Accident Analysis Program
Main Feedwater

Motor-Operated Valve

Main Steam Isolation Valve
Moderator Temperature Coefficient
Nine Mile Point

Megawatt

Net Positive Suction Head

US Nuclear Regulatory Commission
Nuclear Steam Supply System

Normal Service water

Nuclear Management and Resources Council
Operator Reliability Characterization and Assessment
Operator Reliability Experiments
Power Actuated Relief Valves

Reactor Building Closed Cooling Water
Reactor Containment Fun Cocler
Recirculation Pump Trip

Reactor Water Cleanup

Primary Containment Pressure Limit
Power Conversion System

Plant Damage State

Pressure Isolation Valve
Power-Operated Relief Valve
Probabilistic Risk Analysis/Assessment
Probabilistic Safety Assessment
Performance Shaping Factor
Pressurized Water Reactor
Quantitative Health Objective

Request for Additional Information
Reactor Core Isolation Cooling
Reactor Coolant Pump

Reactor Coolant System

Office of Nuclear Regulatory Research (NRC)
Residual Heat Removal

Residual Heat Removal Service Water
Reactor Protection System

Reactor Pressure Vessel

Refueling Water Storage Tank
Reactor-Year
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SAMG
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SBO
SBOR
SDC
SEGR
SER
SG
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SGTR
SGTS
SHARP
SLC
SLCS
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TRC
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Severe Accident Management Guidehnes
Safety Analysis Report

Station Blackout

Station Blackout Rule

Shutdown Cooling

Steam Explosion Review Group
Staff Evaluation Report

Steam Generator

Steam Generator Feedwater Pump
Steam Generator Tube Rupture
Standby Gas Treatment System

Systematic Human Action Reliability Procedure

Standby Liquid Control

Standby Liquid Control System

Success Likelihood Index Methodology
Seal LOCA

Sandia National Laboratories

Stuck Open Relief Valve

Suppression Pool Cocling

Suppression Pool Makeup

Safety Relief Valve

Safe Shutdown Makeup Pump

Standby Service Water

Service Water

Top of Active Fuel

Turbine Building Closed Cooling Water
Tellurium

Time-Induced

Technique for Human Error Rate Prediction
Three Mile Island

Time Reliability Correlation

Technical Support Center

Tennessee Valley Authority

United States

Unresolved Safety Issue

Westinghouse

Washington (State) Nuclear Power, Unit 2
Vessel Breach
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9. PLANT VULNERABILITIES AND IMPROVEMENTS

The primary goal of the Individual Plant Examination (IPE) program as delineated in Generic Letter (GL) 88-20
(Ref 9.1) is “identifying plant-specific vulnerabilities to severe accidents that could be fixed with low-cost
improvements.” This goal is a product of the systematic examination required by GL 88-20. The Generic Letter
indicates that “It is expected that during the course of the examination, the utility would carefully examine the results
to determine if there are worthwhile prevention or mitigation measures that could be taken to reduce the core damage
frequency or poor containment performance with the attendant radioactive release.” To help the utilities address
improvements related to preventing containment failure, Supplements | and 3 to GL 88-20 were issued and contain
specific containment performance improvement (CPI) recommendations. However, it is recognized in the Generic
Letter that the potential benefits from any plant improvement are plant specific and are dependent upon on the
frequency and consequences of the accidents contributing to core damage and containment failure.

While only a small fraction of the licensees identify what is explicitly called vulnerabilities in their submittals, nearly
all of the licensees identify areas warranting investigation of potential improvements, both design and procedural.
The resulting equipment and procedural changes to the plants have been a benefit to the overall safety of the industry

and may not have occurred without implementation of the IPE process, with its inherent systematic analys:s of plant
safety

No specific definition for what constitutes a “vulnerability” is provided in GL 88-20 or in the subsequent Nuclear
Regulatory Commission (NRC) IPE submittal guidance documented in NUREG-1335 (Ref. 9.2).  Instead,
the licensees are asked to decide if a specific vulnerability or weakness exists at their plant and whether some plant
improvement is needed. Hence, there is considerable variability among the submittals regarding what is a
vulnerability. A problem *hat is considered a vulnerability at one plant may not be considered a vulnerability at
another plant. Furthermore, for many plants, the submittal wording is such that it is not always clear whether a
licensee is identifying a finding as a “vulnerability” or as some other serious issue worthy of attention but not
necessarily a “vulnerability.” As a result, this report attempts to differentiate those cases where the licensee appears
to explicitly define the issue as a “vulnerability” from other identified areas considered for plant improvements. The
various definitions of “vulnerability” used by the licensees and the plant improvements identified in the submittals
to address some of these vulnerabilities and other issues not explicitly identified as vulnerabilities, (including
containment performance improvements) are discussed in detail in this chapter. A summary of the key perspectives
on the impact of the IPE program on reactor safety is provided in Chapter 2 of Part 1.

9.1Vulnerability Definitions

One of the reporting guidelines presented in NUREG-1335 is that each licensee present “a concise discussion of the
criteria used by the utility to define vulnerabilities, and the fundamental causes of each vulnerability. " Most of the
licensees clearly identify criteria for identifying “vulnerabilities” or other areas worthy of a potential plant
improvement. The identified criteria are discussed below.

The definitions for vulnerability used in many of the submittals are based on one of two sets of quantitative criteria;
(1) the criteria provided in NUMARC Severe Accident lIssue Closure Guidelines Document 91-04
(Ref. 93), and (2) NRC's Safety Goal Policy Statement (Ref 94) defining a core damage
frequency (CDF) subsidiary objective of 1E-4 per reactor year (ry) and a large release subsidiary objective of
IE-6/ry. A third criterion utilized in many submittals is based on using importance measures or the results of
sensitivity studies to determine which components or systems are the most vital to the plant. Several variations and
combinations of these quantitative criteria are identified in the submittals and are discussed below. No specific
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9. Plant Vulnerabilities & Improvements

definition of vulnerability can be identified for a third of the plants. However, for a significant number of these
plants, some sort of criterion is utilized to identify areas for improving the plant safety.

Approximately 20% of the plants report using some variation of the NUMARC guidelines to identify what they
explicitly call vulnerabilities. The NUMARC guidelines, shown in Table 9.1, consist of a graded review process to
identify plant-specific vulnerabilities. Application of the NUMARC methodology requires that the accident sequences
be grouped into functional groupings suggested by the guidelines. The quantitative results for each functional
grouping are then compared with the NUMARC closure guidelines. The closure guidelines suggest possible licensee
responses to identified vulnerabilities, ranging from hardwars or procedural modifications to treatment in a severe
accident management plan, that are a function of the core damage frequency or percentage of core damage due to
an accident functional group. As indicated in Table 9.1, two sets of closure guidelines are provided, each with four
levels. one set of criteria is for core damage sequences and one is for containment bypass sequences. The core
damage closure guideline values range from |E-d/ry for the top level to 1E-6/ry at the bottom level and are an order
of magnitude higher than the containment bypass values.

Table 9.1 NUMARC vulnerability guidelines.

Mean containment bypass
frequency

Mean CDF per sequence
group

Potential actions to be taken

Greater than 1E-4/ry Greater than 1E-S/ry |, Find a cost-effective plant administrative, |

or or procedural, or hardware modification with

greater than $0% of total CDF | greater than 20% of total CDF emphasis on climinating or reducing the

likelihood of the source of the accident
sequence initiator

2. 1f unable to do 1, treat in Emergency Operating

Procedures (EOPs) or other plant procedures

with emphasis on prevention of core damage.

3. Ifunable to do | and 2, ensure Severe Accident

Management Guideline (SAMG) is in place

with emphasis on prevention/mitigation of core

damage, vessel failure, and containment failure.

1E-4/ry to 1E-5/ry 1E-5/ry to 1E-6/ry I, Find a cost-effective treatment in ECPs or
or or other plant procedures or make minor
20% to 50% of total CDF $% to 20% of total CDF hardware changes with emphasis on

prevention of core damage

2. If unable to do 1, ensure SAMG is in place
with emphasis on prevention/mitigation of
core damage, vessel failure, and containment
failure

1E:S/ry o |E-6/ry 1E-6/ry to 1E-T/ry Ensure SAMG is in place with emphasis on
prevention/mitigation of core damage. vessel
failure, and containment failure.

Less than [E-6/ry Less than |E-7/ry No specific action required
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9. Plant Vulnerabilities & Improvements

A summary of the vulnerability criteria used in the IPEs based on the NUMARC 91-04 guidelines is presented in
Table 9-2. Many licensees who adopt the NUMARC guidelines define a vulnerability as a functional sequence
exceeding only the top evaluation criteria (greater than |E-4/ry CDF or 50% of the total plant COF). Additionally,
most licensees using the NUMARC guidelines define a containment bypass vulnerability as any such functional
sequence of this type with a CDF greater than the NUMARC top criterion of 1E-5/ry or contributing greater than
20% to the total COF. Some licensees, when using the NUMARC guidelines, identify vulnerabilities associated with
sequences meeting any of the graded NUMARC criteria (not Just the top criteria). In many of these cases, resolution
of a “vulnerability” meeting the lower tier NUMARC criteria is addressed simply by incorporating the issue into
future accident management strategies. Other licensees use slightly modified versions of the NUMARC top criteria
to define a vulnerability. When this is done, usually the modification is that the percent contribution forms of the

criteria are not used (on the basis that a large percentage of a small absolute frequency should not be used to identify
a vulnerability).

Tabie 9.2

Criteria used to define “vu

Inerabilities”

NUMARC 91-04

Combustion Engineering (CE)

Plant type

pressurized water reactor (PWR)
2-Loop

Summary of vulnerability criteria in IPEs using NUMARC 91-04,

- _ |

Calvert Cliffs 1&2.
Fort Calhoun |

Westinghouse (W) PWR 3-Loop Summer
W PWR 4-Loop Callaway
NUMARC 91-04 (adjusted to address systemic W PWR 4-Loop South Texas 1&2

sequences).

NUMARC 91-04 (modified) senerally, only the top
criterion was used. Some licensees also only used the

Boiling water reactor (BWR) 6

Grand Gulf |, Perry |

absalute CDF criterion, arguing the percentage Babcock and Wilcox (B&W) PWR ANO |
contribution criterion is not appropriate when the 2-Loop
el CE PWR 2-Loop ot 3-Loop ANO 2
W PWR 3-Loop Farley 1&2
W PWR 4-Loop Diablo Canyon 1&2,
Vogtle 1&2
NUMARC 91-04 (modified); also, any source-term BWR 4 Hatch 1&2
analysis bin representing containment failure or
impairment, with a frequency greater than 1E-$ and If
in which a function, system, operator action, or other
ciement substantially contributes to total frequency.
NUMARC 91-04; also, total plant CDF exceeds BWR § WNP 2
tE-4/ry and sequence(s) indicate that a plant-specific
feature is an outlier to comparable BWR probabilistic
risk asseisments (PRAs)
NUMARC 91-04 (modified); aiso. single or common- | CE PWR 2-Loop Waterford 3

mode component failure, support svstem failure. or
aperator action with significant impact on CDF

—

—==
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9 Plant Vulnerabilities & Improvements

Some licensees use the NUMARC guidelines in combination with additional critenia for identifying vulnerabilities.
For example, some licensees have added a Level 2 criterion related to the frequency of a source term bin exceeding
1E-S/ry. Waterford has explicitly added criteria related to single failures, common cause failures, support system
failures, and operator errors that have a significant impact on the core damage frequency in their vulnerability
screening. The vuinerability screening criterion for Washington Nuclear Power Unit 2 also requires that the total
CDF be within the NRC safety goal of 1E-4/ry and includes a search for sequences that are outliers when compared
to similar plants because of a plant-specific feature.

The CDF and large release subsidiary objectives from the NRC Safety Goal Policy Statement, used by approximately
25% of the licensees (see Table 9.3), are nearly equivalent to some of the NUMARC criteria in that these objectives
focus on just the absolute frequencies for CDF (but in this case the total plant CDF instead of an accident grouping
frequency) and a large significant release. Any sequences contributing significantly to exceeding cither or both
criteria are examined by licensees for those design or operational aspects which cause such a vulneraoility, and
resolutions are investigated to lessen the potential for such a vulnerability. Some plants use modified safety goal
subsidiary objectives frequencies in their definitions (e.g., SE-4/ry for CDF and SE-S/ry for an early release
frequency). One plant (Oyster Creek) applies the criteria at the systemic sequence level instead of for the total plant
CDF. Another plant (Palisades) has changed the large release criteria from 1E-6/ry to 10% of the plant CDF.

Table 9.3 Summary of vulnerability criteria in IPEs using NRC Safety Goal
subsidiary objectives.

Criteria used to define “vulnerabilities”

Oyster Creek

Any core damage sequence exceeding 1E-4/ry or any BWR 2

containment bypass sequence or large early containment ‘
failure sequence exceeding 1E-6/ry. BWR 6 River Bend
W FWR 2-Loop Ginna
L W PWR 4-Loop Seabrook
T Total plant CDF exceeds 1E-4/ry or large release BWR 4 Vermont Yankee
frequency exceeds 1E-6'ry? If so, are any plant-specific i ;
design/operating characteristics dominant contributors” W PWR 2-Loop Point Beach 1&2 T)
W PWR 4-Loop Indian Point 2
Results suggest core damage frequency would not meet BWR 3 Monticello, Pilgrim |

NRC Safety Goal subsidiary objectives? Are there any
J new/unusual core damage containment failure
mechanisms compared to other PRAs?

Is there adequate assurance of no undue risk to public W PWR 2-Loop Prairic Island 1&2
health and safety? Are there any new/unusual core
damage containment failure mechanisms compared (o
other PRAs?

Results suggest core damage frequency would not meet BWR 2 Nine Mile Point |
NRC Safety Goal subsidiary objectives? New/unusual :
core damage containment failure mechanisms compared BWR 4 Duane Arnold

to other PRAs? Systems, components, operator actions

WR $ Nine Mile Point 2
that dramatically affect core damage” ° ibiniodidan

BWR 6 Clinton
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9. Plant Vulnerabilities & Improvements

Table 9.3 Summary of vulnerability criteria in 1PEs using NRC Safety Goal
subsidiary objectives.

Level 1. New/unusual core damage containment failure Fermi 2
mechanisms, compared to other PRAs? Results suggest
core damage frequency would not meet NRC Safety
Goal subsidiary objectives? Any sysiems, components,
or operator actions that control core damage?

Level 2 Containment capability acceptable? Unusually
poor containment response performance? Comtainment
isolation system reliability acceptable? Containment
bypass frequency acceptable”? Unusually poor
performance of containment mitigating systems”?

Do IPE results meet NRC Safety Goal subsidiary CE PWR 2-Loop Palisades
objectives for core damage frequency? Are results for
care damage sequences or containment performance
consistent with other PRAs? Does probability of
sequences characterized as having large releases exceed
10% of CDF?

If CDF exceeds 1E-4/ry, are one or a few plant B&W PWR 2-Loop Davis-Besse
features/operating practices responsible? I COF is
acceplable, are plant features/operating practices
relatively high contributors? Is CDF very sensitive 1o
highly uncertain aspects of plant response?

Does CDF exceed SE-4/ry or large, carly release BWR 4 Browns Ferry 2

frequency exceed SE-S/ry? If so, vulnerability identified

if common function, system, operator action, or oth‘cr W PWR d4-Loop Ice Sequoyah 1&2. Walts Bar
common element contributes substantially to total CDF Condanser |

“Defense-in-Depth Criteria”.  Sequences with “high BWR 4 Susquehanna |1 &2

calculated frequencies are not acceptable .sequences
having low-calculated frequencies must also have
‘defense-in-depth’ for both equipment and procedures.”

Some licensees using the NRC Safety Goal subsidiary objectives in their vulnerability screening also use additional
criteria. The most common criterion is a comparison to similar plants for the purpose of identifying any new or
unusual core damage or containment failure mechanisms specific to their plant. Other licensees also include a
criterion that requires that any systems, components. or operator actions that significantly impact the core damage
frequency be listed as vulnerabilities. One plant (Davis-Besse) considers that a vulnerability might exist if the
frequency of core damage is sensitive to a highly uncertain aspect of the plant response, but states that further
evaluation to reduce the uncertainty would be a more appropriate response than a change to the plant. Finally,
several plants have added Level 2 vulnerability criteria that address the performance of containment mitigating
systems and the containment itself during severe accidents

For approximarely 25% of the plants, the percent contribution to CDF is used as the base criterion for screening
vulnerabilities, as indicated in Table 9.4. Some plants also include the percent contribution to containment failure
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9. Plant Vulnerabilities & Improvements

in their vulnerability screening. The licensees usually rely on the relative contribution of systemic sequences, plant
damage states, containment failure modes, and release categories to identify the important contributors to the plant
risk. These important contributors are equated to areas where vulnerabilities may exist. lmportance measures and
sensitivity studies are also generally utilized to identify the fundamental causes or plant features contributing to these

potential vulnerabilities.

Table 9.4

Criteria used to define “vulnerabilities”

Relative contribution of systemic sequences to CDF,
relative contribution of containment failure modes

Plant type

W PWR 2-Loap

Summaiy of vulnerability criteria in IPEs using percent
contribution to CDF.

Kewaunee

system failure, or operator action with significant impact
on CDF. mode of early containment failure with
relatively high probability (>10%) o occurrence in core

W PWR 3-Loop Beaver Valley 1&2, North
Anna 1&2. Surry 1&2
W PWR 4-Loop Millstone 3
W PWR 4-Loop lce DC Cook 1&2
Conuenser
Single or common-mode component failure, suppont BWHR 3 (Isolation Condenser) | Millstone |

CE PWR 2-Loop

Millstone 2

melt accident. W PWR 4-Loop Haddam Neck
Failure mode, single failure, or combination of small BWR 4 Limerick 1&2. Peach
number of failures not used Lo create a support state that Bottom 2&3
disproportionately contributes to overall CDF
Plant features which contribute disproportionately large BWR 4 Hope Creek
percentage to core damage frequency, which are, in turn,
higher than those of similar plants.
Plant features which contribute disproportionately large W PWR 4-Loop Salem 1&2
percentage to either core damage or significant release
frequencies, which are, in turn, higher than those of -

» X R " - | n
similar plants CE PWR 2-Loop St. Lucie 1&2, San Onofre

2&3

Vulnerabilities limited to i1ssucs where there was “high-
confidence” in the results of the IPE (plant
change/countermeasure may be recommended) For
“low-confidence” issues, additional analysis may be
recommended

NUREG-1560, Draft

W PWR 3-Loop

Turkey Point 3&4

BWR 3 Quad Cities 1&2
BWR 4 Brunswick 1&2
W PWR 3-Loop H B. Robinson 2. Shearon

Harris |

M

W PWR 4-Loop

Braidwood 1&2, Byron
1&2, Wolf Creek, Zion
1&2
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Generally quantitative thresholds, as exist in the NUMAR
vulnerabilities based on the percent contribution to CDF or
Qualitative thresholds using terms such as “si

9. Plant Vulnerabilities & Improvements

C guidelines, are not established for screening
containment failure. Instead, the licensees apply
gnificant” or “disproportionately high™ Some licensees indicate that

a plant feature will only be considered a vulnerability if it is a proportionately higher contributor or outlier when
compared to similar plants. Thus a 50% contributor to CDF might not be a vulnerability if it has a similar

contribution at similar plants. One licensee (Turke
for issues where they had the highest confidence i

taken for recovery actions).

For the remaining 30% of the plants (sec Table 9.5), no vulnerabilit
However, all of these plants use their submittal results to hel
the NUMARC criteria to help identify areas for plant impro
criteria are being used to identify vulnerabilities The othe
contribution to CDF and sensitivity studies to help identify

Table 9.5

Criteria used to define

“vulnerabilities™

| Criteria not defined; insights from {PE
developed with objective of identifying
plant improvements.

Plant type

BWR |

Big Rock Point

y Point 3&4) states that vulnerabilities will only be considered
n the results of their submittal (i.e., where all possible credit is

¥ screening criteria can be explicitly identified
p identify plant improvements. Half of the plants use
vements but do not explicitly state that the NUMARC
r half of this group of plants appear {o use the percent
and evaluate the impact of plant improvements.

List of plants with no vulnerability criteria defired in IPE.

Plant name

BWR 4

Fitzpatrick, Cooper

B&W PWR 2-Loop

Crystal River 3, Oconee 1,2&3, TMI |

W PWR 4-Loop

Indian Point 3, Comanche Peak 1&2

BWR §

LaSalle 1&2

CE PWR 2-Loop or 3-Loop

Maine Yankee, Palo Verde 1.2&3

W PWR 4-Loop lce
Condenser

Catawba 1&2, McGuire 1&2

Criteria not defined; IPE insights
developed with objective of identifving
plant improvements. NUMARC 91-04
criieria used to identify sequences that
could lead to significant CDF reduction
and/or 10 assess appropriateness of
potential plant improvements

BWR 3 (lIsolation Condenser)

Dresden 2&3

BWR 3 Quad Cities 1&2
BWR 4 Brunswick 1&2
W PWR 3-Loop H.B. Robinson 2, Shearon Harris |

W PWR 4-Loop

e ————————————

Braidwood 1&2, Byron 1&2, Wo f Creek.
Zion 1&2

9.7
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9 Plant Vulnerabilities & Improvements

9.2  Plant Vulnerabilities

One of the reporting guidelines in NUREG-1335 is that each licensee present “a list of any vulnerabilities identified
by the review process, a concise discussion of the criteria used by the utility to define vuinerabilities, and the
fundamental causes of each vulnerability.” Most of the licensees clearly identify a criterion for identifying
vulnerabilities. In addition, approximately 20% of the licensees clearly state they have vulnerabilities according to
their dejinitions and go on to identify potential improvements in equipment, procedures, or training programs to
address these vulnerabilities. The identified vulnerabilities and suggested plant improvements are discussed below.

9.2.1 Boiling Water Reactor Vulnerabilities

Using the various definitions of vulnerability, approximately 20% of the plants explicitly identify “vulnerabilities”
in their submittals. The vulnerabilities tend 10 be plant-specific features that the licensee decides require resolution
or. at least, further investigation. It should be noted that while only a fraction of the submittals actually identify
vulnerabilities using their respective definitions, nearly all the plants go further and identify other areas warranting
investigation for additional improvements. These other improvements are discussed in the next section of this report.

Only four licensees with boiling water reactors (BWRs) explicitly state that they have vulnerabilities. A summary
of the BWR vulnerabilities is provided in Table 9.6. Although no common vulnerabilities are identified, some of
the vulnerabilities can be considered generic to many BWRs These potentially generic vulnerabilities are identified
at three plants. Millstone |, Hope Creek, and Susquehanna 1&2. The resolutions to the vulnerabilities identified
in the submittals are also listed in Table 9.6. In some cases, the vulnerability was resolved before the IPE was
completed and the resolution is reflected in the results, while in other cases. no resolution is suggested for the
particular vulnerability except to follow research developments concerning the issue and accident management
stru 'gies in general.

Table 9.6 Summary of BWR plant vulnerabilities identified by licensees.

Vulnerability description

BWRs 1/2/3s (Isolation Condensers)

Millstone | Failure of isolation condenser makeup from city Procurement of portable diesel pump,
water supply and diesel fire-water pump, resulting | implementation of procedures for supplying
in isolation condenser failure isolation condenser shell-side makeup following
[] fire-water system failure

Operator failure to initiate isolation condenser 1o Not identified by licensee
prevent safety relief valves (SRV3) from hLifting in
station blackout.

Operator fatlure to restore/maintain RPV level Not identified by licensec.
following various accident scenarios

Drywell steel shell melt-through by molten debris | Follow research developments in this ared and
following core melt and RPV failure consider strategies as the program develops
further
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9. Plant Vulnerabilities & Improvements

Table 9.6 Summary of BWR plant vulnerabilities identified by licensees.
im Vulnerability description Licensee approach to resolve vulnerability

BWRs V4s

Fitzpatrick Loss of 3/4 RHR loops (directly or through loss of | Consider procedure modification and operator
RHR service water) due to catastrophic failure of | trawning 1o allow manual alignment of fire
either one of the 4.16 kV alternating curtent (AC) | protection system to the RHRSW system,

safety buses. instailation of an RHRSW header cross-tie;
installation of a tap for fire protection system on
RHRSW loop B; and provision of a portable
generator to charge safety DC batteries (1o
prevent SRV closure from battery depletion
following loss of a 4.16 kV AC safety bus)

Hope Creek Loss of switchgear or Class |E Panel Room Developed recovery procedure to supply alternate
HVAC resuit in delayed loss of power and heat ventilation to prioritized rooms
sinks
Susquehanna | Upon high-suppression pool temperature, HPCURCIC backpressure trip setpoints raised to
1&2 procedures require manual operator actions to ensure timely availability and alignment of HPCI

bypass HPCI suction transfer to suppression pool. | and RCIC for high-pressure injection; considering
Also must bypass high-exhaust pressure trips for revising HPCI suction transfer cantrol strategy
HPCI and RCIC upon high-containment pressure

Failure of HPCI and condensate during an ATWS | Considering deletion of, o installation of

is followed by reactor depressurization override switch on LPCI control delay to allow
Automatic LPCI initiation and injection of full for immediate operator control of LPCI injection
flow for § minutes follovws. Without immediate
flow control by operator, severe power excursion

will oceur.

During loss of offsite power or station blackout Considering instailation of independent, mobile
condensate storage tank (CST) keepfill function is | diesel-powered diesel AC generator power supply
lost; occurrence of waterhammer could cause for CST pumps

failure of suppression pool cooling, causing
containment failure, unless CST available for
injection.  Failure of the fire main as an injection
source during station blackout will also result in
vessel and containment failure

BWRs 5/6s

IO SR N s e L iy

The Milistone | submittal identifies isolation condenser issues involving failure of the water supplies to the isolation
condensers and failure of the operator to initiate the isolation condensers in time to prevent safety relief valves from
lifting and subsequently sticking open (effectively causing the loss of isolation condenser operation) as vulnerabilities.
The proposed resolution of the first vulnerability involves procurement of a portable diese! pump and corresponding
procedural changes to supply the isolation condenser. The Milistone | submittal also identifies drywell steel shell
meit-through (a containment performance issue) as a generic Mark | containment vulnerability. These issues could
be applicable to the other BWR 1/2/2 plants. The licensee also identifies failure of the operator to restore and
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9. Plant Vulnerabilities & Improvements

maintain reactor pressure vessel (RPV) level as an important operator action that meets the criteria for vulnerabihity.
This issuc is likely to be important at o/l BWRs.

The Hope Creek submittal identifies an electrical switchgear room heating. ventilation, and air conditioning (HVAC)
vulnerability that will result in a delayed loss of power and availabie heat sinks. During the IPE analysis process,
the utility developed a recovery procedure to address this vulnerability by aligning alternate means of cooling. Credit
for this recovery procedure is taken in the final results and reduces the CDF by two orders of magnitude. The
Susquehanna submittal identifies potentially generic vulnerabilities related to operation of the coolantinjection system
(high-pressure coolant injection (HPCI) system and reactor core isolation cooling (RCIC) system) during sequences
with loss of containment heat removal. In addition, vulnerabilities related to the automatic injection from the low-
pressure coolant injection (LPC) system that can result in power excursions during an anticipated transient without
scram (ATWS) accident are also identified in the Susquehanna submittal. These are issues that can be applicable
to other BWR 3/4 plants.

No vulnerabilities are identified by the licensees with BWR §/6 plants.

The Fitzpatrick submittal identifies a vulnerability that is unique to that plant. The vulnerability results from a
previous plant modification to delete the residual heat removal (RHR) system loop selection logic that realigns RHR-
related components to different safety-related buses. The electrical realignment results in 2 vulnerability involving
loss of three out of four RHR ioops (either directly or through the RHR service water (RHRSW) system) when either
one of two safety-related 4.16 kV buses is lost. Fitzpatrick is considering procedure modifications and training for
using firewater as a backup 1o RHR service water and instzllaiion of a cross-tie between RHRSW trains.

9.2.2 Pressurized Water Reactor Vulnerabilities

A summary of the vulnerabilities identified in the submittals for pressurized water reactors (PWRs) and the proposed
resolutions are provided in Table 9.7. Among the 15 PWR licensees that identify vulnerabilities, certain vulnerability
issues are common to more than one plant and can have generic implications. For nstance, concerns related to
reactor coolant pump (RCP) seal loss-of-coolant accidents (LOCAs), particularly when induced by loss of seal
cooling from the component cooling water (CCW) system, are defined as vulnerabilities for Calvert Cliffs, Turkey
Point, Summer, and Beaver Valley. The vulnerability can also involve failure to trip the RCPs upon loss of seal
cooling, failure of additional seal cooling systems such as the charging pumps, and failure of the high-pressure safety
injection (HPSI) system during the recirculation mode due to the loss of the CCV. system. For the licensees
identifying this vulnerability, resolution of the issues involves implementation or consideration of alternate RCP seal
cooling capabilities, inclusion in severe accident management guidelines, or consideration of new pump seal
materials.
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Table 9.7

Vulnerability description

B&W PWR 2-Loop

9 Plant Vulnerabilities & Improvements

Summary of PWR plant vulnerabilities identified by licensees.

Licensee approach to resolve vulnerability

None

-----

CE PWR 2-Loop

L

Calvert
Chffs 1&2

Turbine driven pumps significant pair failure
frequency due to maintenance or common cause

downstream of both turbine-driven pump steam
admission valves to allow for maintenance on
one pump hine at a ume (included in

Manual isolation valves added upstream and
requantification)

Calvert
Cliffs 1&2

Inadvertent actuation of emergency safeguard features
actuation system, reactor protection system, or
auxiliary feedwaler (AFW) actuation system resulting
from loss of two vital AC buses, which causes 2/4
actuation channels to fail to their actuated state

Improved awareness through documentation in
corrective action system, review of procedures,
additional operator training

Reactor coolant pump seal and safety injection failure
on loss of component cooling water (CCW).

Consideration of third CCW, pump, power
madification. and reduction in likelihood of
CCW leakage. Capping of downstream piping
on all normally isolated drain/vent valves

Loss of switchgear HVAC, resulting in failure of both
safety-related 4 kV buses with minimal time for start-
up of standby unit or compensatory actions on running
unit,

Pre-staged portable fans were put in place;
developm. :nt of procedure for switchgear
HVAC yecovery actions.

Limited alternates to depressurization of reactor
coolant system (RCS) during a steam generator tube
rupture (SGTR) (primarily operator actions to
depressurize RCS using main or auxiliary pressure
spray)

Development of third depressurization
procedure to depressurize pressurizer vent path

Minimal surveillance on critical condensate supply
manual valve. This valve is necessary for operation
when alternate water sources are nesded for the
auxiliary feedwater pumps

Development of surveiliance test, preventive
maintenance, and performance evaluation
procedures to periodically cycle critical
condensate supply manual valves

Loss of main feedwater on a reactor trip  When
steam generator feedwater pump (SGFP) control
system failed to reduce pump speed, the SGFPs would
trip on high-discharge pressure

Addition of digital feedwater system to rapidly
reduce pump speed on a trip, avoiding the
high-discharge overpressure trip

Millstone 2

Interfacing system LOCA (ISLOCA) RCP thermal
barrier tube rupture

Mudification planned for April 1997 to install
rehiel valves to limit pressure build up in the
reactor building closed cooling water system
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Plant
name

Table 9.7

Valnerability description

Summary of PWR plant vulnerabilities identified by licensees

Licensee approach to resolve vulnerability

Westinghouse PWR 2-Loop

Kewaunee

In RHR system. normally open motor-operated valves
(MOVs) in low-pressure system injection (LPSI) lines
connected to reactor coolant system provide
interfacing systems LOCA path during normal
operations. Four pressure isolation valves (not leak
tested) provide intecfacing systems LOCA path in the
RHR system

Leak testing of additional feur valves serving
as boundary between reactor coolant system
and a low-pressure system.

Procedura' guidance for determining where LOCA
occurs not complete for failure of RER pump suction
valves.

Madification of emergency operating procedure
10 improve guidance to the operators in
identifving and mitigating an ISLOCA,

Kewaunee

Internal Noeding propagation from turbine building
basement to adjoining areas containing safeguards
equipment. Doors that swing out of the affected room
cannot withstand the flooding forces and fuil

Modification of swing direction of doors
separating turbine building basement from arcas
containing safeguards equipment

Internal flooding due to failure of circulating water
expansion joint at main condenser. Routine
inspections of expansion joints were not conducted

Improvement of inspection method for rubber
expansion joints to identify potential flooding
probiems

Upon loss of offsite power or station blackout, 3/6 air
compressors are unavailable, reducing reliability of
instrument air. No procedural steps for maintaining a
swing bus energized for two of the remaining
compressors

Madification of emergency operating
procedures to ensure power is available to 2
instrument air compressors

Makeup valve to condenser fails open on loss of
instrument air (I1A) or control power, causing
condensate diversion from storage tanks to mam
condenser, reducing quantity available to auxihary
feedwater pumps.

Design information being reviewed to
determine basis for current fail safe position of
makeup valve

Failure of the auxiliary feedwater system contributes
approx. 30% to total COF, reliability of turbine-driven
auxiliary feedwater pump directly relates to approx
20% of CDF

Modifications to improve rehiability of wrbine-
driven auxiliary feedwater pump are scheduled.

Air compressors are subject 1o frequent mamtenance
outages, making the station and instrument air system
iess rehable

Design modification initiated to remove the two
older air compressors and replace them with
air-cooled air compressors

Chargitg pump relief valves opening can divert flow
back 10 volume control tank, affecting ability of
pumps 1o provide reactor coolant system makeup and

Actions being investigated to correct problem
of diversion of chemical and volume cantrol
system water

reactor coolant pump seal cooling
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Table 9.7 Summary of PWR plaet vulnerabilities identified by licensees.

Vulnerability deseription

Westinghouse PWR 3-Loop

Licensee approach to resolve vulnerability

Beaver
Valley |

Upon loss of all emergency switchgear vantilation,
operator fails to promptly provide alternate cooling

Possibl: change to procedures to provide inore |
explicit guidance on how to esteblish sufficient
alternate cooling in event that both emergency
switcheear ventilation fun teains (ail,

Failure of breakers that perform transfer of 4,16 kV
non-emergency buses from unit station service
transformers to system station service transformers,
leachng to loss of emergency AC power (ie. in
conjunction with failures of the diesel generators)

Development of procedure to repair or change
out failed break<rs and provide training.

Limited recovery time upon loss of AC power and
subsequent battery depletion at 8 hours, tollowed by
sleam generator fevel instrumentation loss and turhine-
driven AFW pump failure

Considering providing more explicit guidance

on batiery load shedding or providing some ‘
means of battery charging during loss of all AC |
power '

Reactor trip breaker failure makes it unlikely that
operators can remove power to control rods prior to
RCY pressure peaking during ATWS scenarios
mitiated by loss of main feedwater

Considering adding capability for operator 1o
remove power from bus

In a station blackout, diesel generators of other unit
cannol be connected to emergency buses of affected
unit, since 4. 16 kV emergency AC buses between
units are not ¢cross-tied

Cross-tic connecting 4.16 kV normal buses of
both units will be instalied: existing procedures
will be revised and training will be provided
for this ~ross-tie.

Loss of ali RCP seal cooling leads to possible seul
failure and LOCA  Both thermal barrier coeling and
RCP seal injection depend on emergency AC power

Considering new seal materials and alternate
scal cooling systems. Also considering
modifications to address RCP seal integrity for
loss of all seal cooling

Loss of offsite power delays reactor trip. resulting in
power-operated relict valves (PORVs) lifting and
possibly sticking open. potentially causing small
LOCA (which shortens time for power recovery)

Considering elininating PORV challenge by
defeating '00% load rejection capability,

Containment by pass sequences dominated by steam
generator tube rupture. resulting in core damage and
ISLOCAs

Changes to plant procedures and training to
enhance operator response to such bypass
sequences. Improve guidance to the operators
to close key valve during an I1SLOCA

Containment overpressurization resulting from RCS
blowdown, carly hydrogen burns. and direct
containment heating

Considering extending procedures to all core
damage sequences for reducing RCS pressure
prior to vessel breach.  Procedures will instruct
or alignment for recirculation from

containm: 1t sump back to vessel even if core
damage has occurred.  Also considering
alternate modes for injecting water into reactor
cavity and conserving reactor waler storags
tank (RWST) inventory

9-13
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Valley |

Table 9.7 Summary of PWR plant vulnerabilities identified by licensees

Vulnerability description

Pressurizer PORV block valve alignment provides
insufficient RCS pressure reliel upon loss of main
feedwater, failure of automatic and manuul reactor
trip, and failure of ATWS mitgating system actualion
circuitry to initiate AFW flow.

Licensee approach to resolve vulnerability

Considering extending procedures to align
recirculation from containment sump back to
reactor vessel. Considering alternate modes for |
injecting water, including natural flow of water |!
to reactor cavity and use of diesel-driven fire :
system pump. Throttling of quench spray
pumps also considered.

Same as Beaver Valley 1.

Same as Beaver Valley 1

| uss of both primary and secondary heat removal in
injection phase primartly due to failure of the turbine-
driven pump during a station blackout (unavailability
due to test/maintenance on pump)

The licensee considered development of Severe
Accident Management Guideiines to be
sufficient to address vulnerability.

Induced RCP seal LOCAs with loss of prumary
coolant makeop or adequate heat removal in injection
or recirculation phase

Same as above

Small LOCA with loss of primary coolant makeup or
adequate heat removal in injection phase. These
sequences deal with failure of cmergency feedwater or
safety imjection

Same as above,

b
Small LOCA with loss of primary coolant makeup or
adequate heat removal in recirculation phase. 85% of
frequency is related to failure of low-pressure
recirculation (due to RWST signal failure) following
successful high-pressure injection, emergency
feedwater actuation, and depressurization

Same as above

Medium or large LOCA with loss of primary covlant
makeup or adequate heat removal in injection phase
These sequences deal with failure of safety injection

Same as above.

Medium or large LOCA with loss of primary coclant
makeup or adequate heat removal in recirculation
phase. Failure of low-pressure recirculation (due to
failure of RWST signal) following successful high-
pressure injection for medium LOCAs

Same as above.

Failure of reactivity conirol pnimartly due to reactor
trip failure following total loss of 1A

Same as above

Steam generator tube ruptures with loss of effective
inventory makeup. This category consists of SGTR
events that result in containment bypass

Replacement of steam generators with new
design that should lower the expected SGTR

frequency
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Surry 1&2

Table 9.7

Vulnerability description

Internal flooding in turbine building due to ruptures of
I of 4 circulating water (CW) inlet motor-operated
valves

9. Plant Vulnerabilities & Improvements

Summary of PWR plant vulnerabilities identified by licensees.

Licensee approach to resolve vulnerability

Considering flood mitigation procedural and
training improvements. These include
Inspection/maintenance improvements, use of
submersible MOV operators, improved sump
pump capacity/reliability, and back flow
prevention in drain lines

Internal flooding in turbine building due to rupture of
I of 4 service water expansion joints in valve pits

Same as above.

Internal flooding in turbine building due to severe
ruptures of | of 4 service water isolation mator-
aperated valves in valve pits.

Same as above

Internal flooding in turbine building due to rupture of
service water pipe in valve pit on CW inlet pipe

Same as above.

Turkey
Point 3&4

Loss of CCW, combined with “B" charging pump
unavailability, leading to reactor coolant pump seal
LOCA. The high-pressure recirculation function is
predicted to fail and resuit in core damage.

Charging pump operation with supplemental
cooling, instaliation of service water hose
connections on “A™ and "C" pumpe, allowing
operation independent of CCW.

Westinghouse PWR 4-Loop

Haddam
Neck

-

Operator failure to transfer 0 sump recicculation
following large or medium LOCA, due to limited time
available prior to draindown of refueling water storage
tank level below high-pressure safety injection (HPSI)
pump net positive suction head (NPSH) requirements

Analysis is being performed to justify stopping
LPSI pumps much earlier, giving operators
more Lime to transfer. Also, increased
emphasis in operator training on timely sump
transfer emergency operating procedure

Milistone 3

Station blackout major contributor to public risk

Prioritized recovery of offsite power steps in
procedure training, developed procedure for
severe weather conditions; air-cooled diesel
generator to be added; numerous activities in
response to stat.on blackout rule.

ISLOCA major contributor to public risk.

Open-valve alarm to be added as part of RHR
autoclosure interlock removal, 1988 emergency
exercise involved ISLOCA in RHR pump
suction line; RHR system walkdown in
emergency saleguard feature building 1o
determine characteristic of potential releases

AFW and feed and bleed failures are in many accident
sequences

Prioritized operator training on AFW system,
recovery of main feedwater, and primary feed
and biced procedure

Failure of containment sump recirculation found in
dominant sequences

Implemented design change for cold leg
recirculation array, prioritized training on
transfer to sump recirculation steps in
emergency operating procedure; prioritized
mainienance of service water 10 containment
recirculation cooler MOV s
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Table 9.7 Summary of PWR plant vulnerabilities identified by licensees.
Plant " . R } o |
s Vulnerability description Licensee approach to resclve vulnerability |
' . . . - J
f Milistone 3 | Seismic-induced station blackout major rist. Anchor bolts replaced. |

contributor, dominated by diesel generator oil cooler ,
anchor bolt failure. f

Salem 1&2 | RHR valves direct initial leakage to pressurizer rehief | Considering revision of emergency operating
‘ tank, operator may transfer to LOCA procedures, procedures related to ISLOCAs i
| never to procedure for LOCA outside of containment
f {procedures check for LOCAs inside containment
E before considering possibility of ISLOCA)

Auxiliary feedwater (AFW) system turbine-driven pump reliability is a common issue defined as a vulnerability at
Calvert Cliffs, Summer, Millstone 3, and Kewaunee. Calvert Cliffs identifies a plant-specific design problem which
results in removal of both turbine-driven AFW pumps from service any time maintenance is required on one of the
pump steam admission valves. A modification has been made in which additional valves have been added on the
steam lines that allow continued operation of one AFW pump when the other is out for maintenance. The Kewaunee
submittal identifies a low path that diverts condensate from the condensate storage tank (CST) to the main condenser
and therefore reduces the quantity available to the AFW pumps for secondary cooling. The diversion path, which
appears to be unique to this plant, is created through a valve that fails open upon loss of instrument air or control
power. The proposed resolution is to change the valve logic such that it fails closed upon loss of air or control
power (the basis for the current fail safe position of the valve was being reviewed).

The Summer, Haddam Neck, and Millstone 3 submittals identify common vulinerabilities related to the failure of the
operator to switch over from the injection phase to the recirculation phase of coolant injection. This vulnerability
is generic to many other PWRs which require this operator action. At Summer, the switchover is partially automated
as the sump recirculation valves are opened upon a low reactor water storage tank (RWST) level. The operator must
manually close the RWST suction valves. Failure of the RWST low-level signal is identified as the vulnerability
even though manual operator action to close the valves is not credited in the submittal. Based upon this
conservatism, the resolution listed in the Summer IPE was to address accidents during the recirculation phase in the
accident management guidelines. In the Haddam Neck IPE, failure of the operator te transfer suction during a large
or medium LOCA represents a significant contributor to the CDF A high-operator error probability is assigned to
these scenarios due to limited time available to establish sump recirculation prior to draindown of the RWST level
below HPS! net positive suction head requirements  Since the RWST inventory is primarily depleted by the
operation of the low-pressure safety injection (LPSI) pumps in the injection phase, analysis is being nerformed to
justify stopping the LPSI pumps at a much earlier step in the sump transfer procedure, which will afford the
operators more time to perform the switchover procedure

Another common vulnerability identified in the Calvert Ciiffs and Beaver Valley submittals is the loss of critical
switchgear HVAC equipment, resulting in loss of emergency AC power. This vulnerability may be applicable to
additional plants. Beaver Valley is reviewing alarm response procedures to determine if they can provide more
explicit guidance on how to establish sufficient alternate cooling. Calvert Cliffs has implemented a procedure to use
staged portable fans for alternate cooling

NUREG-1560, Draft 9-16
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The Surry, Kewaunee, and Salem submittals identify internal flooding issues as vulnerabilities. For example, at
Surry, flooding from failed cooling water components is the most significant vulnerability at the plant since the
source of water is gravity fed and there is little means of isolating the failure. Proposed resolutions to the identified
vulnerabilities at these plants include revision of flooding procedures and training, periodic inspection and

replacement of components identified as potential flood initiators, and improvement of sump pump protection from
flood effects.

Interfacing system LOCAs occurring from multiple valve failures or through normally open valves are identified as
vulnerabilities at Salem, Kewaunee, Millstone 3, and Beaver Valley. The resolutions in these submittals inciude
procedure improvements already made or under consideration to address improved valve testing, LOCA identification
and isolation, and a modification to change normally open valves to close.

Other vulnerabilities are defined, but by only one PWR, and involve such things as inadequate surveillances of
specific valves, effects of losses of specific electrical buses, compressed air system failures, battery depletion and
the inability to cross-tie buses during loss of power conditions. Some of these vulnerabilities can be considered
generizto many PWRs. Millstone 3 also identifies an external-event-related vulnerability--a seismic-induced station
blackout scenario that is dominated by diesel generator oil cooler anchor bolt failure. Further discussion of these
vulnerabilities and proposed resolutions is provided in Table 9.7.

9.3 Plant Improvements

As previously discussed, a major goal of the IPE process is to identify plant-specific vulnerabilities to severe
accidents that can be fixed with low-cost improvements. It is clear from the submittals, however, that most licensees
went beyond this goal and identified other improvements (over 500 were identified by the plants) worthy of
consideration or implementation, even though no specifically associated vulnerabilities were identified. Many of the
plant improvements are potentially generic, with the most often cited BWR improvements addressing station blackout
concerns and the PWR improvements addressing both loss of power and loss of reactor coolant pump seal cooling
concerns. Changes aimed at improving core cooling or injection reliability, particularly for those systems or portions
of systems that can operate during loss of AC power, are often identified in submittals for both PWR and BWR
plants. Improvements to address internal flooding and interfacing systems LOCAs (ISLOCAs) are identified more
often in PWR IPEs than in BWR IPEs. Other less frequently cited and plant-specific improvements are identified
to address a number of other accident class issues at individual plants. A summary of the general areas where plant
improvements were listed by the licensees is provided in Tables 9.8 and 9.9, respectively.

9.17 NUREG-1560, Draft



9. Plant Vulnerabilities & Improvements

Table 9.8 Areas of BWR plant improvement identified by licensees.
Ares of improvemen!
Decay
Coolant | heat RCP Interfacing
njection | removal Suppes ATWS veal Wiecin) tystem CAststuni
systems | (OUR) | Locas | ™9 | Locas
systems
BWR 1723
g Rock Pont
Nine Mile Point | 7/ 7/ 7/ 7/ ¢
Oyster Creek / 7 7 P
Deesden 2&3 s /’
Milisone | 7 s 7 7 s ' s
BWR W4
Monucelio 7 ! 7 " 4 v 7
Pilgrun
Quad Cities 1&2 i 7/
Hrowns Ferry 2
Brunswick &2 /7 7/ 7/
Couper 7/ 7/ 7
Duans Arnold /
Fermi 2 v 7/
Fizpatrnick v 7 7/ 7/ v
Hatch 1&2 / / 7/
Hope Creek v
Limerick 142 7/ 7/ 7/ 7/
Peach Bowom 140 v *
Susquehanna 1 &2 s 7/ 7/ v &
Vermont Yankee 7 7 7/ / 7 s
BWR S
LaSalie (&2 7/
Nine Mile Pownt 2 7/ 7/ s
WNFI 2 / 7 7/ v
Clinton 7/ 7 7/ / 4
Grand Gulf 7 7/ 7
Perry " 7 7 /7 7 4
River Bend 7 7 7 7/ 2 7
—
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Table 9.9 Areas of PWR plant improvement identified by licensees.
T T e e
r_u _'&—mﬂwmw“_—j
Fase - = Costant D::’.:‘" —— nce | Jeam laserfacing
(DHR)
etemy
ANG | 7/ / / 7/ / ¢ 7
Corvsial River | 7 7
Davis Besse 7 s / s / ¢ 4 Pl / 4
Oconer | 281 s 4 v
Theee Mile Isfand | v 4’ v 7
CE PWR
ANO 2 v s < 4 Pl
Cabsent Oty 1&2 < < / 7 7 s
Lnl” sihoun ¢ /

St Lucw 142 s
Maae Yankee s 4 " g
Miliswae 3 v 7 7/ 7/ 7 s
Pabisades 7/ 4 < s
Peio Verde | 24) * / /
San Owolre 241 /s
Waterord ) / v Ps ¢ / /

Westioghouse 2-Lonp PWR
Ginna v 7 7 '
Kewaunee 7 ’ 7/ < 4
Poini Beach &2 7 s < 7 d
Praue lstand 142 7/ i / / / 7/ /

Wernnghaute 3-Lasp PW Ry
Beaver Velley 1 ' s 7 7 7 7/ 7 4
Beave: Valiey 2 7 /s 7 7/ 4 7/ v v 7
Fartey 142 4 7 7/ ¢
Robinson 1 7 ¢ /7 7/ 7/ ‘< 4 s
Nonh Assa 142 7/ 7 7 4
Shenmor Hams 7 7/
Summer / / 7/ / /
Sumv 142 7 / s 7/
Turkey Pou JA4 P ' <

Werhaghouse 4 Laap PWR:
Bradwood (A2 7
Byron 142 7
Callaway / 7 7/ /’ 7 4 7
Cotamby 182 /s 7 / 7
Comaache Pesk (42 / / 7 /
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Table 9.9 Areas of PWR plant improvement identified by licensees,
Area of improvement
Decay hent Steam
Coolans i cre nterf
Plaat AC oC remaoval Auppart ” generatar | lnternal , il Miscel
s o Cupecnen P e ATWS wenl porel - 1y item Containmeni i
rystems LOCAY " LOC Ay =
systems ruplurer
DC Cook 182 4 7/ - 4 7/ 7
Dhablo Canyor ' 4 v 4 7/ "4 7 7/
Haddem Necs /7 7/ 7/ / 4
Indian Posnt 2 v 7’ 7/ /
Indran Paint 3 7/ 7/ 7/ 7/
MeQuire 1 &2 7/ 7/ 4 s '
Mulistone ) 7 ” 7/ s 7/ 7 7
Salem | &2 7/ 7 v
Seabrook /s 7 7 7 " 4 7/ 7
Sequoysh 1&2 7/ s 7/ s 7
South Texas (&2
Vogrie 142 7/ ¥ 7/ 7/
Watts Bar 7/ 7/ 7/ F
Wolf Creek 7 7 / ’ /
Zon &2 !
m_—éﬂi —_—

Using the plant grouping pattern mentioned throughout this report, the following sections summarize the plant
improvements documented in the submittals. The status of these improvements (implemented, planned, or under
evaluation) is as of the dates when each IPE submittal was completed. In many cases, a few years have passed since
the submittal date. Hence, some of the planned improvements or those under evaluation may or may not have been
implemented as of the date of this report.

9.3.1 BWR Plant Improvements

Many of the plant improvements identified in the BWR submittals are procedural/operationalchanges (approximately
40%). Most of the BWR procedural/operational improvements address station blackout scenarios or operation of
coolant injection systems. A significant number also address operation of support systems since they can impact
different accident classes. Only a small percentage specifically address accident classes that are minor contributors
to core damage (e.g.. internal flooding, ATWS, LOCAs, and ISLOCAs). The most common procedural/operatioral
plant improvements identified in the BWR submittals include incorporating the IPE results into operator training
programs, developing or improving procedures for battery load shedding or cross-tieing electrical buses, and
arranging for alternate room coeling upon loss of HVAC . Of the procedural/operational improve.nents identified,
approximately 45% have been implemented, but not all have been credited in the BWR IPEs. Approximately 20%
have been implemented and credited in the BWR IPEs.

Most of the plant improvements identified in the BWR submittals are design/hardware changes (approximately 50%)

As is the case with procedural/operational improvements, most of the BWR design/hardware improvements address
station blackouts scenarios, operation of coolant injection systems, of operation of support systems Only a small
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percentage specifically address accident classes that are minor contributors to core damage (e.g.. internal flooding,
ATWS, LOCAs, and ISLOCAs). The most common designhardware plant improvements identified in the BWR
submittals include improving or replacing diesel generators, establishing new offsite power lines, establishing a hard
pipe vent path, purchasing a portable generator for charging station batteries, and establishing flow paths for firewater
injection into the vessel. Of the design/hardware improvements identified. approximately 65% have been
implemented, but not all have been credited in the BWR IPEs Approximately 25% have been implemented and
credited in the BWR [PEs,

Few of the identified BWR plant improvements are maintenance-related changes. Most of the BWR maintenance
improvements address operation of support systems, with a smaller number addressing prevention of internal flooding
events.  The maintenance-related plant improvements identified in the BWR submittals are more diversified than
the other plant improvements. The most common improvements are related to instrumentation calibrations and
mspection of piping and seals. Of the maintenance improvements identified, approximately 50% have been
implemented and few have been credited in the BWR [PEs. Approximately 10% have been implemented and
credited in the BWR IPEs

More details concerning the BWR plant improvements identified for each group of plants are provided in the
following sections. A summary of the implementation status (as of the IPE submittal dates) for the BWR plant
improvements is provided in Table 9 10.

Table 9.10 BWR plant improvement implementation by licenses ¢s of the date of
IPE submittal.

Number implemented

e — ————————

Number implemented

BWR 1/2/3

Big Rock Point unknown Nine Mile Point | some
Oyster Creek most Dresden 2&3 some
Millstone | most

BWR 3/4
Monticello most Piigrim | F
Quad Cities 1&2 all Browns Ferry 2 *
Brunswick 1&2 most Cooper none
Duane Arnold some Fermi 2 none
Fitzpatrick some Hatch 1&2 all
Hope Creek unknown Limerick 1&2 all
Peach Bottom 2&2 all Susquehanna 1&2 some
Vermont Yankee some

BWR §/6
LaSalle 1&2 all Nine Mile Point 2 some
WNP 2 none Chinton some
Grand Gulf | none Perry some
River Bend some
* No plant improvements identificd because of 1PE process
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9.3.1.1 BWR 1/2/3s with Isolation Condensers

Most of the licensees in this group have implemented improvements to address station blackout, and indicate they
are planning or evaluating other changes to further address this accident class. These changes are introduced or
supported by the findings of the IPEs and past PRA analyses. In most cases, these improvements are aiso a result
of evaluations in response to the station blackout rule.

As indicated in Table 98  ree of the licensees in this plant group identify specific improvements, many of which
have been implemented, to address the power reliability issue for station blackout. These improvements include
improving both the AC and DC reliability and could be applied at many other plants. For AC improvements, Oyster
Creek has provided an interconnection to an alternate offsite power source. Millstone | has upgraded an offsite
power line and improved its multiunit site cross-tie capability, as well as iniroducing a number of onsite AC
equipment changes to improve reliability and performance. DC power reliability improvements and changes to
extend battery life during station blackout are also being considered. Milistone 1, Oyster Creek, and Nine Mile
Point | specifically mention in their IPE submittals that the addition of portable chargers is under evaluation. Nine
Mile Point | has apparently added DC power capacity to reduce the requirements of load shedding but is also
examining additional load shedding provisions. Millstone | is making some maintenance changes to decrease the
outage time for some batteries.

Another general area of improvement addressing station blackout, but also of value in other types of accident
scenarios, involves improved decay heat removal (DHR) capability and reliability.  For instance, three of the
licensees (one for a dual unit site) specifically mention improvements made to the isolation condensers in their
submittals. One of these sites, Millstone 1, has made valve operator replacements and apparently added a portable
diesel pump for extended shell-side water supply to the isolation condenser during station blackout. The other site,
Dresden 2&3, cites a planned change to procedures so the operators will have better guidance for maintaining
operation of the isolation condensers during an extended blackout. Additionally, Oyster Creek has apparently
implemented a firewater backup spray capability for use during an extended blackout condition. Twao plants, Nine
Mile Point 1 and Oyster Creek, specifically mention the hard pipe improvements made and credited in the IPE in
response to Generic Letter 89-16. Nine Mile Point | and Millstone 1 also specifically mention emergency operating
procedure (EOP) changes either being implemented or under evaluation to improve overall containment venting
reliability. Most of these improvements could be applicable to other plants in this plant group.

Several licensees also mention plant improvements related to coalant injection systems that could also be applied to
other BWRs. Millstone | has apparently replaced the motors on the LPCI and core spray pumps with air-cooled
motors 1o reduce the support system dependencies. Dresden 2&3 has implemented procedure and training changes
to realign low-pressure cooling suction from the condensate storage tank (CST) whenever suppression pool cooling
cannot be established. This is to eliminate possible pump net positive suction head (NPSH) concerns during any
accident class resulting in a high-pool temperature condition. Nine Mile Point | is considering improved
maintenance guidance on calibration of the reactor low-pressure permissive logic and a design change to provide local
manual capabilities to some air-operated valves

Other improvements are specifically cited in the submittals that address other classes of accidents These
improvements can be plant specific or can be applied to the entire plant group. For example, a plant-specific
improvement at Oyster Creek involves the implementation of an improved reactor overfill protection system to reduce
high-level excursions. More generic improvements include a new surveillance procedure to help reduce the
probability of an ISLOCA in the reactor water cleanup (RWCU) system and an equipment qualification boundary
program to reduce the probability of equipment failure during various high-energy line breaks. Both of these
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improvements were implemented at Millstone |. Oyster Creek and Nine Mile Point | also mention the broader use
of IPE results in future operator training.  Finally, Nine Mile Point | implemented and credited replacement of
recirculation pump seal cartridges to lessen recirculation pump seal effects.

Regarding the quantitative benefit of most of these changes, one of the most noteworthy was that Dresden 2&3
indicated that the low-pressure suction realignment mentioned above should reduce the estimated total plant CDF
by about 2E-S/ry. This level of reduction is similar to each unit's CDF, which is reported as 2E-5/ry. All of the
station blackout improvements have certainly made the estimated core damage frequencies lower than they would

be without the improvements. Since some of these changes are under evaluation, further reduction of the station
blackout contribution is possible.

9.3.1.2 BWR 3/4s

Like the BWR 1/2/3s, nearly all the plants in this group have made changes to address the commonly identified
concern of station blackout. No specific items are identified in the Browns Ferry submittal, and Pilgrim, which had
already made a number of PRA-supported modifications even before the IPE, does not highlight any mew changes.
In the past, Pilgrim had added a third diesel generator and also a backup nitrogen supply to extend the use of safety
relief valves during blackout and loss of air events. These blackout-related changes are often, but not always, part
of the licensees’ station blackout rule responses and are further identified and supported by the findings in the IPEs.
As with the BWR 1/2/3s, these improvements take various forms and include changes to address AC, DC, and other
system reliabilities and enhancements. At least half the sites (including the dual unit sites for Quad Cities 1&2,
Brunswick 1&2, Limerick 1&2, and Peach Bottom 2&3) cite both procedural and hardware upgrades to improve AC
system reliability that could be applied at most BWRs. Examples of these improvements are implementation of bus
cross-tie and bus recovery enhancements at many of the sites, startup auxiliary transformer upgrades implemented
at Brunswick 1&2, procedure changes being evaluated at Fermi 2 to address partial offsite power loss, two new
diesels instalied at Quad Cities 1&2, evaluation of cross-connecting fuel oil sources at Vermont Yankee, and
implementation of an underground and more reliable source of offsite power at Peach Bottom 2&3. Potentially
generic DC power improvements identified in the IPE submittals include new DC power restoration procedures
implemented at Brunswick 1&2, DC load shedding procedure enhancements being evaluated at Cooper and Vermont
Yankee and implemented at Monticello, and replacement of station battery chargers implemented at Hatch 1&2.

The addition of firewater backup capability is another potentially generic improvement identified in at least four of
the submittals. Monticello and Limerick &2 apparently implemented changes so as to be able to inject firewater
into the RHR paths for injection, which should be beneficial in loss of RHR accidents. Vermont Yankee was
evaluating a similar change. The F itzpatrick and Cooper licensees state that the use of firewater as a backup to diesel
cooling is being planned or evaluated, most likely to deal with perceived service water weaknesses.

Other blackout-related changes mentioned in individual submittals include procedure and hardware improvements
for loss of ventilation at Hatch 1&2, the switch to DC-backed instrument buses for safety relief valve power at
Monticello, and the switch to a DC-powered bus for RCIC room exhaust fans being planned at Fitzpatrick. Hope
Creek is planning a detaiied reevaluation of service water pump requirements. This is more of an analytical change

rather than an actual change to plant hardware, but could yield a 50% reduction in the station blackout contribution
in the plant’s submittal.

Another common area of improvement identified in the BWR 3/4 IPE submittals 1s coolant injection systenis

Monticello is apparently evaluating procedure and training changes for the use of alternate low-pressure injection
systems to avoid pump cavitation concerns under loss of RHR conditions. The Fitzpatrick submittal indicates that
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changing the control rod drive (CRD) flow control valves so as to fail in their current position or in the open position
upon loss of air is under evaluation. The Vermont Yankee submittal indicates that changes are being evaluated to
enhance the use of CRD whenever HPCI and RCIC might be simultaneously unavailable. At least Monticello and
Vermont Yankee are evaluating improvements for replenishing the CST in long-term emergency situations. The
Fitzpatrick and Vermont Yankee submittal: mention the evaluation of procedure improvements to lessen the chance
of loss of HPCI and RCIC when performing emergency depressurization. All of these improvements could
potentially be made at additional plants.

Numerous other improvements are being considered by licensees. For example, the Fermi 2 submittal indicates that
standby system realignment procedure enhancements are being planned. The Hatch 1&2 submittal indicates that
some loss-of-HVAC design and procedural improvements have been implemented for pump rooms and the intake
structure. A few of the IPE submittals mention 1PE-related operator training as being planned or implemented, and
over half of the submittals specifically mention implementation of a hardened containment vent path and crediting
it in the IPE. Vermont Yankee indicated that cross-connecting the two standby liquid control (SLC) system trains
was being considered to increase the system redundancy in responding to an ATWS event. The Fitzpatrick submittal
indicates that measures for protecting some equipment from internal flooding effects were being evaluated. Finally,
the Monticello IPE submittal indicates that interlocks to prevent opening a shutdown cooling suction valve on the
RHR system when its associated torus retum valve is open have been installed.

Many of the station blackout improvements have cenainly made the estimated core damage frequencies lower than
they would be without the improvements. Explicit quantitative evaluations of these effects are not given. However,
since many of the changes summarized above are under evaluation, some reduction of plant CDFs may be achieved.

9.3.1.3 BWR 5/6s

Like the previous groups of BWRs, station blackout improvements are commonly identified in the submittals for the
BWR 5 and 6 designs. In this case, most are identified as planned or under evaluation while a few were apparently
implemented at the time of the submittals. A commonly identified improvement involves enhancing the use of the
high-pressure core spray (HPCS) diesel (a Division 11l power source) for powering Division I or 1T whenever these
two latter divisions are lost. Nine Mile Point 2 has apparently implemented procedure changes to this effect, Grand
Gulf is planning such a change, and Perry | has implemented a permanent cross-tie arrangement. The River Bend
licensee reports a service water valve change to address the loss of service water flow to the HPCS diesel to decrease
the station blackout contribution to CDF.

Other AC power improvements identified in the submittals as implemented or being evaluated or planned included
changes to offsite and onsite power maintenance and recovery procedures at most of the sites. Both the River Bend
and Perry | submittals identify specific DC power improvements The Perry | submittal indicates a cross-tie
capability for the batteries has been implemented, while the River Bend submittal indicates the use of a portable
charging capability is under evaluation. Firewater backup capability improvements are also identified as under
evaluation at Perry |.

Improvements related to coolant injection systems were identified by almost all of the plants in this group. A “sneak
circuit” problem at LaSalle, which can potentially cause the loss of RCIC whenever AC power is lost and then
subsequently restored, has received attention through a procedure change and additional operator training. Other
potentially generic improvements were also identified by other licensees. The licensee for WNP 2 indicated that
raising the RCIC low-vessel level actuation setpoint was being evaluated. Revision of procedures to address
bypassing of the RCIC high-steam tunnel trips was implemented at Perry and was under consideration at Grand Gulf.
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The Perry submittal also indicated that implementation of automatic vessel depressurization for non-ATWS events
was being evaluated. The Grand Gulf submittal indicated that alternate operation of low-pressure core spray and
RHR pumps during a loss of standby service water was being evaluated as a means of extending the time to seal

failure. Finally, both Perry and River Bend listed plant improvements related to using firewater to provide coolant
1o the vessel.

Other plant changes are also identified, including a variety of procedure changes to address pump room and control
building HVAC loss implemented at Nine Mile Point 2 and River Bend, and hydrogen igniter power source and
procedure changes being evaluated at River Bend for station blackout some. ATWS-related improvements are
identified as planned or under evaluation in three submittals. These improvements involve training for scram
hardware failures at Clinton, the automatic inhibiting of the automatic depressurization system (listed in both the
WNP 2 and Perry submittals), and a possible alternate boron injection capability at Perry. The Perry submittal also
indicates the planned use of plant-specific ATWS information to improve operator performance. F inally, both Perry
and River Bend stated that a containment vent system was being evaluated. Most of these improvements could be
applicable to other BWRs.

Regarding the quantitative effects of some of these improvements, the WNP 2 submittal indicates that a reduction
of approximately 50% in its CDF might be realized for its backfeed power modification. The licensee for Perry |
estimates a reduction of approximately |E-S/ry for ATWS changes if implemented. At River Bend, an estimated
reduction in station blackout from its current contribution of approximately 90% to the total CDF to less than a 60%
contribution might be realized from implementation of all blackout-related changes being evaluated. The “sneak
circuit” procedure and training changes at LaSalle 1&2 are estimated to reduce the contribution to the total CDF for
sequences involving this issue from approximately 20% to 1%

9.3.2 PWR Plant Improvements

Most of the plant improvements identified in the PWR submittals are procedural/operational changes (approximately
50%). The PWR procedural/operational improvements address station blackout. or loss of reactor coolant pump
seals; steam generator tube rupture scenarios, or operation of coolant injection, DHR, or support systems. Only a
small percentage specifically address accident classes that are minor contributors to core damage (e g., internal
flooding, ATWS, LOCAs, and ISLOCAs). The most common procedural/operational plant improvements identified
in the PWR submittals include incorporating the IPE results into operator training programs or developing or
improving precedures for battery load shedding, switching over emergency coolant injection to the recirculation
mode, arranging for altemate RCP seal cooling, and performing feed and bleed operations. Of the
procedural/operational improvements identified, approximately 35% have been implemented, but not all have been
credited in the BWR IPEs. Approximately 25% have been implemented and credited in the BWR IPEs.

Many of the plant improvements identified in the PWR submittals are design/hardware changes (approximately 40%).
Most of the PWR design/hardware improvements address station blackouts scenarios, RCP seal cooling, and operation
of coalant injection, DHR, or support systems. Only a small percentage specifically address accident classes that
are minor contributors to core damage (e.g . internal flooding, ATWS, LOCAs, and ISLOCAs). The most common
design/hardware plant improvements identified in the PWR submittals include improving or replacing diesel
generators and auxiliary feedwater pumps, replacing RCP seal material, replacing battery chargers, purchasing a
portable generator for charging station batteries, and establishing flow paths for alternate RCP seal cooling. Of the
design/hardware improvements identified, approximately 45% have been implemented, but not all have been credited
in the BWR IPEs. Approximately 30% have been implemented and credited in the BWR IPEs,
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Few of the identified PWR plant improvements are maintenance-related changes. Most of the PWR maintenance
improvements address operation of support systems preventing internal floods or ISLOCAs. The maintenance-
related plant improvements identified in the PWR submittals include inspection of piping and other components,
valve leak testing, and improved maintenance procedures for HVAC systems and diesel generators. Of the
maintenance improvements identified, approximately 60% have been implemented and few have been credited in the
BWR IPEs. Approximately 45% have been implemented and credited in the PWR IPEs.

More specific details concerning the PWR plant improvements identified for each group of plants are provided in

the following sections. A summary of the implementation status (as of the IPE submittal dates) for the PWR plant
improvements is provided in Table 9.11

Table 9.11 PWR plant improvement implementation by licenses as of the date of
IPE submittal.

ﬂ Plant I Number implemented Ei Plant Number implemented ’l

B&W PWRs
ANO | some Crystal River 3 all
Davis-esse some Oconee 1,243 none
Three Mile Island | nong
CE PWRs

ANO 2 same Calvert Chiffs 1&2 some
Fort Calhoun some St Lucie 1&2 all
Maine Yankee unknown Millstone 2 all
Palisades none Palo Verde 1.2&3 all
San Onofre 2&3 all Watertord 3 none

Westinghouse 2-loep PWRs
Ginna mos! Kewaunee mos!
Point Beach 1&2 most Prainie Island 1&2 most

Westinghouse 3-loop PWRs
Beaver Valley | some Beaver Valley 2 some f
Farley 1&2 must Robinson 2 most
North Anna 1&2 all Shearon Harris some
Summer most Surry 1&2 all
Turkey Point 3&4 all

Westinghouse 4-loop PWRs
Braidwood 1&2 none Byron 1&2 none
Callaway some Catawba 1&2 some
Comanche Peak 1&2 all DC Cook 1&2 none
Diablo Canyon 1&2 nore Haddam Neck some
Indian Poimt 2 some Indian Point 3 none
McQuire 1&2 SOme Millstone 3 most
Salem 1&2 none Seabrook none
Sequoyah 1&2 none South Texas 1&2 =
Vogtle 1&2 all Watts Bar | none
Waolf Creek none Zion 1&2 unknown
* No plant improvements identified because of IPE process

-
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9321 B&W PWRy

The IPEs for this group of plants identify improvements that typically address a variety of different concerns as
opposed 1o a single common issue such as station blackout for the BWRs. Improvements related to RCP seal failure,
however, are identified in three of the five submittals. TMI 1 is evaluating training enhancements for maintaining
seal injection flow and tripping of the RCPs to reduce the chance of RCP seal failure. Oconee 1.2&3 is evaluating
procedural actions to supply RCP seal water during loss of power conditions. The Davis-Besse submittal addresses
the evaluation of procedure enhancements for 1solating the seal return flow when seal cooling to the RCPs has been
lost and for dealing with loss of injection during a seal LOCA

The licensees for Davis-Besse and ANO | either have implemented or are evaluating ISLOCA procedure and training
modifications which will lessen the chance of interfacing system LOCAs at these plants. These two licensees also
address station blackout concerns, with ANO | implementing the use of a fifth swing air-cooled diesel and added
battery capacity, and Davis-Besse evaluating procedural changes to add redundancy capability to power supplies,
provide for DC load shedding, and guide the replenishment of diesel fuel oil for long-term diese! use.

Additional individual improvements being evaluated for this plant group are related to staggering HPSI pump use
during loss of service water events at ANO I, maintaining service water operation with loss of HVAC at Davis-
Besse, a procedure change at Oconee to reduce the effects of internal flooding, and procedural changes to refill the
borated water storage tank during SGTRs at ANO |, Davis-Besse, and TMI 1. All of these plant improvements
could be applicable to other PWRs

One of the more noteworthy and explicitly documented Quantitative effects of these improvements is that ANO 1,
which is implementing the fifth swing diesel and additional battery capacity, estimates a 23% and 14% reduction,
respectively in the plant CDF from the current value in the IPE of almost SE-S/ry.

9.3.2.2 CE PWRs

With the exception of power-related improvements, including power equipment HVAC improvements in a number
of submittals, most improvements identified in the submittals for this plant group are somewhat unique and not
common to many of the CE plants. Of note, RCP seal LOCA improvement issues are not as pervasive in many of
the B&W and Westinghouse plant submittals. Only Calvert Cliffs identified a plant improvement in this area. The
implemented improvements in the CCW system should reduce the frequency of an RCP seal LOCA.

Several licensees identified plant improvements related to improving the reliability of AC and DC systems. As
discussed above for ANO | (the B&W unit), the licensee for ANO 2 added a swing diesel generator. Palo Verde
has installed two 4.5 MW gas turbine generators. The Waterford submittal indicates that the installation of a portable
diesel generator for charging the station batteries was being evaluated. Maine Yankee has replaced and added spare
battery chargers and inverters and improved the cross-tie capabilities of these inverters and chargers. Millstone 2
has also added a new battery charger. All of these changes could be applied at other plants.

Support system improvements, particularly with respect 1o loss of HVAC events, were identified by many licensees
in this group. The Maine Yankee licensee has installed a high-temperature alarm and revised procedures related to
afoss of switchgear room ventilation. Calvert Cliffs has also implemented procedural upgrades to improve mitigation
of loss of switchgear room cooling. Millstone 2, which made DC room temperature alarm improvements, has also
implemented a loss of engineered safeguara feature room ventilation procedure. At least three other submittals
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covering a total of five units state that temperature alarms and procedure changes have been implemented for DC
rooms and inverter rooms.

Other improvements include AFW relay improvements for a backup water supply and maintenance improvements
for AFW at Calvert Cliffs. Palo Verde has implemented power source changes involving main steam isolation valve
(MSI1V) and feedwater isolation and a backup power source for AFW control. Both St. Lucie and Waterford listed
procedures to refill the CST as plant improvements. Calvent Cliffs was considering enhancing the EOPs to include
the use of the pressurizer vent valves as a means for depressurizing the vessel during a SGTR event. Millstone |
revised their EOPs to direct that a faulted steam generator be isolated.

Additional improvements include firewater injection to steam generators being evaluated at Waterford 3, additional
valve checks or testing to decrease ISLOCAs at ANO 2 and Maine Yankee, various AFW improvements, and a
variety of valve equipment or testing improvements. At Fort Calhoun, a number of flooding improvements are being
implemented or being evaluated. These involve the prevention or mitigation of a rupture in the RCP seal cooler of
the component cooling water system, an ISLOCA in a shutdown cooling line, and an AFW flood involving the nced
to possibly remove a water-tight door.

Two of the submittals identify noteworthy quantitative effects of the improvements. The Palo Verae submittal
indicates that all the power-related changes implemented and credited in the IPE made a reduction of almost 1E-3/ry
in the total plant CDFs which is very significant. The San Onofre 2&3 IPE indicates a 6E-5/ry reduction in the CDF
for its implemented and credited installation of inverter room temperature alarms.

9.3.2.3 Waestinghouse PWRs

Like the other groups of PWRs, all of the licensees in this group identify a variety of different types of
improvements addressing a number of different issues. The most common issues have to do with power-related
improvements for both station blackout and non-blackout accident scenarios (including loss of HVAC issues), AFW
changes, and RCP seal cooling including related loss of component cooling water scenarios. Not quite as common
but still identified for many plants are improvements regarding plant flooding. Other miscellaneous improvements
are also identified. These improvements are fairly consistent among 2-, 3-, and 4-loop Westinghouse PWRs. The
different loop plants tend to “look the same” from the standpoint of improvements that were implemented or are
being planned or evaluated. Hence no significant difference is apparent among the different loop plants with regard
to the identified improvements in the IPEs.

Power-related upgrades take a variety of forms and include diesel and gas turbine upgrades, battery and associated
charging capability improvements, related loss of HVAC issues, load changes, and bus cross-tie improvements,
among others. At least a dozen submittals indicate that the plants have apparently implemented onsite AC power

improvements by either adding to or replacing existing power sources with new diesels, upgrading gas turbines,
providing procedures for use of “backup™ diesels, incorporating improven . diesel reliability and maintenance
programs as well as monitoring diesel operation (e.g., monitoring e rature for loss of jacket cooling), and

providing procedural enhancements for 4 kV bus cross-tieing. Many of these improvements are done in coordination
with the station blackout rule. At least six submittals indicate that additions of new or replacements of old diesels
or gas turbines are under evaluation. The Indian Point 2&3 submittal indicates that potential changes to diesel
functional testing are being considered, including room fan testing. The Beaver Valley 1&2 submittal indicates that
a manual river backup for diese! cooling is being considered. The majority of these improvements could be applied
to all PWRs
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DC power improvements. most of which are being evaluated. are identified in the Shearon Harris 1, H.B. Robinson.
Scabrook, Point Beach 1&2, and Sequoyah 1&2 submittals. An apparently implemented DC power improvement
at Point Beach 1&2 involves battery upgrades and a new swing battery. The improvements under evaluation are all
different in form and include adding battery capacity, improving load shedding procedures, modifying DC loads on
the batteries, providing independent battery charging capability, adding possible cross-tie features, and reducing
present battery unavailability. All of these improvements could be applied at other plants as required.

Many licensees, including Diablo Canyon 1&2, Sequovah 1&2, Indian Point 2&3. Salem 1&2, and Wolf Creek,
identify improvements associated with room ventilation issues, including the diesel fan issue mentioned above. A
few of these improvements are under evaluation while the rest are planned or have been implemented. Proposed
ventilation changes involve adding two trains of ventilation for a 480V room., modifying the ventilation system for
a 480V switchgear room, adding a switchgear room high-temperature alarm, evaluating possible changes to
procedures for the loss of HVAC for switchgear rooms, and implementing a general “open doors” policy for area
losses of ventilation.

Auxiliary feedwater system improvements are numerous. Three submittals, Indian Point 3, Point Beach, and Haddam
Neck, identify planned or implemented backup sources of water for the AFW, including a new CST, the use of
firewater, and the use of backup city water. The Ginna submittal identifies the use of firewater to cool the steam-
driven AFWS pump during station blackout as an improvement, while the Robinson submittal indicates that the
modification of its steam-driven pump to be self-cooled is under evaluation. Vogtle 1&2 and Comanche Peak 182
have apparently implemented procedural guidance for local manual operation of AFW when control power is lost.
The Kewaunee submittal indicates a planned reliability improvement program for its steam-driven train, and the
Indian Point 3 submittal indicates that the implementation of a procedure to open a roll-up door on loss of ventilation
makes a significant change in its plant CDF. Lastly, the Haddam Neck submittal indicates that adding a motor train
to its current steam trains is under evaluation. These improvements can be applied to each Westinghouse plant.

The RCP seal LOCA issue is also the source of a number of identified improvements for many plants. For instance,
the Comanche Peak 1&2, Welf Creek, Vogtle 1&2 and Farley 1&2 submittals specifically mention the changeout
to high-temperature seals while others indicate this same change is under evaluation. At least eight submittals
identify improvements to provide additional capability to supply RCP seal cooling when all normal means of cooling
is lost. Some of the descriptions of these changes provide little detail, but others indicate more specifically how this
might be accomplished. Examples include the use of swing component cooling water pumps, addition of a new
pump with a possible backup diesel, use of firewater, and providing a means to not only cool the seals but
simultaneously charge the primary system. These improvements, like those listed above, could be applied to other
PWRs

General flooding improvements are identified as mostly being implemented at many plants including Kewaunee,
Point Beach 1&2, Prairie Island 1&2, Surry 1&2, Salem 1&2. HB Robinson, and North Anna 1&2. A number of
these licensees changed door swing-out directions so that the doors will be forced against their door jams based on
identified flood sources and the corresponding flow directions Many of the improvements are procedural changes
to tmprove identification and isolation of flood sources and effects

The remaining types of improvements vary widely and are typically identified in only a few submittals. These
include ISLOCA procedural improvements, steam generator tube rupture procedure improvements, procedures for
refilling the CST, a few core cooling recirculation hardware and procedure improvements, a few instrument air and
compressor upgrades, and feed and bleed training upgrades. The single most common “other” improvement issue is
related to the RCP seal cooling concerns related to the loss of component cooling water and/or, in some cases, service
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water. Procedural guidance and the use of cross-tied pumps or a swing pump 1s a commonly identified improvement
implemented at some plants and under evaluation at others.

Quantitative effects of some of these improvements include a significant 1 E-3/ry reduction in the CDF at Surry 1&2
as a result of flooding improvements and a more realistic evaluation. At Indian Point 3, the AFWS roll-up door
improvement mentioned a>ove is estimated to reduce the plant CDF by 6E-4/ry. Numerous power-related changes,
including a mixture of those implemented or planned or under evaluation, showed CDF reductions of the order of
IE-5/ry. Similarly, implemented inprovements credited in the existing IPEs for the RCP seal cooling issue are
estimated to reduce the CDF by SE-d/ry at Farley 1&2 and approximately 3E-5/ry at Kewaunee.

9.4 Containment Performance Improvements

9.4.1 The NRC Containment Performance Improvement Program

In SECY 88-147 (Ref. 9.5). excerpts of which were attached to GL 88-20. the NRC staff noted that it had
undertaken a program to determine what. if any, actions should be taken to reduce the vulnerability of containmenis
to severe accident challenges and to reduce the magnitude of releases that might result from such challenges. This
program was referred to as the NRC's Containment Performance Improvement (CPI) program.

The NRC staff also noted that the first focus of its efforts would be the BWR Mark | containments. Technical
insights arising from the CPl program for these containments were discussed in SECY 89-017 (Ref. 9.6),
and summarized in Supplement | to GL 88-20 (Refl. 9.7).

The enclosure to Supplement | lists three improvements and states that the Cominission expects that licensees of
Mark | plants will seriously consider these improvements during their Individual Plant Examinations. Quoted below
are excerpts from Supplement | regarding each improvement:

(a) Alternate Water Supply for Drywell Spray/Vessel Injection

“An important improvement would be to employ a backup or alternate supply of water and a
pumping capability that is independent of normal and emergency AC power. By connecting this
source to the low-pressure residual heat removal system (RHR) system as well as to the existing
drywell sprays, water could be delivered either into the reactor vessel or to the drywell, by use of
an appropriate valving arrangement.

An alternate source of water injection into the reactor vessel would greatly reduce the likelihood
of core melt due to station blackout or loss of long-termi decay heat removal, as well as provide
significant accident management capability

Water for the drywell sprays would also provide significant mitigative capability to cool core
debris. to cool the containment steel shell to delay or prevent its failure, and scrub airborne
particu.ate fission products from the atmosphere.

A review of some BWR Mark | facilities indicates that most plants have one or more diesel driven

pumps which could be used to provide an alternate water supply. The flow rate using this backup
water system may be significantly less than the design flow rate for drywell sprays. The potential
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benefits of modifying the spray headers to assure a spray were compared to having water run out
of the spray nozzles. Fission product removal in the small crowded volume in which the sprays
would be effective was judged to be small compared with the benefit of having a water pool on
top of the core debris."

(b) Enhanced Reactor Pressure Vessel (RPV) Depressurization System Reliability

"The Automatic Depressurization System (ADS) consists of relief valves which can be manually
operated to depressurize the reactor coolant system. Actuation of the ADS valves requires DC
power and pneumatic supply. In an extended station blackout after station batteries have been
depleted, the ADS would not be available and the reactor would be re-pressurized. With enhanced
RPV depressurization system reliability, depressurization of the reactor coolant system would have
a greater degree of assurance. Together with a lov:-pressure alternate source of water injection into
the reactor vessel, the major benefit of enhanced RPV depressurization reliability would be to
provide an additional source of core cooling which could significantly reduce the likelihood of
high-pressure severe accidents, such as from the short-term station blackout.

Another important benefit is in the area of accident mitigation. Reduced reactor pressure would
greatly reduce the possibility of core debris being expelled under high-pressure, given a core melt
and failure of the reactor pressure vessel. Enhanced RPV depressurization system reliability would
also delay containment failure and reduce the quantity and type of fission products ultimately
released to the environment. In order to increase reliability of the RPV depressurization system,
assurance of electrical power beyond the requirements of existing regulations may be necessary.
Performance of the cables needs to be reviewed for temperature capability during severe accidents
as well as the capacity of the pneumatic supply "

(¢) Emergency Procedures and Training

“Revision 4 to the BWR Owner's Group [BWROG] EPG [Emergency Procedure Guideline] is a
significant improvement over earlier versions in that they continue to be based on symptoms, they
have been simplified, and all open items from previous versions have been resolved. The BWR
EPGs extend well beyond the design basis and include many actions appropriate for severe accident
management.

The improvement to EPGs is only as good as the plant-specific EOP implementation and the
training that operators receive on use of the improved procedures. The NRC staff encourages
licensees to implement Revision 4 of the EPGs and recognize the need for proper implementation
and training of operators."

The GL 88-20 Supplement | further states that the staff plans to communicate directly with each licensee who
possesses a Mark | plant on the matter of a hardened vent path and that improvements (a). (b), and (¢) above should
be considered in addition to improvements that stem from the evaluation and implementa.ion of the hardened vent.

In Supplement 3 to GL 88-20 (Ref 9.8), the NRC staff announced the completion of the CPI program and

forwarded the insights arising from this effort for BWR Mark Il and Mark 1ll containments and for PWR
containments for use in licensee efforts as part of the IPE program. Supplement 3 notes that the technical
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information conveyed may be useful to licensees during their examinations of their plants for vulnerabilities to severe
accidents.

The following statements regarding BWR Mark Il and Mark [I1, as well as PWR containments are quoted from
Supplement 3 to GL 88-20:

. *Mark 1l Containments — For events where inadequate containment heat removal could cause core
degradation, additional containment heat removal capability using plant-specific hardware
procedures is expected to be considered as part of the IPE process. Potential methods of removing
heat from containment include, but are not limited to, using a hardened vent or other means of
improving reliability of suppression pool cooling. It is expected that the negative as well as the
positive benefits of the enhanced containment heat removal capability will be considered. For
example, for those events where venting is initiated after core melt and subsequent vessel failure
have occurred, the benefit of scrubbing of fission products cannot be assured for Mark Il
containments to the same degree as in Mark | plants. This is because molten core materials on the
floor of the containment may fail downcomers or drain lines and result in suppression pool bypass.

In addition, the Mark | improvements contained in Supplement | to Generic Letter 88-20 dated
August 29, 1989 are expected to be considered for applicability to Mark Il containments.”

. “Mark Ill Containments — A potential vulnerability for Mark 111 plants \avolves station blackout,
during which the hydrogen igniters would be inoperable. Under these conditions, a detonable
mixture of hydrogen could develop which could be ignited upon restoration of power. Licensees
with Mark 111 containments are expected to evaluate the vulnerability to interruption of power to
the hydrogen igniters as part of the [PE. A backup power supply meeting the requirements for the
Alternate AC option of the Station Blackout Rule would be one method of ensuring uninterrupted
operation of the hydrogen igniters.

In addition, the Mark | improvements contained in Supplement | to Generic Letter 88-20 dated
August 29, 1989, as well as containment heat removal as discussed for Mark [l containments, are
expected to be considered for applicability to Mark 1lI containments."

. "PWR lce Condenser Containments — The same situation could occur in ice condenser
containments as in Mark 111 containments relative to hydrogen detonations following restoration
of power. Therefore, licensees with ice condenser containments are expected to evaluate the
vulnerability to interruption of power to the hydrogen igniters as part of the IPE."

. “PWR Dry Comainments — Depending on the degree of compartmentalization and the release
point of the hydrogen from the vessel, local detonable mixtures of hydrogen could be formed
during a severe accident and important equipment, if any is nearby, could be damaged following
a detonation. In addition, smalier subatmospheric containments may develop detonable mixtures
of hydrogen on a global basis. Licensees with dry containments are expected to evaluate
containment and equipment vulnerabilities to localized hydrogen combustion and the need for
improvements (including accident management procedures) as part of the IPE.

It should be noted that currently available computer codes have been shown to overestimate mixing
of hydrogen in the containment and may not be adequate to evaluate the potential for high-local
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concentrations of hydrogen (e.g., ANS Proceedings, 1989 National Heat Transfer Conference,
August 6-9, 1989, Philadelphia, PA, Page 233-241). Thus any analyses should be supplemented
by judgement as to the adequacy of the results and consideration of the impact of higher than
predicted hydrogen concentration due to stratification.

Given an estimate of local concentration of hydrogen, NUREG/CR-5275 provides a discussion of
one method that has been used to evaluate the potential for local hydrogen detonations.”

NUREG-1335, which provides guidance to licensees on submitting the IPE results, mentions CPI issues in
Section 2.3, which deals with the submittal of specific safety features and potential plant improvements. Appendix C
of NUREG-1335 provides the NRC response to comments and questions the licensees raised about the IPE process.
Some of these questions and their responses address the relationship of the CPI program to the IPE program.

In their IPE submittals most licensees respond to the CPI Program recommendations relevant to their type of
containment. These responses are usually contained in a separate section devoted to CPI issues, but sometimes are
scattered throughout the containment performance discussion. In those cases where CPI issues are not addressed in
the submittals, the review of the submittals by NRC and its contractors usually elicits a response to CPI concerns
from the licensee through a request for additional information (RAI). Nevertheless, the licensee’s IPE submittals
vary widely in their response to CPl recommendations. In several cases the licensees indicate that the CPI
recommendationsare being considered, but do not identify the recommendations as commitments. The sections below
present an overview, grouped by containment types, of how the CPI concerns were treated in the different IPEs, and
Tables 9.12 and 9.13 provide a summary of how each licensee addressed CP! in their IPE submittals.

Table 9.12 BWR containment performance improvements.

Plant name Containment type CPls as discussed by licensees in IPEs

| Browns Ferry 2 Mark | - Intend to install hardened vent

ﬂ Brunswick | Mark | - Hardened vent (installed per GL 99-16)
f Clinton Mark 111 - Addressed/no actions deemed necessary
- BWROG EPG Rev. 4' was implemented
Cooper Mark | - None addressed
Dresden 2&3 Mark | - Considering alternate containment spray
Duane Arnold Mark | - Installed hardened v=nt per GL 89-16

- Incorporated BWROG EPG Rev. 4
- Alternate vessel injection already in EPGs

Fermi 2 Mark | - Hardened vent to be installed
- BWROG EPG Rev. 4 implemented

Fitzpatrick Mark 1 - Instatled hardened vent
- Implemented BWROG EPG Rev 4
- Did not install modification for alternate injection and spray

Grand Gulf | Mark I11 - BWROG EPG Rev. 4 previously implemented
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Table 9.12 BWR containment performance improvements.
‘ Contsinment type CPIs as discussed by licensees in IPEs

- BWROG EPG Rev, 4 implemented
- EPGs provide lor alternate wiyjeciion metheds and alea for
alternate drywell sprays although not credited in [PE

| Hatch 1&2

‘ Hope Creek Mark | - lmplemented BWROG EPG Rev. 4

- Use of alternate injzction systems modeled and included in EPGs
Installed hardened vent GL 89-16

LaSalle 1&2 Mark | - BWROG EPG Rev. 4 implemented

- Fire water as an alternative to RPV injection

- EPGs provide diverse means to depressurize using turbine bypass
valves, reactor feedwater pump and RCIC

- Hardened vent previously installed

Limerick 1&2 Mark [l - No hardened vent

- Planned capability for firewater aliernate RPV injection; existing
capability for injection via RHRSW

- Incorporated BWROG EPG Rev. 4

Milistone 1 Mark | - Installed hardened vent

- Implemented BWROG EPG Rev. 4 with some additional
evaluations ongoing

- Alternate RPV injection and drywell spray provided

Monticello Mark |

Alternate RPV injection and drywell spray through RHR SW and

fire water cross-lies

- Considering modifying power supplies to N2 bottles for
enhanced depressurization

- Stayed with BWROG EPGs Rey. 3

- Enhanced ADS (SRV power available during loss of offsite

power)

Nine Mile Point | Mark | - Instalied hardened vent (GL 89-16)

- Adopted BWROG EPG Rev. 4

- Raw water available as alternate RPV injection, drywell spray
and containment flooding

Nine Mile Point 2 Mark 11 - Hardened wetwell vent to be installed during 1993 refueling
outage

- Adopted BWROG EPG Rev 4

- Considering evaluation of diesel driven fire pump providing
alternate RPV injection

Oyster Creek Mark 1 - Alternate RPV injection in place

. RPV enhanced depressurization through alternate AC source
- Implemented BWROG EPG Rev. 4

- Planned hardened vent

Peach Bottom 2&3 Mark | - Capability to provide alternate RPV 'njection ad drywell spray
- Implemented BWROG EPG Rev. 4
- Installed hardened vent

Perry | Mark Il . Considering passive containment venting, ATWS alternate
shutdown and ADS inhibit design
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2 BWR containment performance improvements,

Containment type

Pilgrim | Mark |

- Implemented BWROG EPG Rev. 4

CPls as discussed by licensees in IPEs

Installed hardened vent

Alternate RPV injection or drywell spray from firewater cross-
tie

Quad Cities 1&2 Mark |

Installed hardened vent
Implemented BWROG EPG Rev, 4

- Alternate sources (fire protection) for RPV injection and drywell

sprays are under consideration

River Bend Mark 11

Planned permanent installation of diesel-driven air compressor to
supply vessel SRVs

- BWROG EPG Rev. 4 implemented (prior to IPE)

Addressed need for containment venting and H2 igniters, no
modifications deemed necessary

Susquehanna 1&2 Mark 1l

Many EOP revisions derived from BWROG EPG, Rev 4
Thirty-day supply of compressed nitrogen for SRV actuation
Alternate injection to RPV and containment spray via diesel-
driven fire pump aligned to RHR service water

Considering wetwell vent procedures (credited in [PE)

Vermont Yankee Mark |

(All igentified prior to issuance of GL 88-20)

Installed hardened vent

Enhanced RPV depressurization reliability

Implemented BWROG Rev. 4

Alternate RPV injection and drywell Spray using river water or
fire protection system

WNP 2 Mark 11

- BWROG EPG Rev, 4 implemented (prior to IPE)

Enhanced RPV depressurization through operator training

Document, March 1987,
— e ————

Table 9.1

IPE submittals

=S

B — ——

" General Electric, et al., “BWR Owners Group Emergency Procedure Guidelines, Rev. 4,” NEDO-1 1333, Class |

M

PWR Containment Performance Improvements.

Containment type

CPls as discussed b

y licensees in IPEs

e =

ANO | Large-dry Discussed in responses to RAI, no action deemed
necessary by licensee

ANO 2 Large-dry Discussed in submittal and responses to RAl. No
vulnerabilities for hydrogen accumulation and combustion

Beaver Valley | Large-dry (subatmospheric) | Discussed in IPE submittal, no action deemed necessary

by licensee

Beaver Valley 2

Large-dry (subatmospheric) Discussed in IPE submittal, no action deemed necessary

by licensee
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Table 9.13

IPE submittals

| Big Rock Point*

PWR Containment Performance Improvements.

Containment type

CPls as discussed by licensees in IPEs "

1
!
|
|
|
4

Large-dry Discussed only in respoases to RAL no action deemed
necessary by licensee
| Braidwood 1&2 Large-dry Not discussed in IPE submittal (revised IPE not submitted |

to NRC as of 10-96) |

Byron 1&2 Large-dry Not discussed in IPE submittal (revised IPE not submitied
to NRC as of 10-96)

Callaway Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Calvert Cliffs 1&2 Large-dry prestressed post Discussed in IPE submittal. no actioti deemed necessary

tensioned by licensec

Comanche Peak 1&2 Large-dry Discussed in [PE submittal, no action deemed necessary
by licensee

Crystal River 3 Large-dry Discussed in responses to RAL no action deemed
necessary

Davis Besse Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Diablo Canyon 1&2 Large-dry Discussed in 1PE submittal, no action deemed necessary
by licensee

Farley 1&2 Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Fort Calhoun 1| Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Ginna Large-dry Not specifically discussed, hydrogen detonation is
discussed and deemed not a concern by licensee

Haddam Neck Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Indian Point 2 Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Indian Point 3 Large-dry Discussed: no immediate modifications identified. formal
implementation of accident management strategies for
hydrogen control deferred untit SAM guidelines
impiemented--expected June 1998 (to be based on WOG
Guidelines)

Kewaunee Large-dry Discussed in IPE submittal, no action deemed necessary
by licensce

Maine Yankee Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Millstone 2 Large-dry Discussed in IPE submittal, no action deemed necessary

by hicensee
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Table 9.1 PWR Containment Performance Improvements.,

| Millstone k) Large-dry (subatmospheric)

Discussed in IPE submittal, no action deemed necessary
by licensee

North Anna &2 Large-dry (subatmospheric) | Discussed in IPE submittal, no action deemed necessary
by licensce

Oconee 1,2&3 Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Palisades Large-dry Discussed in [PE submittai, no action deemed necessary
by licensce

Palo Verde 1,2&3 Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Point Beach 1&2 Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Prairie Island 1&2 Large-dry Discussed: hydrogen burn determined by licensee not to
be a threat to containment integrity

H B. Robinson 2 Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Salem 1&2 Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

San Onofre 2&3 Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

H;eabrmk Laige-dry Discussed in IPE submitial, no action deemed necessary

by licensee

Shearon Harris | Large-dry Discussed: possible procedural change to reduced potential
for induced SGTR

South Texas Project 1&2 Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

St. Lucie 1&2 Large-dry Discussed in IPE submiitel, no action deemed necessary
by licensee

Summer Large-dry Discussed: hydrogen detonation not deemed to be a
concern by hcensee

Surry 1&2 Large-dry. (subatmospheric) | Discussed in response to RAL no action deemed necessary
by licensee

Three Mile Island | Large-dry Referenced Oconee analysis, no action deemed necessary
by licensee

Turkey Point 2&3 Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Vogtie 1&2 Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee
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Table 9.13 PWR Containment Performance Improvements.
’Lm Containment type CPls &5 discussed by licensees in IPEs

Waterford 3

Large-dry Discussed in [PE submittal, no action deemed necessary

by licensee

Wolf Creek Large-dry Discussed in IPE submittal, no action deemed necessary
by licensee

Zion 1&2 Large-dry Not discussed in detail: steam inerting of containment
identified by licensee as a short-term hydrogen control

Catawba 1&2 ice condenser Discussed: possibly restore hydrogen igniters in smail
groups

DC Cook 1&2 lce condenser Discussed in IPE submittal, no action deemed necessary
by licensee

McGuire 1&2 lce condenser Discusse. restor- igniters us nart of SAMG

Sequoyah 1&2 lce condenser Discussed i iPE submittal, no action deemed necessary
by licensee

Watts Bar | Ice condenser Discussed in 1PE submittal, no action deemed necessary

by licensee

* BWR housed in a large-dry containment, therefore

listed in this table rather than Table 9.6,

9.4.2 Treatment of CPI Issues in IPEs for Plants with BWR Mark | Containments
Among the IPE submittals for Mark | plants, the responses to the CPI issues are summarized below.
Hardened wetwell vent

In response to the recommendation of the NRC's GL 89-16 (Ref 9.9), all the utilities with Mark |
containments committed to install a hardened wetwell vent system, if one was not already in place. A hardpipe
containment vent leading from the torus to outside the containment building provides an independent means for
containment heat removal, while allowing a habitable environment to be maintained in the reactor building during
venting operation. The licensees with Mark | containments vary considerably in their assessment of the benefit gained
from a hardened vent capability. For a number of reasons, including the ability of systems in the turbine building
(which is not affected by venting to the reactor building) to provide adequate makeup and because of the limited
impact on core cooling systems from the existing (i.e., not-hardened) vent systems predicted in some [PEs, a number
of IPE submittals stated that the benefit of installing a hardened vent system was marginal. For example, according
to the Millstone 1 IPE, the addition of a hardened vent path would lead to a reduction in CDF of less than 1% since
a not-hardened path exists and is used in the EOPs.

In contrast, the Fitzpatrick IPE submittal states that containment venting reduced the core damage frequency by an

estimated factor of 14. It is not clear, however, how much of this reduction would have been achieved with a not-
hardened path through preexisting piping and ductwork paths.

NUREG-1560, Draft 9.38



9. Plant Vulnerabilities & Improvements

Alternate Water Supply for Drywell Spray/Vessel Injection

Most of the submittals for plants with Mark | containments discuss external sources for drywell spray or vessel
injection. In many cases the submittal states that alternate water sources exist at the plant and have been credited in
the IPE. Other IPEs state that while such alternate sources exist and are referred to in their EOPs, they are not
credited in the IPE analysis. Some submittals state that providing alternate sources is still under consideration,
Usually the external water source is provided via the service water system using river or pond water or the fire
protection system.  For example, five separate sources for alternate RPV injection or drywell spray are described
in the Duane Amold IPE. One source includes the fire water system, which is capable of providing alternate
injection and spray during station blackout conditions with the RPV and drywell depressurized by utilizing the
independent diesel driven pump. A few licensees state the results of analysis they have performed indicate that the
benefits of arranging for alternate sources are marginal and therefore not implemented. Examples are the [PEs for
the Fermi 2 plant and the Brunswick units. The Fermi IPE states that only a 28% reduction would be achieved from
connecting the firewater system to the drywell spray system. The Brunswick 1&2 IPE notes that connecting
firewater to containment spray has negligible benefit because the low-pressure of the firewater system leads to
reduced flow, or no flow, depending on containment pressure. In the Hope Creek IPE, the licensee states that the
benefit of connecting the fire protection system to the drywell spray could be very important; nevertheless this
improvement will not be implemented,

Enhanced RPV Depressurization System Reliability

Most of the licensees cither do not discuss this issue in their submittals or state that the existing system is reliable
enough. Some note that other improvements would be more cost effective. A few submittals, like those for Oyster
Creek and Vermont Yankee, indicate enhancements to the AC power supply to the ADS valves. A number of
submittals note that enhancing power reliability in general wiil add to the reliability of the depressurization system,

Emergency Procedures and Training

In each case where the use of the BWR owners group EPGs is addressed, the licensee has adopted Revision 4.
Several of the licenses indicate that their emergency operating procedures would be revised to better address the
human reliability aspects to depressurize the RPV. Several licensees have also indicated that current guidelines, and
therefore procedures, for venting, primarily when used in connection with the containment flooding contingency,
should be reconsidered.

9.4.3 Treatment of CPI Issues in IPEs for Plants with BWR Mark 11 and BWR Mark 111
Containments

As noted above, the CPl recommendations for licensees with Mark Il and Mark Il containments were that they
consider the improvements suggested for Mark | containments, and that licensees with Mark [1ls consider providing
an additional means of assuring the power supply to the igniters. The CPI program suggested that hardened vents
for Mark 11 and Mark 11! containments might be evaluated by the licensees of plants with these containments as part
of possible enhancements for containment heat removal. However, unlike licensees with Mark | containments,

licensees with Mark Il or Mark 11! containments were not expected to commi to the installation of a hardened vent
path by the NRC.
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9.4.3.1 Treatment of CPI Issues in IPEs for Plants with BWR Mark 1l Containments

Among the four IPE submittals for Mark Il plants, the responses (o the CPI issues are summarized below.

Hardened Vents

The LaSalle and Nine Mile Point 2 submittals state that hardened vents are in place in these plants, while Limerick
and WNP 2 use the existing, not-hardened vents. The Limerick submittal acknowledges that use of the existing vent
system will lead to a duct work failure and therefore should only be used when there is adequate core cooling. The
WNP 2 analysis indicates very limited benefit from a hardened vent path.

Alternate Water Supply

A connection to the fire protection systen: fo- the drywell sprays exists at Limerick but no credit was taken in the
IPE. Nine Mile Point 2 has implemented and credited a raw water cross-tie as an alternate injection source to the
RPV or the containment spray. A fire water connection is under consideration at LaSalle, while the WNP 2
submittal states that alternate sources were not expected to provide any additional benefits.

Enhanced Depressurization

All Mark 11 IPEs indicate that the existing capability is adequate. LaSalle notes that the EOPs provide several means
of depressurization, including the turbine bypass valves, the turbine driven reactor feedwater pump, and the RCIC
steam line. WNP 2 mentions additional operator training on depressurization.

Emergency Procedures

All licensees with Mark 11 plants indicate that Revision 4 of the BWR EPGS is being used. As some other BWR
licensees have done, the Limerick IPE suggests that relaxation of the drywell spray initiation criteria should be
considered.

9.4.3.2 Treatment of CPI Issues for Plants with BWR Mark I11 Containments

Among the four IPE submittals for Mark 111 plants, the responses to the CPl issues are summarized below.

Hardened Vents

None of licensees with Mark 111 containments find that a hardened vent would have a sigaificant impact on their
CDF or containment results. One plant, Perry, evaluates the effect of a passive vent design featuring a rupture disk
and an alternate vent line which would open automatically upon containment overpressure. A substantial decrease
in the probability of RPV failure and containment failure is observed. This alternate vent path has not been designed,
however.

Alternate Water Supply

As with other BWR licensees, fire water is the principal alternate water source considered by licensees of Mark Il
plants. The Clinton IPE notes that such a connection is under consideration. The Grand Gulf IPE finds thata
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water cross-tie to vessel injection has a significant impact on CDF. The River Bend IPE also states that a cross-tie
of the fire protection water to the RPV injection has been made subsequent to the submittal of the IPE analysis.

Enhanced Depressurization

In general the licensees deem their existing capabilities adequate. The Clinton IPE notes that backup batteries to
extend the duration of the power supply for depressurization valves are under consideration to be evaluated under

the accident management plans. The River Bend submittal indicates the installation of an additional diesel
compressor.

Emergency Procedures

All the licensees indicate the use of Revision 4 of the BWR EPGs. The Grand Gulf IPE submittal discusses the need
to reassess the BWR EFGs on MSIV venting during containment flooding. For Grand Gulf, a major contributor to
the source term released to the environment, as identified by the Level 2, results is the “MSIV venting" event. This
venting is procedurally called for by the Containment Flooding portion of the Emergency Procedures. If this
procedural step were removed or suitably revised, the Crand Gulf IPE results indicate that the source term releases
could be reduced. According to the IPE, the BWROG Severe Accident Management Subcommittee is studying
severe accident management guidelines and is considering changes to this part of the EPGs for all BWRs. Grand

Gulf is involved in this activity and expects to contribute these IPE insights in support of changes to the MSIV
venting guidance.

Enhanced Hydrogen Igniter Power Supply

All of the Mark [I1 licensees find that additional enhancements to the igniter power supply are not warranted. As
an example, the Clinton submittal states that having an alternate source of power with 90% availability to the
hydrogen igniters would reduce the frequency of a containment relcase from approximately 1E-6 to 9E-7/ry and
would have a negligible reduction in the frequency of a large (Class i) release. The River Bend submittal notes
that portable DC generators to enhance DC power requirements can be provided and that the station blackout
procedure has been revised to instruct operators to tum off igniters if AC power is unavailable.

9.4.4 Treatment of CPI Issues in IPEs for Plants with PWR Large-Dry and PWR lce
Condenser Containments

As discussed in Section 9.4.1 above, the CPI issue for PWR large-dry contairments is the evaluation of containment
and equipment vulnerabilities to localized hydrogen combustion. For PWR ice condenser containments, the issue

is vulnerability to interruption of power to the hydrogen igniters, ie, the same issue as for BWR Mark 11!
containments,

Regarding the interruption of power to the igniters, each of the five submittals for plants with ice condenser
containments indicates that the present arrangements are adequate. Two submittals, those for Catawba 1&2 and
McGuire 1&2, mention that sensitivity studies were conducted to evaluate the benefit of a backup power supply.
The Catawba submittal reports that reducing the unavailability of igniter power to zero would reduce the probability
of early containment failure by about a factor of five (however, early failure probability at Catawba is reported as
less than 0.01). The McGuire submittal reports that if igniters were always available the whole-body person-rem
risk would be reduced by approximately 6 person-rem/reactor-year. In both cases, as part of their accident
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management programs, the licensees intend to evaluate a potential strategy for restoring the igniters in small groups
as a means of reducing the potential for containment overpressure due to hydrogen combustion.

The D.C. Cook 1&2 analysis looks at cases with hydrogen burns suppressed until maximura levels were attained in
the upper containment compartment. Assuming a burn would then occur, the analysis indicates a containment failure
at approximately 16 hours, which the licensee did not consider an early failure. The Watts Bar | submittal states
that in order to demonstrate that Watts Bar has no specific vulnerability to igniter unavailability, it was assumed that

all of ti : CDF associated with plant damage states with the igniters unavailable would result in containment failure
at some time.

The response in the IPE submittals to the CPI issue of the effect of hydrogen burns, including localized detonations,
varies considerably among the licensees of plants with PWR large-dry containments (one BWR, Big Rock Point, is
includad in this group). In a considerable number of the submittals the issue is not directly addressed. In most such
cases responses 1o RAI questions provide some information. In general the licensees report that their containments
are open encugh and that sufficient communication paths exist between compartments, so that good atmospheric
mixing occurs and loral accumulation of hydrogen is unlikely. Even those submittals which do not specifically
address the CPI issue usually provide a description of the containment which emphasizes its large volume and
openness. The evidence for the containnients’ open geometry uzually comes from visual inspections carried out
during containment walkdowrs. In a number of submittals, such as those for Palo Verde 1,2&3, Salem 1&2, and
H B. Robinson, some local pocketing is acknowledged to be possible but in areas which contain no vital equipment
and in which a detonation is judged not to severely affect the rest of the containment or any vital equipment.

While the CPl hydrogen issue is dismissed as a concern in most submittals, the level of supporting detail varies
considerably with some submittals using only qualitative arguments to dismiss the issue and others referring to
detailed analytical methods similar to the method provided as an example in Supplement 3 of the GL 88-20. In the
Summer, Vogtle and Wolf Creek submittals, simplified deflagration-to-detonation transitions are discussed. The
licensee of Maine Yankee states in the IPE submittal that since hydrogen combustion is a major contributor to early
containment failure in this plant, the issue will be considered further in the development of the accident management
plan.

9.5 Impact on Reactor Safety Due to Plant Enhancements

Although only a few of the IPE submittals explicitly identify vulnerabilities, almost all of the submittals identified
plant imp:ovements to address these vulnerabilities and other issues of concern identified through the IPE process.
Many of these plant improvements had been implemented at the time of the IPE submittals or were scheduled for
implementation. The quantitative impact of these plant improvements has not generally been calculated, but they
commonly improve plant safety. Thus, the IPE program has served as a catalyst for further improving the overall
safety of nuclear power plants

Many of the vulnerabilities explicitly identified in the submittals are applicable to other plants. In addition, many
of the identified plant improvements addressed common problem areas and often involved similar solutions. In fact,
many of the plant improvements identified for one plant could be applied to similar plants. A summary of the plant
improvements that would have the most impact on the core damage frequency is presented in Table 9.14.

These improvements address the dominant accident scenarios identified in the IPEs and are generally applicable to
most plants. For BWRs, the dominant accident scenarios are station blackouts, transients with loss of coolant
injection, and transients with loss of DHR. Important contributors to these accidents scenarios include AC and DC
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power reliability, support system dependencies, availability of alternative injection systems, failure to depressurize
the reactor vessel, and the operability of coolant injection systems following loss of DHR. For PWRs, the dominant
accident scenarios are station blackout, transients, and LOCAs. Important contributors to these accident scenarios
include susceptibility to RCP seal LOCAs, AC and DC poveer reliability, operator action to switch from coolant
injection mode to recirculation mode, feed-and-bleed capability, and the support system dependencies.

Table 9.14 Summary of important plant improvements identified by licensees.

Applicability

Area of
improvement

Specific improvement

BWR

Added or replaced diesel generators
Added or replaced gas turbine generator
Redundant offsite power capabilities
improved bus/unit cross-tie capabilities

AC Reliability

NANNS
"NAN
.. s

DC Reliability

Install new batteries, chargers, or inverters
Alternate battery charging capabilities
Increased bus load shedding

SN
SKSN
-

Coolant
Injection
Systems

Replace emergency core cooling system pump motors with air-cooled motors
Align LPCI or CS to CST upon loss of suppression pool cooling

Align firewater system for reactor vessel injection

Revise HPCI and RCIC actuation or trip setpoints

Revise procedures to inhibit ADS for non-ATWS scenarios

Improve procedure and training on switch to recirculation

increased training on feed-and-bleed operations

NANANAN

DHR Systems / Add hard-pipe vent
Portable fire pump to provide isolation condenser makeup
Install new AFW pump or improve existing pump reliability

Refill CST when using AFW H

NSNS
“« s e s .

Modification to align firewater pump to feed steam generator

Procedures and portable fans for aiternate room cooling upon loss of HVAC ‘1
Install temperature alarms in rooms to detect loss of HVAC
Revised procedures and training for losses of support systems

Support Systems

NN
RN
. -

RCP Seal

Evaluate or replace RCP seal material
LOCAs

Add independent seal injection or charging pump for station blackout
Supply RCP seals with alternate cooling

Operator training on tripping pumps on loss of cooling

Review HPSI dependency on CCW

e e e

SNSAAN
e s s e

The IPE submittals indicate that the CPI program provided a helpful checklist of potential containment related
modifications which many licensees used during the conduct of their IPEs. Many licensees indicated that they had
already incorporated the recommendations coming from the CPI program. This was especially true for licensees of
BWR plants, many of which stated that they had hardened vents in place, had adopted Revision 4 of the BWROG
Emergency Procedure Guidelines, and had provided for alternate water supplies for RPV injection and containment
spray. In contrast, the licensees of PWR plants stated that no changes were called for by the CPl recommendations
for their type of containments because local hydrogen accumulation was not found to be a problem, and backup
power supplies for igniters (in ice condensers) would not significantly impact containment performance.
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10. BACKGROUND ON OBTAINING REACTOR AND CONTAINMENT
DESIGN PERSPECTIVES

Chapter 10 explains the approach chosen to obtain the perspectives provided in Chapter || and 12 (and summarized
in Chapters 3 and 4). This chapter informs the reader of the key plant and containment characteristics, as well as
the boundary conditions, assessments and assumptions used in the individual plant examination (iPE) modeling that
can potentially affect the results reported in the IPEs. First, Section 10.1 outlines the approach used to obtain core
damage frequency (CDF) and containment performance perspectives. (Chapter 13 discusses the approach used to
obtain operational perspectives The remainder of this section discusses the plant features and modeling
characteristics that are most prevalent in probabilistic risk assessment (PRA) modeling, are addressed in the IPEs,
and have potential significance to the IPE results. From Sections 10.2, 10.3, and 10.4 the reader should obtain an
awareness of (1) the significant features of the different classes of plants and (2) the various boundary conditions,
assessments, and assumptions that are used in the IPEs and why they can be important to the IPE results. With this
knowledge, the reader can more easily understand the specific IPE perspectives and important insights discussed in
subsequent chapters.

10.1 Approach for Obtaining Core Damage Frequency and Containment
Performance Perspectives

The first set of perspectives obtained from the IPE submittals included those insights related to the quantification
of the CDF for the plants, the classes of accident sequences with the greatest contribution to the CDF, and the factors
driving the CDF. These factors include actual plant design, operational features and characteristics, and analytical
modeling similarities or differences among the submittals, which also impact the results. As indicated earlier,
because all of the licensees chose to use traditional PRA approaches to respond to Generic Letter (GL) 88-20
(Ref. 10.1) for the CDF portion of the analysis, all of the submittal summaries could be examined and compared on
the basis of the three levels of insights identified above, which include CDF, accident classes, and factors most
important to the likelihood of core damage.

In order to derive CDF perspectives among logical groupings of generally similar plants, all of the IPE submittals
were first categorized by the type of plant covered by the submittal and either the plant vintage or the nuclear steam
supply system vendor. Hence, all of the plants were first categorized as either boiling water reactors (BWRs) or
pressurized water reactors (PWRs). The BWRs were then further grouped as to major model. Specifically, these
groupings include BWR 1, 2, or 3 designs with isolation condensers (ICs) as a group; BWR 3 and 4 designs with
reactor core isolation coolant (RCIC) injection as a group; and BWR 5 or 6 designs as the last group. The PWRs
were put into three major groups by nuclear steam supply system vendor (i.e., Westinghouse (W), Combustion
Engineering (CE), or Babcock & Wilcox (B&W)). The Westinghouse plants were further categorized on the basis
of the number of primary coolant loops in the design (i.e., 2, 3, or 4-loop plants).

In addition to the CDF perspectives, containment performance perspectives obtained from the IPE submittals included
those insights related to the containment failure modes, the releases associated with those failure modes. and the
factors responsible for the types of containment failures and release sizes reported. These factors involve actual
containment design characteristics and plant-specific hardware or operational features, as well as similarities and
differences in assumptions and modeling techniques. Gl 88-20 (Ref 10.1) allowed the licensees considerable
latitude in conducting the containment performance analysis portion of the IPE. While there is significant variability
in the approaches chosen by the licensees, the essential information regarding containment failure modes, release type
and size, and factors driving the analyses could be found in all submittals. Specifically, imporant param.eters “elated
to accident progression and containment pe-formance, which could be obtained from almost all the submittals. were
as follows:
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10. Background for Obtaining Perspectives

. frequency and conditional probability of early containment failure (ECF) and bypass
. frequency and conditional probability of late containment failures
. magnitude of important source-term releases

To gain perspectiveson similarities and differences in containment performance among the IPEs, the submittals were
grouped according to the five containment types found in domestic nuclear plants (i.e., BWR Mark |, Mark |l, and
Mark 111 containments and PWR large-dry (including subatmospheric) and ice-condenser containments).

In deriving insights and perspectives, the reviews of the submittals focused on addressing the following objectives:

° Determine the nuclear power industry’s assessment of the CDF potential and of the containment
performance of operating nuclear power plants in the United States {(Us)

. Determine the factors driving the CDF and the containment performance.
. Determine how similar or different the estimates are among and within plant groups and containment types.
. Determine the underlying causes for the similarities and differences found

Figure 10.1 illustrates how plant and containment design, analytical boundary considerations, assessments, and
assumptions provide inputs to the IPE model and, thus, the CDF results. To identify insights and perspectives with
regard to addressing the above objectives, the review of the IPE submittals was carried out by reversing the analysis
process shown in Figure 102. This was done by examining the results as reported in the IPEs, as well as the
important plant and modeling characteristicsdriving the observed results. This examination process was carried out
using four major steps as discussed below and illustrated in Figure 10.2,

IPE Boundary Conditions, Plant-Specific Design,
Assessments, Assumptions Maintenance, Operating
& Analytical Techniques Features & Opecating History

et

IPE/PRA Results
Core damage frequency
Dominant sequences
Containment failure modes
Radionuclide releases

Figure 10.1 IPE analytical process flow diagram,
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Assess the Similarities
and Differences
in the Kesults

:

Derive Generic
Versus
Plant-Specific
Perspectives

Figure 10.2 Approach for obtaining CDF and containment performance
perspectives,

10.1.1 Step 1: Collect and Summarize CDF and Containment Performance Results

From the traditional PRA process, one quantitative outcome that provides a single overall comparable insight into
the safety of nuclear power plants is each plant’s CDF. Hence, the first step of the submittal examination process
included the collection of the CDFs reported in the IPE submittals. It should be noted that the quantitative value
reported in each submittal was sometimes a point estimate and sometimes the mean value derived from a data
uncertainty analysis if one was performed.

Next, the major classes of accidents dominating the likelihood of core damage for each plant were summarized. In
order to later be able to compare these insights from among all of the IPEs, a set of accident classes were defined
and used to categorize the results of each individual IPE. This “standard” set of accident classes was defined on the
basis of accident classes of general interest within the industry (e. g., loss of coolant type accidents) and also on how
the IPEs generally reported the results using major “classes” of accidents. The resulting set of accident classes used
to categorize the IPE results is shown in Table 10.1. In many cases, the IPE results were reported using these
accident class definitions; in other cases, the reported IPE results had to be re-categorizedto fit this standard set of
accident classes. This collection and categorization process required examination of the reported dominant accident
sequences and often the dominant accident sequence cut sets (each cut set is a “string” of failures that must occur
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10. Background for Obtaining Perspectives

to cause the identified accident sequence). On the basis of the characteristics and failures associated with each
sequence or cut set, the IPE sequence-level results were categorized using the standard classes. The respective
frequencies were modified, if necessary, to account for any adjustments caused by the re-categorization process.

Table 10.1 Summary sequences,

Station Blackout

ATWS - Anticipated Transient Without Scram

DHR - Transients with Loss of Containment Heat Removal (BWRs
only)
T- Other Transients

r LOCA - Loss of Coolant Accidents
FLD - Internal Flood Initiators
R - Vessel Rupture

V- Interfacing Systems LOCA (ISLOCA)

SGTR - Steam Generator Tube Rupture (PWRs only)

In addition to CDF information. the traditional PRA process yields an assessment of containment performance. A
crucial element of containment performance is whether the containment fails and at what time. Therefore, an
important concern of the review process was to categorize the containment performance results in the submittals
regarding early failure, late failure, and no containment failure. Early loss of containment integrity usually involves
the most severe consequences and was, therefore, described in greater detail in the submittals. Therefore, the review
established conditional probability and frequency of containment isolation failure and containment bypass, as well
as actual early structural failure, and collected the results for each. Results for late failure and no containment failure
were also collected.

Another important aspect of a containment performance analysis is the type and size of the release postulated to occur
as a result of loss of containment integrity. Early releases of significant size can be expected to lead to the most
severe consequences. Therefore, whenever possible as part of the review process, early release information was
extracted from each submittal and releases of significant size were determined. For purposes of the review, a
significant release was defined as one containing iodine (1) or cesium compounds equal or greater than 10% of core
inventory.

10.1.2 Step 2: lIdentify Similarities and Differences in the Results

Following Step | for CDF perspectives the plant CDFs and associated accident class frequencies were investigated
within each previously discussed plant grouping. For each grouping of plants, these investigations included
comparisons summarized first by identifying the range in the individual plant CDF values and then calculating an
average for the distribution of individual plant CDFs within that group. This average was calculated on the basis
of the CDFs for each nuclear unit and not for each submittal, Thus, the reported CDF value for each unit at a dual-
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unit site was counted twice in deriving the average CDF, even though a single submittal covered both units

Comparison of the individual plant CDFs included determining the degree of similarity or difference among all of
the CDFs, with respect to the average CDF as well as to each other. This comparison process was summarized both
in tabular form and with plots that illustrate the degree of spread (or closeness) in the results and particularly whether
any high- or low-"“outliers” seem to exist relative to all other plants within each group. Note that the term “outliers”

as used here does not necessarily mean that the plant is an outlier from the standpoint of overall plant safety or that
the plant has a vulnerability that requires correction.

The same investigative process was carried out using the accident class level of results. Similar to the plant CDFs
above, an average frequency for each accident class within each group of plants was calculated. Comparisons were
then made and documented in both tabular and plot form to illustrate the degree of spread (or closeness) in the
accident class frequencies and particularly whether any high- or low-"outliers" existed. Additionally, the percent
contributions of each accident class to the total plant CDF were calculated for each individual 1PE. Similarly, an
average percent contribution was calculated for each plant group, and comparisons to this average value were
performed. Examining these percent contribution results yielded added perspectives on the relative importance of
each accident class for each IPE, again noting any outliers among the results.

Similarly, for containment performance perspectives, once the vesults regarding containment failure modes were
collected, the values for the different failure modes were compared within the previously mentioned containment
groupings. For each grouping, average values were calculated and these averages, as well as the individual plant
values, were compared to provide perspectives on the range and, therefore, the variability and similarity among a
group of plants. Again, the averages were based on the number of units, not the number of submittals. Therefore,

if one submittal stated that a particular set of results applied to both units at the site, the results were included twice
in the averaging process.

The early release values collected for each plant grouping were also compared with each other to gain insight into
the range of such releases among the group. Significant early releases, as defined above, were then established for
each plant, based on the submittal information and also compared. Not all early releases were significant, since the
containment failure size and the degree of scrubbing (removal of radionuclides associated with various mechanisms)
were calculated or assumed, to have a large influence on determining release size.

For both the failure mode and early release results, comparisons were summarized in both tabular and graphic

formats. Results that deviated from average values within a class were particularly noted for scrutin y during the next
step of the examination process.

10.1.3 Step 3: Assess the Similarities and Differences in the Results

The third step in the examination process was to assess the reasons for the similarities and differences observed in
the IPE results from the previous two steps. For CDF perspectives, this assessment process involved identifying
those factors driving the plant CDFs and the dominating accident classes for each individual IPE, paying particular
attention to any “outliers” noted above. These driving factors are called the dominant contributors to the potential
for core damage These dominant contributors may take the form of key plant design or operational features (such
as the number of high-pressure systems available at one plant as opposed to another), or they may be the types of
analytical boundary conditions or modeling assumptions discussed in Section 10.4, below (such as the ability of
systems to operate in beyond-design environmental conditions).
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The identification of these dominant contributors consisted of simultaneously implementing two processes (1)
thorough identification of the contributors on the basis of what was reported in the IPEs and (2) 4 systematic search
for plant characteristicsand modeling methods and assumptions known to be dominant factors in previously published
PRAs. These possible plant characteristics and analytical variations are discussed in the sections below. In
identifying these dominant contributors, determinations were made as to which system failures were involved in the
various accident sequences, which specific equipment failures or outages were involved, and which human errors
were most important to the results of each sequence This simultaneous search identified those dominant contributors
most important to the CDF results and to the most significant accident classes for each plant.

In order to identify the dominant factors driving containment performance, the accident progression analysis of
individual submittals was reviewed to identify and categorize methods, data, boundary conditions, and assumptions
used in the containment performance analysis. The following important analysis features which were investigated
for each submittal:

. How was the containment performance analys:s performed (i.e., large or simple containment event trees,
ete.)?

. Which failure mechanisms were considered?

. How were severe accidentphenomena handled (i.e., how was direct containment heating, shell melt-through,

etc. considered)?

L What was assumed for containment strength?
. How were source terms obtained (from previous studies or plant-specific code runs)?
. Were there any plant unique containment features?

The actual accident mechanisms causing containment failure, and the phenomena involved in producing them, were
investigated as well. The review considered whether these phenomena were addressed by established methods, such
as those of NUREG-1150 (Ref. 10.2) for instance, or if novel procedures were used.

Methods employed to obtain source terms were also scrutinized to see if actual modular accident analysis program
(MAAP) (Ref. 10.3), MELCOR (Ref 10.4), or other calculations were made, and under what assumptions, or if
source terms were obtained through analogy and comparison with existing results from previous analyses.

An evaluation was performed to determine the degree of variability or similarity in the dominant contributors results
for each plant or containment grouping. The results of this evaluation yielded “clues” as to the possible reasons for
the degree of similarity or differences in the results. This suggested why the results differ and why some plants may
appear as “outliers” when compared to other plants within the same plant or containment group. Perspectives from
this evaluation process are included in Chapters 11, 12, and 13 of Pant 3 of this report.

10.1.4 Step 4: Derive Generic versus Plant-Specific Perspectives

Throughout the examination outlined in the first three steps (above), attention was constantly given to understanding
the degree of variability or similarity in the results of the IPEs. Both similarities and differences in results among
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containment types were investigated to see if generic trends could be discerned. The following questions were
important in understanding the generic implications of the results of the IPEs:

. Do all BWR 3s and BWR 4s conclude that their core damage potential is dominated by the same major type
of accident and similar dominant contributors?

. Do all PWRs conclude that reactor coolant pump seal LOCAs are a dominant contributor to CDF in their
designs?

. Was shell melt-through a significant contributor in all Mark | containments?

. Did all submittals for plants with ice condenser containments assume a high-reliability for their igniters?

.

Are there unique plant-specific issues that cause plants to appear as outliers when compared with other
plants in the same plant group”?

The ranges of results obtained were compared with each other to determine if the differences were in line with
previous experience and to establish the reasons for variation. In other words, this comparison sought te determine

whether previous generic conclusions regarding certain plant or containment types were borne out by the results of
the IPE submittals.

Insights into the generic implications of the results or the uniqueness of the nuclear power plants in the U.S. are
among the most important products of this work  For each plant grouping, the IPE results and dominant factors were
examined and generic trends, if any, were identified. Close examinations of outlier plant results were performed to
determine if any noteworthy plant-specific perspectives could be gained from the results for these plants. The
findings of the IPE examination process, and indications of the general or unique nature of the results for each plant
and containment grouping, are discussed in the remaining sections of this chapter.

10.2  Plant Characteristics

This section discusses the differences between each of the BWR and PWR types, with regard to the design, operation,
and interfaces that can affect the CDF. Important containment characteristics are discussed in Section 10.3.
Differences in the primary power conversion, reactivity control, emergency core cooling, decay heat removal, and
support systems that can impact the IPE results are presented. Specific plant characteristicsimpacting the IPE results
are identified for each reactor type in Chapter 11.

10.2.1 BWR Plant Characteristics

General Electric (GE) supplies six different types of BWRs, known as BWR | through BWR 6, which encompass
all operating BWRs in the U S. These reactor types represent design vintages, which have evolved over time, starting
with the BWR |, which was introduced in 1955, and ending with the BWR 6, which was introduced in 1972, In
general, these reactor types evolved with progressively refined design featuresand increased maximum power outputs

A summary of important design features for each BWR vintage that can impact the IPE results is presented in
Table 10.2
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Table 10.2

BWR plant characteristics.'

Number of umls/mulu 19%/6 ! Only 17
unit sites included in this
study
RCS/PCS
Turbine bypass capacity 100% 40% 15% to | 25% or 25% 10% or
| 105% 105% 35%
Number of recirculation 10 5/0 2120 2/16 or 2/20 2720 or 24" | ? Typically 20
loops/total number of 20’ jet pumps
jet pumps
Number of feedwater 2 3 2 or3 2'orl 2or 3 20r3 * typical
pumps number
Type of feedwater Motor- Turbine- M TorM' | Tandlor | Tandor |2 plants
pump driven driven M* M* have M
(M) () * | plant has |
and/or M M&2T

Reactivity control

SLCS

SLCS is a two-train system, which is either manually initiated (most plants) or auto-actuated.
Some plants use enriched boron (one pump for success), others inject lower boron
concentrations with two pumps

RCS overpressure proteciion

number of pumps)

Number of safety, 6/4’/0 1650t | 0,20t |02 or 0/0/ 0/0/ ? power
rehief, & Safety/Relief 6'/0 8/ 304t0]| 170r18 16 to 20 | actuated relief
Valves 0ord" | 16 valves (PARVS)
1, 3, * Includes
or 6 PARVS
Coolant injection
feedwater coolant | plant 1 plant
injection (FWCH
high-pressure coolant HPCT HPCI HPCS HPCS * Except for
injection (MPCI) or 1 plant
high-pressure core
spray (HPCS)
RCIC Some'’ All All All 192 plants have
ICs; 3 have
RCIC
low-pressure core spray 272 2/4 22 22" or | 1/1 " Typical
(LPCS) (loops/total /4 number
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Table 10.2 BWR plant characteristics.’

| low-pressure coolant 2/4" 2/4" 33" 33"
| injection (LPCI)

| (loopsitotal number of
| pumps)

DHR system

| Alternate injection Plant-specific. Alternate injection systems typically include an enhanced CRDHS, condensat !
| systems service-water, and firewater

| Decay heat removal

0or 1"
have ICs; 3
have RCIC
SDC (loops/total 2" a3 30 24" 22" 22" " Single-mode
number of pumps) 22", or SDC system)
ﬁ 2/4" " Multi-mode
RHR
CSS/SPC (loops/total 7 o 24 or 44 | 214" or 24" " 22" " Mode of core
number of pumps) 274" spray Lq
" Mode of
LPCI
* Multi-mode
RHR
Support systems Support system configurations are plant-specific.
'See text for definition of acronyms

Although the nuclear steam supply systems (NSSSs) used in each BWR vintage are nearly identical, there is some
variation in the plant characteristics, including differences in the emergency operating procedures (EOPs). For
example, the elevation of the emergency core cooling system (ECCS) pump suction in the suppression pool can vary,
impacting the net positive suction head (NPSH) of the pumps and their continued operation under accident
conditions. Protective trip setpoints that can be reached during an accident, such as the high-turbine exhaust pressure
trip for high-pressure coolant injection (HPCI) and RCIC systems, can also vary, resulting in differencesin the period
these systems are available. In addition to these NSSS variations, there is considerably more variation in the design
and operation of the balance-of-plant (BOP) systems. Variations in the design of support systems such as electrical
power; cooling water systems; and heating, ventilation, and air conditioning (HVAC) systems can result in
considerable differences in plant responses under accident conditions. The variation in BWR characteristics, both
within and across BWR vintages, is discussed subsequently according to the major functions typically modeled in
PRAs

10.2.1.1 BWR Primary and Power Conversion System
The BWR primary system, or reactor coolant system (RCS), comprises the reactor vessel, core, internal structures,
and two to five external recirculation loops. (The earliest BWR s used natural circulation ) The recirculation loops

contain the pumps that force coolant flow through the reactor vessel All BWRs currently operating in the U.S. have
external recirculation loops.
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Big Rock Point, the only BWR | currently operating in the U.S., uses two external recirculation pump loops, taking
suction on a steam drum and discharging to the lower plenum of the reactor vessel. In BWR 2s, the recirculation
loops contain motor-driven pumps, which drive all of the recirculation water through the core. In BWR 3s through
BWR 6s, the core is physically separated from the recirculation loops with the only communication path through jet
pumps. Core flow is provided by the combined action of motor-driven pumps in two external recirculation loops
and jet pumps which enhance the amount of coolant provided to the core.

The jet pumps provide about two-thirds of the core flow rate. Because the core only communicates with the
recirculation loops through the jet pumps, the jet pumps also serve as standpipes that ensure two-thirds coverage of
the core following a recirculation line LOCA with successful ECCS operation. This feature allows for mitigation
of large recirculation line breaks with emergency coolant injection systems in addition to core spray systems; by
contrast, non-jet pump plants cannot be reflooded and require mitigation by a core spray system (or alternate system
providing water through the core spray sparger) that sprays above the core.

The primary heat transfer system in a BWR consists of two fluid system loops. The primary heat transfer loop is
comprised of the RCS and the power conversion system (PCS). Steam is generated in the reactor core and is
supplied to the turbine generator to generate electricity. The main turbine generator exhausts to the main condenser,
which transfers heat to the secondary water cooling loop. The condensed steam is returned to the reactor vessel by
the main condensate and feedwater systems. The secondary cooling loop consists of the circulating water system,
which rejects plant waste heat to the ultimate heat sink. Immediately following a reactor scram, decay heat is
generally transported to the condenser through a turbine bypass path and/or to the suppression pool via relief valves
or dual-function safety/relief valves (SRVs).

The PCS configuration can be important to IPE results in several areas. First, some BWRs have turbine-driven
feedwater pumps, some have motor-driven feedwater pumps, and others have both. The type of feedwater pumps
varies within each BWR type, since the PCS is not part of the NSSS. Turbine-driven feedwater pumps are powered
by steam from the NSSS and thus trip when the NSSS supply is isolated upon a main-steam isolation valve (MSIV)
closure that initiates or follows a reactor scram. Coolant injection must then be supplied by RCIC or other high-
pressure injection systems (e.g., HPCI). However, for plants with motor-driven feedwater pumps, coolant injection
can be provided for transients resulting in MSIV closure, as long as makeup water is provided to the condenser
hotwell to compensate for the coolant lost to the containment through SRVs. Second, the turbine bypass capacity
in BWRs ranges from 10% to 105%, with most plants having capacities in the 25% to 40% range. The turbine
bypass capacity can be important in ATWS scenarios with boron injection failure where only reduction of the vessel
coolant level is available to control power (see the following section). The higher the capacity, the more likely level
control can result in reachirg a stable power level without resulting in MSIV closure (as a result of a low-low vessel
level signal) and a subsequent loss of turbine-driven feedwater and the condenser.

10.2.1.2 Reactivity Control Systems

BWR reactivity control is performed by three independent systems, which are used under different circumstances.
These systems are the (1) reactor recirculation flow control system, (2) control rod drive hydraulic system (CRDHS),
and (3) standby liquid control system (SLCS)

Recirculation flow rate directly affects the density of water in the reactor core, which in turn impacts the reactor
power level ina BWR. During normal power operation, recirculation flow is controlled by the reactor recirculation
flow control system. This system is not modeled in the [PEs. however, an important ATWS mitigating factor,
tripping the recirculation pumps, is typically modeled. Typically, tripping the pumps decreases the power level to
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approximately 40% by increasing the voiding in the reactor core. For some BWRs, this power level is within the
turbine bypass capacity. In addition, mosi BWRs have incorporated special recirculation pump trip (RPT) logic that
functions during ATWS situations. Further power reduction to within the turbine bypass capacity of most BWRs
can be achieved by decreasing the water level in the vessel, which increases the voiding in the core.

The CRDHS provides reactivity contro! for both long- and short-term reactivity changes and is used for rapid
shutdown (e.g., reactor trip or scram). In all BWRs, the CRDHS consists of bottom-entry control rods that are
individually controlled by hydrauiic control units (HCUs) located outside the drywell. Directional control valves
permit high-pressure hydraulic fluid (water) to enter on one side of the hydraulic piston, while simultaneously
opening an exhaust path on the other side of the piston. Scram is accomplished by opening the scram inlet and outlet
valves and deenergizing both scram pilot valves in each HCU to allow rapid insertion of all control rods.
Alternatively, scram can be implemented by energizing either of the two backup scram pilot valves in the air supply
path to the HCUs. Signals are provided to the scram valves by sensors and logic designed to respond to a wide
variety of upset conditions. The scram valves and protective sensors and logic makeup what is referred to as the
reactor protection system (RPS).

In all BWRs, an additional set of pilot valves exists in the scram valve air supply to provide backup scram capability.
These valves are actuated in response to an ATWS by the alternate rod insertion (ARI) system; the actuation logic
for the ARI system is independent from the RPS, but is tied to the ATWS-related recirculation pump trip logic.
Failure of the ARI system in addition to the RPS system is required for an ATWS scenario to exist.

The SLCS system is also typically modeled, so such features as the type of initiation (automatic or manual) and
plant-specific testing requirements can influence the reliability of this system as well. The SLCS is comprised of
two trains of high-pressure, low-capacity pumps used to inject a concentrated boron solution into the reactor vessel.
This provides a redundant and independent means to reach and maintain subcriticality in the event that an insufficient
number of control rods can be inserted into the cote to accomplish shutdown in the normal manner. Most BWRs
have a manually initiated SLCS; however, a couple of plants have only automatically initiated systems. The
actuation logic for automatic SLCS initiation can be tied to the logic used for the ARI system and for tripping the
recirculation pumps.

PRAs generally do not model the RPS but instead treat the system as a whole with its overall reliability determined
from an engineering analysis (Ref. 10.5). The degree of dependence between the ARI system, the RPT logic, and
the remainder of the RPS (which logically provides the scram signals to the CRDHS, is often reviewed in a PRA
(if not modeled directly) and can affect the overall combined reliability of both ARI and RPT. Additionally, the
arrangement and level of redundancy in the RPT logic and the associated pump trip breakers can vary among plants
and hence affect the failure probability of RPT.

10.2.1.3 RCS Overpressure Protection

Depending on the type, BWRs use various valve combinations to provide RCS overpressure protection and pressure
relief, and to perform the automatic depressurization system (ADS) function that is part of the ECCS (see Section
10.2:1.4). The Big Rock Point BWR | and the various BWR 25 provide overpressure protection using mechanical
safety valves that open on high-RCS pressure. In these plants, the ADS function is accomplished by PARVs that
are controlled by a solenoid pilot valve. Most BWR 3s have safety valves and one or more safety/relief valves
capable of both lifting mechanically upon high-pressure and being actuated at lower pressures to perform either
pressure relief or the ADS function. However, some BWR 3s also have PARVS for performing the ADS function,
All BWR ds use safety/relief valves to provide overpressure protection, pressure relief, and depressurization. About
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half of the BWR ds also have safety valves to accomplish the overpressure protection function. Al BWR 5s and
BWR 65 use only safety/relief valves to accomplish overpressure protection, pressure relief, and depressurization.
BWR 3s through BWR 3s use a three-stage safety/relief valve. The BWR 6susea safety/relief valve that is actuated
by an external pneumatic piston.

The number of valves and their sizes dictate the success criteria for successful depressurization under various
conditions (e.g., small LOCA, transients, ATWS events), as well as how many valves will be demanded to cycle
under various scenarios. Additionally, the probability that the valves will successfully open when required, as well
as the probability that a valve will stick in the open position depend on the valve type. This is because the different
valves have a demonstrable difference in reliability. This variability can potentially impact the frequency of accident
sequences requiring SRV operation.

The type of containment can influence the availability of SRVs during a loss of containment heat removal scenario,
since valve opening requires that a pressure differential exist across the valve air supply and exhaust (the
containment) and, thus, is affected by the containment pressure. In Mark | and Il containments, containment pressure
can exceed 100 psig and result in closure of SRVs, because of a loss of the required pressure differential. However,
Mark 11! containments fail at pressures significantly less than 100 psig and, thus, closure of SRVs from high-
containment pressures is not an issue.

10.2.1.4 Coolant Injection

Non-safety coolant injection into the vessel is provided by the feedwater/condensate systems. As indicated in
Section 10.2.1.1, continued operation of feedwater following a reactor scram depends upon the type of transient and
feedwater system design. When feedwater is not available, high-pressure coolant injection can be provided in
BWR 3s through BWR 6s by the RCIC system (earlier BWRs do not have a RCIC system). The RCIC system uses
a single steam turbine-driven pump that is supplied with steam from one of the main steam lines and exhausts to the
suppression pool. The RCIC system initially takes water from the condensate storage tank and injects into the reactor
vessel via a main feedwater (MFW) line in most BWR 3s (Millstone | and Dresden 2&3 do not have RCIC systems)
and all BWR 4s. In BWR 5s and BWR 6s, the RCIC system initially injects from the condensate storage tank
through either a reactor vessel head spray nozzle or through a feedwater line. In all BWRs, when the condensate
storage tank is depieted, RCIC pump suction is aligned to the suppression pool. In some BWRs, the RCIC also will
realign suction from the condensate storage system (CST) to the suppression pool upon a high-suppression pool level
signal. At some plants, procedures requires the operators to defeat the switchover to the suppression pool upon a
high-suppression pool level in order to prevent negative impacts on pump operability as a result of high-pool
temperatures.

The ECCS injects makeup water into the RCS in the event of a LOCA or transient with loss of feedwater and RCIC
(if available), and recirculates water through the core following the event in order to provide long-term core cooling,
The ECCS typically comprises a number of integrated subsystems, including high-pressure injection or core spray,
low-pressure injection (LPI) and/or core spray, and ADS for depressurizing the RCS (required for injection from the
low-pressure systems). The high-pressure injection or core spray subsystem is designed to respond to small LOCAs
and transients when feedwater is unavailable, while the low-pressure subsystem(s) is (are) designed to respond to
large LOCAs.

For the Nine Mile Point (NMP)! BWR 2 and the Millstone | BWR 3, the high-pressure ECCS subsystem is the

FWCI system. The FWCI system uses the main condensate and feedwater systems (described in Section 10.2.1.1)
to provide RCS makeup. It is different from other motor-driven feedwater systems in that the power sources are
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emergency buses powered either by diesel generators or gas turbine generators. Oyster Creek (a BWR 2) is the only
plant that does not have a high-pressure ECCS

For the other BWR 3s and ali BWR ds, the high-pressure ECCS subsystem is the HPCI system, which uses a single
steam turbine-driven pump that is supplied with steam from one of the main steam lines and exhausts to the
suppression pool. Initially, the HPCI system takes water from the condensate storage tank and injects it into the
reactor vessel. When the suppression pool level is high or when the condensate storage tank is empty, pump suction
is aligned to the suppression pool. At some plarts, procedures require the operators to defeat the switchover to the
suppression pool upon a high-suppression pool level in order to prevent negative impacts on pump operability as a
result of high-pool temperatures. The HPCI system can provide makeup at RCS pressures from 1150 to 150 psig.
Below 150 psig, operation is not possible because of poor steam conditions for the steam-driven pump and, thus, the
system is automatically tripped.

In BWR 5s and BWR 65, the high-pressure ECCS subsystem is the HPCS system, which uses a single motor-driven
pump that initially takes water from the condensate storage tank and injects it into the reactor vessel via a spray
sparger that is located above the core. Similar to the HPCI system, when the suppression pool level is high or the
condensate storage tank is depleted, the pump suction is aligned to the suppression pool. The high-suppression pool
level switchover is bypassed by the Operator at some plants to prevent negative impacts on pump operability from
high-suppression pool temperatures.

Ali BWRs have a LPCS system that injects water via spargers located above the core (the system is called a core
spray system in BWR | through BWR 4s and is called an LPCS system for BWR Ss and BWR 6s). The spargers
are supplied by motor-driven pumps that draw from the suppression pool. In BWR Is through BWR ds, the core
spray system is comprised of two redundant trains with two redundant spargers. The number of pumps in a core
spray train can vary from one to two as indicated in Table 10.2. BWR 5s to BWR 6s have a single-train LPCS,
supplemented by the HPCS system, each with one pump and an independent sparger.

BWR 3s to BWR 6s also have a LPCI system to provide core flooding capability in the event of a large LOCA.
BWR 1s and BWR 2s do not have an LPCI system. (Core flooding during a large recirculation line LOCA is not
possible in these plants since they do not have jet pumps.) In early BWR 3s (Millstone | and Dresden 2&3), the
LPCI system provides injection into the vessel and can be aligned for containment spray and suppression pool
cooling. In later BWR 3s and all BWR 4s through BWR 6s, LPCl is an operating mode of the residual heat removal
(RHR) system (which also performs containment spray, suppression pool cooling. and shutdown cooling functions).
BWR 3s and BWR 4s have two LPClI trains, each with two pumps that inject via a recirculation loop (some BWR ds
inject directly inside the reactor vessel shroud), while BWR 5s and BWR 65 have three LPCI trains. each with one
pump that injects directly into the reactor vessel shroud (only two of these trains can perform the RHR functions in
addition to the LPCI function). During a large recirculation line LOCA, portions of LPCI flow is directly lost
through the break for BWR 3s and most BWR 4s, whereas the LPC]I injection inside the shroud in BWR $s and
BWR 6s (and a few late model BWR 4s) ensures that water passes through the core before being lost through the
break.

Although the ECCSs for the various BWR vintages are all similar in basic design, there are some differences that
can impact the system operability. For example. the elevation of the ECCS pump suction in the suppression pool
is a variable in determining the NPSH of the pump and, thus, can impact when the pump will fail during an accident
that results in adverse suppression pool conditions. Some ECCS pumps have external seal cooling to allow for
operation with high-suppression pool temperatures, while other self-cooled pumps experience seal failure under the
same conditions. Some systems (such as the RCIC and HPCI) also have protective trip logic with setpoints that can
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vary from plant to plant within a particular BWR vintage. Examples of these protective trips include a high-turbine
exhaust back pressure trip and area temperature trips that are indicative of a steam leak in the system. Variability
in these trip setpoints can result in variability in the time the system trips during accident sequences where these
conditions would be expectedto occur. These variations in irip times can be important in determining the probability
of various recovery actions (e.g., recovering offsite power) and whether alternative injection systems, such as the
CRDHS. can be used. Variations in support system requirements and configurations for the coolant injection
components also influence the system availabilities (see Section 10.2.1.6 for further discussion). Finally, some
adverse containment condition impacts (e.g., high-suppression pool temperature) on RCIC, HPCI, and HPCS can be
delayed as long as the pump suction is aligned to the condensate storage tank. However, the condensate storage tank
can eventually be depleted at different times for each plant (allowing for differences in accident recovery potential)
dependent upon the condensate storage tank volume. These examples indicate that even though the ECCSs for the
various BWR vintages may appear to be quite similar, subtle differences do exist in designs or arrangements that
can impact the systems operations under accident conditions.

All BWRs currently operating in the U.S. have an ADS function consisting of primary relief valves (see Section
10.2.1.3) that were designed to automatically open to depressurize the RCS. The ADS is used to allow the low-
pressure subsystem to provide core cooling when the high-pressure ECCS subsystem fails to perform adequately.
Procedural changes employed at most plants direct the operator to inhibit this automatic function and to manually
perform vessel depressurization when required by opening relief valves or by other means such as the turbine bypass.

In addition to the ECCS., most BWRs have the capability to use other systems to provide coolant injection to the
vessel. The availability of these alternative injection systems is highly plant specific and includes such systems as
service water cross-tied to inject into the RHR system, CRDHS, and firewater. All of the systems provide coolant
from external sources. Most of them are not safety-grade. Some can only be successfully used after decay heat in
the vessel has decreased to match the capacity (¢.g., CRDHS) or when sufficient time is available to manually align
the system (typical for firewater and also for service water cross-tie at some plants). Some of the systems (such as
service water cross-tie) can immediately be aligned from the control room at some plants for successful coolant
injection.

The containment design can influence the operability of coolant injection systems in several ways. For instance, the
ultimate failure pressure of the containment (typically two to three times the design pressure), if high enough, can
result in the forced closure of open relief valves under high-pressure conditions in the containment, This impacts
the ability to maintain a depressurized reactor vessel to allow LPI pumps to inject into the vessel. As discussed in
Section 10.2.1.3, this is a characteristic of Mark | and 1| containments but not Mark Ils. Specific suppression pool
designs and relative elevations of ECCS pump suction piping relative to the poo! water level can impact the NPSH
of the pumps under extreme high-pool temperature and low-pool level conditions. In fact, some BWR 6s have a
suppression pool makeup system that must operate under LOCA conditions to maintain pump NPSH and also to
prevent uncovery of the drywell-to-wetwell vents The uncavery of the vents can result in suppression pool bypass
resulting in containment overpressurization. Finally, the containment design determines the likely location where
containment failure will occur. The location of containment failure can impact the continued operation of coolant
injection systems through either direct effects (e.g., rupturing the coolant injection piping or failing the source of
water such as the suppression pool) or by harsh environments in the reactor building that can fail important
componexts such as electrical switchgear.

In total, the redundancy and diversity of the design of the ECCS, the specific support system needs to the ECCS

(power, cooling, instrument air (I1A), HVAC, etc.), flow and pressure capabilities of these systems, as well as the
existence of any alternative injection systems which may be manually aligned, all have a significant impact on the
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success criteria for performing emergency injection/core cooling under a spectrum of LOCA and transient events.

This in tumn directly impacts the probability of failing to supply adequate injection/cooling under a variety of
challenges to the plant.

10.2.1.5 Decay Heat Removal

In all BWRs, the same heat transfer loop used for normal power operation (see Section 10.2.1.1), consisting of the
RCS and the PCS, is used for normal shutdown at high-RCS pressure. The main turbine is tripped and bypassed
and the steam, condensate, and feedwater systems operate at a greatly reduced flow-rate. Variability in the PCS

design, support system requirements, and protective trip setpoints can impact the use of this preferred system for
decay heat removal under accident conditions.

If the PCS is unavailable, normal shutdown cooling is provided by other means, depending on the BWR type. In
the Big Rock Point BWR 1, the BWR 25, and early BWR 3s, back-up high-pressure cooling is provided by operation
of an iC that also provides high-pressure decay heat removal. An IC is a simple condensing heat exchanger; on its
primary side, it receives steam from the reactor vessel and returns the condensate to the reactor vessel via closed-
loop, natural circulation. Secondary water is boiled in the IC and secondary steam is vented to the atmosphere.
Makeup is provided to the secondary side by various systems including the condensate transfer system and the
firewater system, which can function during a station blackout. Any significant loss of RCS inventory will defeat
the use of the ICs.

High-pressure cooling in other BWRs is provided when steam is relieved to the suppression pool through relief valves
and containment heat removal is initiated. Containment heat removal capability in BWRs typically includes
suppression pool cooling (SPC) and the containment spray system (CSS). For the Big Rock Point BWR 1, both
sump cooling (this plant has a dry containment) and containment spray are uniquely provided as separate operating
modes of the LPCS system. The BWR 2s have a separate containment spray system, which also cools the
suppression pool and can be aligned for suppression pool cooling. Early BWR 3s had a containment
spray/suppression pool cooling capability as an operating mode of the LPCI system. All other BWR 3s through
BWR 6s have a multi-mode RHR system that includes these functions. These systems all include heat exchangers
that transfer heat to an ultimate heat sink through one or more intermediate cooling water systems.

Normally, the RHR system provides post-shutdown (low-RCS pressure) cooling. The Big Rock Point BWR 1, the
BWR 2s, and some BWR 3s have dedicated shutdown cooling (SDC) systems, separate from the low-pressure ECCS
subsystems, which take a suction on the reactor vessel and return coolant directly to the reactor vessel. For most
BWR 3s and ail BWR 4s through BWR 6s, the multi-mode RHR systems also provide post-shutdown cooling in
addition to ECCS (i.e., LPC!) and containment cooling functions discussed above. Except for the BWR 2 and some
BWR 3 plants, the SDC and RHR systems for most BWRs consists of two trains with one or two pumps and heat
exchangers per train (see Table 10.2)

All BWRs with Mark [ containments will have installed a hard-pipe vent that carn be used to relieve pressure in either
the drywell or wetwell area of the containment. The pressure at which the system is initiated is plant-specific and
is generaily a function of the size of the vent path. At some plants, venting can have an adverse impact on ECCS
pump NPSH and can result in pump failure.

As with the ECCS, the level of redundancy and diversity of these systems, their support system needs, and their flow
and pressure capacities dictate the success criteria for achieving decay heat removal for each plant. this in turn
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directly affects the reliability of this function under different challenges to the plant (particularly the degree of
common cause failure affecting multiple modes of keat removal).

10.2.1.6 Support Systems

The support systems required by the coolant injection, decay heat removal, and other accident mitigating systems
typically include electrical power, cooling water, and HHVAC systems. The designs of these systems vary from plant
to plant and can significantly impact accident mitigating system availability.

The onsite electric power system in all nuclear power plants consists of two parts, including (1) the non-Class- | E
system, supplying non-safety loads, and (2) the Class | E system supplying safety systems. Normally, onsite electric
power is supplied from the output of the main generator and/or the offsite grid Diesel generators provide backup
alternating current (AC) power for ihe Class |E portion of the system and batteries provide standby direct current
(DC) power.

Loss of normal offsite power can cause an automatic shift to an alternative source of offsite power (available at some
plant sites) and starts the standby diesei generator(s). If both sources of offsite power are unavailable, the non-Class-
IE and Class |E portions of the onsite electric power system are separated by opening various circuit breakers and
the diesel generators are aligned to supply the Class 1E systems. The diesel generator control systems interface with
a load-sequencing system that adds selected loads in prescribed sequences at the proper times. In addition to DC
power, the diesel generators rely on a number of other support systems for operation (e.g., cooling water and
HVAC)

The number of diesel generators at each plant is variable, ranging from one at Big Rock Point to four at various
BWR 4 plants. BWR 5 and BWR 6 plants all have three diesel generators with one of them normally aligned to
the HPCS system. (The HPCS division of AC power can be cross-tied at some plants to one of the other electrical
divisions during station blackout conditions.) Some plants (such as Millstone 1) also have gas turbine generators
available, while others have black-start diesel generators. (These diesel generators can start and operate without any
outside support systems ) At multi-unit sites, one or two shared diesel generators are typically available in addition
to dedicated diesels generators. However, some multi-unit sites (¢.g.. Brunswick 1&2) do not have any shared diese!
generators and one (Susquehanna | &2) has four diesel generators, all of which are shared between both units. Cross-
tieing emergency buses between multi-unit plants is possible at some locations, and cross-tieing divisions of power
at a single unit plant is also possible.

All BWRs have DC buses available to provide power to both safety and non-safety grade equipment. Normally, the
DC power is provided from the AC buses through inverters and is backed-up by banks of batteries that are also
charged from the AC buses. The number of battery banks at each plant is also variable, ranging from one to four.
All plants (except Big Rock Point) have at least two 125-V battery banks and some also have one or two 250-V
battery banks. The battery depletion time is an important factor in determining the response to a station blackout
scenario. The battery depletion time is significant!y impacted by the availability of load shedding procedures, which
indicate a prescribed order to shed unnecessary loads during the station blackout period.

Typically, direct cooling for BWR components (such as pumps and diesel generators) is required to prevent failure
during operation. This cooling is provided by one of several cooling water systems at a plant.  The number and
arrangement of cooling water systems is highly variable among the plants and BWR vintages. However, most plants
have a reactor building closed cooling water (RBCCW) system that is used to cool safety and non-safety related loads
and a turbine building closed cooling water (TBCCW) system that cools non-safety loads Both systems are closed-
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loop designs and reject heat to an ultimate heat sink (cooling towers or a natural body of water) through the
intermediate service water system(s). The service water system(s) also can be an open or closed loop (or combined)
design. In some plants, the safety and non-safety loads are cooled by the same service water system, with non-safety
loads isolated under accident conditions. In other BWRs, a standby service water system that only operates under
accident conditions cools the safety loads, while a normal service water (NSW) system cools non-safety loads. At
some multi-unit sites, the cooling water systems can be cross-tied to serve both units.

Room cooling is also required for some mitigating components and is provided by a variety of HVAC systems.
Typically, room cooling is required for ECCS and service water pumps, diesel generators, electrical switchgear, and
the control room. The HVAC systems can be once-through or can be recirculation systems that have cooling coils
cooled by one of a number of diverse cooling water systems.

As identified above, the support system requirements for systems like ECCS and decay heat removal directly affect
the overall reliability in the design and operating features of these architect-engineeredsystems. In addition, support
systems (such as lA) can also impact other support systems and, thus, can indirectly affect accident mitigating system
reliability. The resulting variability in the reliability of core and containment cooling can be significant. In fact,
it has been found in past PRAs, that the support system features often dominate the estimated core damage frequency
and the specific equipment failures or human errors most important to the core damage potential.

10.2.2 PWR Plant Characteristics

The three types of commercial PWRs found in the U.S. are supplied by Westinghouse (W), Combustion Engineering
(CE), and Babcock & Wilcox (B&W). In all PWRs, the heat generated in the reactor core is transported to the
secondary coolant system by the RCS via the external primary coolant loops with steam generators. Control and
removal of heat from the reactor and conversion of this heat into usable electrical power requires a broad spectrum
of operating, auxiliary, and safety systems, which are briefly described in the sections that follow.

Also discussed, are the differences among the various PWR types regarding the design, operation, and interfaces of
these systems that can have a significant bearing on IPE results. In general, these differences occur in the primary,
reactivity control, coolant injection, decay heat removal, and support systems. A summary of the design differences
across the PWR types is presented in Table 10.3.

Table 10.3 PWR plant characteristics.'

| Number of units/multi- /| 15/4 62 13/5 3213
unit sites
RCS/PCS
Number of loops/total 2/4 4’ 212 33 4/4 ! One plant has
number of pumps 3 loops/pumps
Type of steam generator Once- U-tube U-tube U-tube U-tube
through
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Table 10.3 PWR plant characteristics.'
Function/system B&W CE W 2-Loop | W 3-Loop | W 4-Loop Comments
Reactivity control
CVCS (number of 1. 2, ot 3pD 3PD dorMCor | 2C & VPD.| ' C - Centrifugal
pumps/type’) 3C (typical) IPD (3C | 20t 3C, or | PD - Positive
(3 typical) or typical) 3/PD (2/C Displacement
JC & 1/PD & 1/PD
typical)
RCS overpressure protection
Number of PORVs 1 0' or 2 2 2 or3 1,2 or 3 | * System 0 plants
| * Typical number
f Coolant injection
high-pressure safety 203" 20r 20r3 2o0r3 20r3 * Most plants use
injection (HPSI) (number (3 (3 typical) | (2 typical) | (3 typical) charging pumps
pumps) typical) " One plant uses
charging pumps
LPSI 4 2* > 2 2’ * Mode of RHR
* Mode of RHR in
some plants,
separate system
in others
high-pressure recirculation yes ne 9-units yes no 3-units no 3-units
(HPR) piggyback off LPI? yes l-unmit ves 10-units | yes 29-units
Number of accumulators 2 4" 2 3 4 ' One plant has 3
Decay heat removal
Number/type'' auxiliary lor2M | lor2M& [ 1,2, 0rdM| Tor2M& | 1, 20r M | '' M < Molor-
feedwater pumps & /T, /T (typical) & 1T ITIM& | & I/T (M Driven
2/M, or or 2T /T typical) & T T « Turbine-
2T (UM or 2T typical) Driven
& 1T or 2/T
typical)
RHR (number pumps) 2 2 2 2 2
Support systems Support system configurations are plant-specific.
' See text for definition of acronyms
_7 e ——— —

10.2.2.1 PWR Primary and Power Conversion System

The PWR primary system, or RCS, consists of the reactor vessel and, depending on the vendor, two to four external
primary coolant loops. Each external primary coolant loop is equipped with a steam generator, one flow path from
the vessel to the steam generator (hot leg), and one or two coolant flow paths from the steam generator back to the

NUREG-1560, Draft 10-18



10. Background for Obtaining Perspectives

vessel (cold legs). The Westinghouse PWRs have 2-. 3-, and 4-loop configurations. A Westinghouse primary loop
consists of a U-tube steam generator; a single vertical, centrifugal reactor coolant pump; and connecting loop piping.
CE PWRs all have 2-loop configurations, with the exception of Palisades, which is a 3-loop plant. A CE primary
loop consists of a hot leg that enters the bottom of a U-tube generator and two cold legs that retum flow to the
reactor vessel, with one reactor coolant pump in each cold leg. A primary loop in a B&W plant consists of a hot
leg connected to the top of a once-through steam generator and two cold legs that exit the bottom of the steam
generator and return flow to the reactor vessel, with one recctor coolant pump in each cold leg.

In all PWRs, the pressure in the primary system is controlled by a pressurizer connected to one primary loop hot
leg. The pressurizer uses electric heaters to increase the pressure and spray to reduce the pressure. During normal

operation, RCS coolant inventory is inferred from the pressurizer water level, and is controlled by the chemical and
volume control system (CVCS).

During power operation, the normal heat transfer path consists of three fluid system loops, including the RCS, the
PCS, and the tertiary coolant loop. This same flow path can remove decay hea. following a normal plant shutdown
(The RCS 1s described above ) The PCS removes heat from the RCS by boiling water in the steam generators. The
type and size of the steam generators vary among the PWR designs. The Westinghouse and CE PWRs use U-tube
steam generators with large water capacities on the secondary side. The B&W PWRs use once-through steam
generators that have a relatively small secondary side inventory that results in a more rapid boil-off of the steam
generator secondary following a loss of all feedwater. The inventory of water on the secondary side of the steam
generators is important because it affects the time to core uncovery (the RCS inventory boils off after loss of the
steam generator secondary cooling) and, thus, the time available to recover before core damage occurs.

Generally, the PCS and the variations in design are only important in a PRA with respect to initiating a transient
requiring mitigation. However, the impacts of RCS design differences on a PRA can be more substantial. Two
major impacts are the steam generator size (previously discussed) and the reactor coolant pump seal design. Loss
of seal cooling to the reactor coolant pumps (RCPs) is an important accident in PWRs resulting in a small LOCA.

Reactor coolant pump seals are of var.able design as is cooling water system alignment. For example, at some
plants, the same cooling system cool< the RCP seals and the ECCS pump bearings or seals. Thus, loss of this
cooling water system results in a seal LOCA with failure of the ECCS. ECCS actuation or containment isolation
signals at some plants can also result in RCP seal cooling isolation requiring a recovery action to prevent subsequent
failure.

10.2.2.2 Reactivity Control Systems

Reactivity control is provided by the control rod system and the CVCS. The control rod system provides short-term
control and rapid shutdown. Automatic reactor trip is initiated by the RPS by opening the circuit breakers supplying
power to the control rod system. Although the configuration of the RPS circuitry can vary, in general, the system
acts to deenergize the drive mechanisms, which allows the control rods to fall via gravity into the reactor core
During normal power operation, the CVCS continuously compensates for long-term reactivity changes by adjusting
the boron concentration in the primary coolant. If the control rods fail to insert following an abnormal occurrence,
the CVCS alone can take the reactor subcritical by significantly increasing the boron concentration. Boron injection
is required even if rod insertion is successful since the control rods by themselves are not sufficient to reach a cold
shutdown condition. The water injected by the ECCS during a LOCA is thus borated.
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PRAs typically do not model the RPS, but like the BWRs, often use a lumped-mode! approach with reliability based
on engineering evaluation. However, to the extent that the number of scram relays and their design configurations
are modeled or otherwise considered, some differences may be estimated in the failure-to-scram probability.

10.2.2.3 RCS Overpressure Protection

RCS overpressure protection is accomplished by power-operated relief valves (PORVs) and/or safety valves mounted
on the pressurizer. Most PWRs have PORVs, which can be controlled to open at lower pressures to reduce the
demands on the mechanically lifted (upon high-pressure) safety valves. The PORVs and safety valves discharge to
a quench tank inside the containment. When the quench tank is full, protective disks burst to allow primary coolant
to flow from the quench tank into the containment sump.

Feed-and-bleed cooling can be used in PWRs as a means of removing decay heat (see Section 10.2.2.5). Many
PWRs with HPSI pumps with low-shutoff heads require opening PORVs to reduce the RCS pressure for feed-and-
bleed The size of the PORVs and, thus, the number required to reduce RCS pressure can vary from plant to plant.
Also, some plants have operated in the past with their PORV block valves closed to prevent minor leakage past the
PORVs. This can impose an additional step in the depressurization process (open the block valves) which can affect
the overall reliability of feed-and-bleed and/or primary system depressurization, as well as the ability of the primary
system to withstand the pressure pulse from an ATWS event since the PORV pathways may be isolated. These
factors are generally included in a PRA and can influence the resulting estimate of core damage. Note that opening
PORVs for feed-and-bleed operation is not required at plants with HPSI systems that have shut-off heads above
safety valve setpoints,

i0.2.2.4 Coolant Injection

The ECCS provides long-term core cooling by injecting makeup water into the RCS in the event of a LOCA and
recirculating water through the core following the event. In all PWRs, the ECCS includes pressurized safety
injection tanks (also referred to as accumulators) and HPSI and low-pressure safety injection (LPSI) pumps. In
Westinghouse PWRs, these pumps initially inject into the cold legs, then into the hot legs while the safety injection
tanks inject into the cold legs. In CE plants, all three subsystems inject into the colds legs. In B&W PWRs, the
HPSI pump injects into the cold legs, while LPSI pump and the safety injection tanks inject directly into the reactor
vessel. The set point at which the passive safety-injection tank injects into the vessel varies from plant to plant.

During a large LOCA, the ECCS rapidly injects borated water to the RCS to shut down the reactor and provide core
cooling. The RCS rapidly depressurizes and makeup is initially provided by the safety injection accumulators. Both
HPSI and LPSI pumps deliver makeup to the reactor vessel from the refueling water storage tanks (RWSTs). ECCS
injection to the vessel must also be switched during a large cold leg break from cold leg injection to hot leg injection
to prevent boron precipitation which can result in core flow blockage and fuel damage. Not all PRAs model the need
for switching to hot leg injection.

Foliowing a smail LOCA, the RCS may slowly depressurize or remain at normal operating pressure. In all
Westinghouse 2-loop plants, sotne 3-loop and 4-loop plants, some B&W plants, and all CE 2-loop plants, the limited
HPSI pump shutoff head is insufficient to overcome normal RCS operating pressure. Therefore, the RCS must
depressurize before HPSI pumps can provide makeup. Depressurization cf the RCS is accomplished by opening the
PORVs. In some PWRs, both the RCS and the steam generator secondaries can be depressurized during a small
break LOCA to reduce RCS pressure low enough to allow injection with LPSI if HPSI fails. The remaining
Westinghouse 3-loop plants, CE's Maine Yankee plant, and the majority of the B&W plants use centrifugal CVCS
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pumps (see Section 10.2.2.2) to perform the HPSI function and can provide makeup to the RCS against full system
pressure. Coolant injection with LPSI following depressurization of the RCS can also be used in some plants.

Once the RWST makeup water is exhausted, the ECCS is switched to a recirculation alignment where the LPSI
pumps take suction from the containment sump, which contains water released from the RCS through the break.
Following a large LOCA, low-RCS pressure allows the LPSI pumps to provide makeup to the RCS without the
operation of the HPSI pumps. In the event of a small LOCA, high-RCS pressure can preclude LPSI pump injection,
and in most PWRs, the HPSI pumps cannot be aligned to take suction directly from the containment sump. In these
plants, the HPSI pumps must operate in tandem with the LPSI pumps. The LPSI pumps take suction from the
containment sump and deliver the water to the HPS! pump suction, which in turn injects water into the RCS. In
contrast, many CE plants only use high-pressure ECCS pumps for the recirculation mode of injection. The
switchover to recirculation is a manual action in some planis, while other plants have a semi-automatic or fully
automatic switchover. Since the capacity of the RWST varies among the plants, the time available to accomplish
manual actions during switchover also varies.

The containment design, particularly the containment heat removal, can impact the operability of ECCS in the
recirculation mode. The impact of insufficient containment heat removal leading to high-sump water temperatures
and low-water levels on pump operability is plant-specific.

The redundancy and diversity of the design of the ECCS, the specific support system needs to the ECCS (power,
cooling, IA, HVAC, etc.), flow and pressure capabilities of these systems, as well as variations in system setpoints,
all have a significant impact on the success criteria for performing emergency injection/core cooling under a spectrum
of LOCA and transient events. This in tum directly impacts the probability of failing to supply adequate
injection/cooling under a variety of challenges to the plant

10.2.2.5 Decay Heat Removal

!n all PWRs, the same heat transfer loop used for normal power operation (see Section 10.2.2.1), consisting of the
RCS, the PCS, and the circulating water system, is used for normal shutdown (at high-RCS pressure), with one
exception. The main turbine is tripped and bypassed and the steam, condensate, and feedwater systems operate at
a greatly reduced flow-rate.

If the steam and power conversion system is not available, heat can be removed from the RCS by the auxiliary feed
water (AFW) system (referred to as emergency feed water (EFW) in B&W plants) and the secondary steam relief
system (SSRS). This involves transferring heat from the reactor core to the steam generators using forced circulation
or natural circulation when the reactor coolant pumps are not available. The AFW draws water from the condensate
storage tank or another source and supplies it to the steam generators, where it is boiled and vented to the atmosphere
via atmospheric dump valves in the SSRS. Typically, most PWRs have both motor-driven and steam-driven AFW
pumps. However, a few plants only have turbine-driven pumps. The number and flow capacity of the AFW pumps
varies among the plants and, thus, the number required to remove heat following a transient can be variable. If all
feedwater is lost to the steam generators, the condensate system can be used for cooling by depressurizing the
secondary side of the steam generators by opening atmospheric dump valves. This capability is dependent upon the
size of the 2tmespheric dump valves and the capacity of the condensate system, which are plant-specific features

Most PWRSs can use the high-pressure ECCS pumps to implement feed-and-bleed cooling, which is a post-transient

decay heat removal method. Ceriain CE PWRs that do not have POR Vs, including ANO 2, Palo Verde 1,2&3; San
Onofre 2& 3, and Waterford 3, are not capable of feed-and-bleed cooling. As mentioned in Section 10.2.2.3, feed-
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and-bleed cooling is similar to a small LOCA mitigation, but with intentional use of the pressurizer PORVs, rather
than the occunence of a break. This is impiemenied by aligning a high-pressure pump to provide makeup to the
RCS and by modulating the PORVs to control RCS cooldown rate. Feed-and-bleed operation will overfill the
pressurizer quench tank and the tank rupture disks will burst and vent the tank to the containment. The containment
cooling systems (see Section 10.3.2) transport the heat to the uitimate heat sink

In most Westinghouse and B& W plants, heat exchangersin the low-pressure ECCS recirculation systems (see Section
10.2.2.4) provide decay heat removal from water collected in the containment sump before it is reinjected into the
RCS. 1f a plant does not have heat exchangers in the ECCS recirculation system, there are typically heat exchangers
in the containment spray recirculation system.

For post-shutdown (low RCS pressure) core cooling, a multi-mode RHR system (which also provides LPSI as part
of the ECCS) transfers RCS hot leg coolant to the RHR heat exchangers Heat is transferred from the RHR system
to the compenent cooling water (CCW) system, which forms the secondary cooling loop, then to a tertiary loop that
rejects heat to the ultimate heat sink.

As with the ECCS, the level of redundancy and diversity of these systems, their support system needs, operational
characteristics (such as protective trip setpoints), and flow and pressure capacities dictate the success criteria for
achieving decay heat removal for each plant. This in turn directly affects the reliability of this function under
different challenges to the plant (particularly the degree of common-cause failure affecting multiple modes of heat
removal).

10.2.2.6 Support Systems

The support systems required by the coolant injection. decay heat removal, and other accident mitigating systems
typically include electrical power, cooling water systems, and HVAC. The designs of these systems vary from plant
to plant and can significantly impact mitigating system availability.

The onsite electric power system in all PWRs consists of two parts, including (1) the non-Class- | E system supplying
non-safety loads, and (2) the Class |E system supplying safety systems. Normally, onsite electric power is supplied
from the output of the main generator and/or the offsite grid. Diesel generators pro-ide backup AC power for the
Class |E portion of the system and batteries provide standby DC power. (Oconee is unique in that it does not have
diesel generators, but uses an upstream turbine plant for power.) Loss of normal offsite power typically causes an
automatic shift to the alternative source of offsite power and starts the respective standby diesel generator(s). [f both
sources of offsite power are unavailable, the non-Class-1E and Class 1 E portions of the onsite electric power system
are separated by opening the circuit breaker and the diese! generators are aligned to supply the Class |E systems.
The diesel generator control systems interface with a load-sequencing system that adds selected loads in prescribed
sequences at the proper times. In addition to DC power for starting purposes, the diesel generators typically rely
on a number of support systems for operation

The number of diese! generators at each plant is typically two or three. Some plants (such as Salem 1&2 also have
gas turbine generators available, while others (e.g.. Robinson 2) have a dedicated shutdown diesel generator. Al
multi-unit sites, one or three shared diesel generators are typically available in addition to dedicated diesels
generators. However, most multi-unit sites do not have any shared diesel generators and some (e.g., Calvert
Cliffs 1&2) share all of the diesel generators between units.
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All PWRs have DC buses available to provide power to both safety and non-safety grade equipment. Normally, the
DC power is provided from the AC buses through inverters and is backed up by banks of batteries that are also
charged from the AC buses. The number of batteries at each plant is also variable, ranging from one to four. All
plants have at least two 125.V batteries and a few have 250-V batteries.

Typically, direct cooling for PWR components (such as pumps and diesel generators) is required to prevent failure
during operation. This cooling is provided by one of several cooling water systems at a plant. The number and
arrangement of cooling water systems is highly variable among the plants. However, most plants have a CCW
system that is used to cool safety and non-safety related loads. This system is closed loop and rejects heat to an
ultimate heat sink (cooling towers or a natural body of water) through the intermediate service water system(s). The

service water system(s) also can be open or closed loop (or combined) design. C ross-tieing of cooling water systems
is possible at some multi-unit sites.

Room cooling 1s also required for some mitigating components and is provided by a variety of HVAC systems.
Room cooling is often required for ECCS and service water pumps, diesel generators, electrical switchgear, and the
control room. The HVAC systems can be once-through or can be recirculation systems that have cooling coils
cooled by a fluid system.

As identified above, the support system requirements for systems like ECCS and DHR directly affect the overall
reliability in the design and operating features of these architect-engineeredsystems. The corresponding variability
in the reliability of core and containment cooling can be significant. In fact, past PRAs have revealed that the
support system features often dominate the estimated core damage frequency and the specific equipment failures or
human errors are most important to the core damage potential.

10.3 Containment Characteristics

This section discusses the differences in the containments used for BWR and PWR reactors, focusing on how these
differences can influence the accident progression analysis performed in the IPEs. The principal emphasis is on
containment design variations, but differences in operation and interfaces with the plant systems important for the
core damage frequency analysis are also presented. Differences in containment structural features, vapor suppression
systems, containment heat removal, combustible gas control, containment venting, and containment bypass and
isolation issues, that are important for understanding the IPE results are discussed. Additional plant-specific
containment features that impact the IPE results for a particular plant are identified in Chapter 12, where the [PE
accident progression results for the different containment types are considered.

10.3.1 BWR Containment Characteristics

Of the two types of commercial, power producing reactors used in the U S, (i.e., BWRs and PWRs), BWRs operate
at a lower pressure (approximately half that of PWRs) and generally have smaller containments. In addition to their
structural strength, all BWR containments, except that of the Big Rock Point, rely on water pools to promptly
condense steam to prevent overpressure. The Big Rock Point BWR | plant is housed in a large, dry. spherical steel
containment which is functionally similar to the type of containment used for most PWR plants. These pressure
suppression containments all consist of (1) a “drywell” which encloses the reactor vessel, (2) a pressure suppression
chamber called “wetwell” containing a large amount of water (suppression pool). (3) a vent system connecting the
drywell and the suppression pool, (4) containment isolation valves, (5) containment cooling systems, and (6) other
service equipment.
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The primary containment system is designed to (1) condense the steam released during a postulated LOCA and
provide a temporary heat sink, (2) limit the release of radionuclides in an accident, and (3) provide a source of water
for the ECCS. If a failure of the primary system pressure boundary occurs inside the pressure suppression
containment, the drywell is pressurized and its atmosphere is routed via a vent system to discharge points beneath
the water surface of the suppression pool. In this manner, steam 1s condensed in the pool and any radionuclides are
scrubbed as they pass through the pool. The geometry and arrangement of the drywell, wetwell, and vent system
differs depending on the containment type.

The three pressure suppression containments used for currently operating BWR reactors are (1) the Mark | type used
for BWR 2. BWR 3, and most BWR 4 reactors; (2) the Mark 11 type used for late BWR 4 and BWR § reactors; and
(3) the Mark 111 type used for BWR 6 reactors. Figure 10.3 compares the genera! arrangements of the Mark I, I,
and 111 containments. Table 10.4 summarizes the important BWR containment characteristics. Again, with the
exception of Big Rock Point, all U.S. BWRs have a secondary containment, which surrounds ail or most of the
primary containment structure

Vessel \

~ | Ko

Pressure

——

Mark |

Reactor
Vessel

Pressure
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Mark I1 Mark 111

Figure 103 BWR pressure suppression containments

NUREG-1560, Draft 10-24



Table 10.4

Characteristic

Number of units

10 Background for Obtaining Perspectives

BWR containment characteristics.

Containment type

24

Mark 11

Mark 1

4

[Retcmr thermal power (MW1)

1593 - 3293

3293 - 3323 2894 - 3833
tai free vol i’
Drywell 110,000 ~ 180,000 | 200,000 - 310,000 250,000 - 280.000
Wetwell 90,000 - 140,000 | 140,000 - 190,000 1,165,000 ~ 1,550,000
Total 200,000 - 320,000 | 340,000 - 500,000 1,440,000 - | 800.000
Cont. volume to therma! power ratio 920 - 160 106 - {50 440 - 620
(/MW
-ontainment strength
Containment design pressure (psig) 56 - 62 45 - §5 15
Median containment failure pressure (psig) 98 - 190 140 - 191 56 - 94
used in IPE
Containment construction 22 sicel | steel 2 steel
2 cuncrete 7 concrele 2 concrete

Vapor pressure suppression system

Vent header with
vertical vents
(downcomers)

DW/WW vacuum

breakers

Vertical vents
{(downcomers)
DW/WW vacuum
breakers

Horizontal vents and
SPMU!
DW/WW vacuum
breakers’

Containment heat removal system’

RHR' system in

RHR system in

SPC' or DWS' SPC or DWS RHR system in SPC
mods mode or DWS mode*
Combustion gas control Inerted by N2 Inerted by N2 Igniter System

Containment venting for pressure control

F

Hardened vent
pipe requested by
cer'

Hardened vent
pipe not requested
by CPI

Hardened vent pipe
not requested by CPI

Notes:
1]

not credited in the PRA

10.3.1.1 Containment Structure

The most common BWR containments are the Mark | type,

RHR - Residual Heat Removal; SPC - Suppression Pool Coolin
System; SPMU Suppression Pool Makeup, CPI -
River Bend does not have an SPMU system or DW/WW vacuum breakers
There is also a fan cooler system for CHR during normal plant operation

River Bend does not have a containment spray system but has two safety

g DWS - Drywell (or Containment) Spray
Containment Performance Improvement

It is not a safety system and is usuali

-related containment unit coolers.

which is used at 24 BWR facilities in the U.S. For these

containments, the drywell is typically a steel pressure vessel supported in concrete, with a spherical lower section
and a cylindrical upper section (light bulb shape). The suppression chamber also is typically a steel pressure vessel

but it takes the shape of a torus located below the drywell

10-25

and encircling it. This construction is typical of all but
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two Mark 1 units (Brunswick 1&2) which use a steel-lined, reinforced concrete drywell and suppression chamber
instead of steel vessels.

Table 10.4 shows the range of containment design pressures for the Mark | containments. Because of the
conservatism in design and construction, these containments are unlikely to fail when the design pressure is reached.
A containment failure pressure is estimated in the IPEs to predict the containment failure probability under pressure
load. Table 10 4 shows the range of the median values of containment failure pressures used in the IPEs. The failure
pressure is usually about 2 to 3 times above the containment design pressure

The values presented in Table 10.4 for containment failure pressure are those at normal containment temperature.
For Mark | containments, the drywell temperature can be very high during a severe accident. As a result, the
containment pressure capability as a function of containment temperature is an important consideration. Usually,
a pressure-temperature containment performance plot is presented in the IPE submittal to show containment pressure
capabilities at various temperatures. Although the median containment failure pressure may be greater than 100 psig
at normal temperature, containment failure may occur at a much lower pressure at high-temperature. At high-
temperature (¢.g., 900° F), containment failure may be caused by the large upward and radial thermal growth of the
containment For example, containment failure may occur if some of the numerous small and large penetrations bind
on the biological shield wall and fail, or if the radial growth of the containment causes the seismic stabilizers to
punch through the upper portion of the drywell. In addition, sealing material may completely degrade at high-
temperature,

Typical containment volumes are also indicated in Table 10 4. The Mark | containments have the smallest free air
volume of the three BWR pressure suppression designs, with only about one-sixth the free air volume of a large-dry
containment.

There are eight BWR units with Mark [I containment designs in the U.S. In a typical Mark Il containment, the two
parts of the primary containment (the drywell and the wetwell) comprise a structurally integrated concrete pressure
vessel lined with welded steel plate and provided with & steel domed head for closure at the top of the drywell. Seven
Mark [1 units (NMP2, Limerick 1&2) and Susquehanna 1&2, use reinforced concrete, while two units (LaSalle 1&2)
use post-tensioned concrete. Instead of a concrete structure, one Mark Il containment

washington Nuclear Plant 2 (WNP 2) has, instead of a concrete structure, a free-standing steel primary containment,
surrounded by a reinforced concrete structure providing support and biological shielding.As shown in Table 10.4,
the containment free volume is greater for Mark 1ls than for Mark ls. However, the containment volume to thermal
power ratio is similar for both containment types. Design and failure pressure ranges for the Mark Il containments
are shown in Table 10.4.

Four commercial BWRs operating in the U.S. use the Mark [1I containment design. For two of the Mark 11! designs,
the primary containment is a steel reinforced concrete structure, consisting of a vertical cylinder. a hemispherical
dome. and a flat base. The concrete provides both structural strength and biological shielding. A thin welded steel
liner plate is used on the inside surface to form a leakage barrier. Two other plants use a free standing steel primary
contzinment made with steel plate. The structure consists of a vertica! cylinder with an ellipsoidal head and a flat
bottom steel liner plate. The entire structure is anchored to the concrete basemat. While providing both structural
strength and a leakage barrier, the free-standing steel primary containment offers little biological shielding. This 1s
provided by the reinforced concrete secondary containment.

The main internal structures are, for the most part, common to all Mark 1lls. The drywell is a cylindrical reinforced
concrete structure with a flat roof slab. A circular opening in the roof slab is covered with a removable steel head
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to allow access for refueling. Enclosed within the drywell are the reactor vessel and a large portion of the reactor
coolant pressure boundary including the coolant recirculation loops and associated pumps  This seismic Category
I structure was designed to contain LOCA pressure transients and direct the resulting air-steam mixtures into the
suppression pool. The drywell also provides support for the upper containment pool, as well as radiation shielding
and protection for the containment from pipe whip, missiles, and jet impingement. The containment volume outside
the drywell consists of the upper dome and the lower wetwell. [t includes the suppression pool, the annulus formed

by the drywell outer wall and the primary containment inner wall, and the upper containment pool plus the volume
above it.

As shown in Table 10.4, the total free volume for a Mark 11! containment is significantly greater than that for a
Mark | or Mark |1 containment. The containment volume to thermal power ratio for Mark Ills is about four times
that for Mark Is or Mark Ils, while, as Table 10.4 also shows, the containment design pressure as well as the
estimated failure pressure are significantly lower than those of Mark Is and Mark Ils.

Surrounding and, in the case of Mark | and Mark 1l containments, completely enclosing the primary containment
s the secondary containment, which includes the reactor building, the reactor building heating and ventilation system,
and the standby gas treatment system (SGTS). The secondary containment is designed to provide a controlled,
filtered, and elevated release (through a stack) of the reactor building atmosphere. The reactor building can play a
role in severe accident progression since it provides additional radionuclide retention from natural processes such as
aerosol deposition. The SGTS is designed to provide a filtered release of the reactor building atmosphere at an
elevated release point. Although the SGTS was not designed for a severe accident and may not have the capacity
to handle the release from such an accident, a judicious use of the system may help to mitigate radionuclide release.

10.3.1.2 Vapor Pressure Suppression

The geometry and special features of the vapor suppression system depend very much on the containment type. The
components of the vapor suppression system are the vent system connecting the drywell and wetwell, the vacuum
breakers between the drywell and wetwell, and, in some cases. the suppression pool makeup (SPMU) system. These
features are discussed below.

As Figure 10.3 indicates, in a Mark | containment, the vent system consists of a series of main vents emanating from
the outside drywell wall, about two feet above the drywell floor. The main vents enter the toroidal wetwell structure
and connect with a manifold system, or vent header, which distributes the flow to numerous pairs of vertical pipes,
called downcomers. These downcomers have their exit below the surface of the suppression pool. In the
“over/under” Mark |l configuration of the drywell and wetwell, the two are simply connected by vertical pipes that
have openings uniformly distributed, radially and circumferentially, around the drywell floor, and exit below the
surface of the cylindrical suppression pool. As shown in Figure 103, the suppression pool encircles the drywell in
the Mark I11 design. In this design, the downcomers have been replaced with three rows of horizontal vents through
the drywell wall, and a weir wal!! has been added to achieve the separation of drywell and wetwell.

Vacuum breakers are provided between the drywell and wetwell (or the containment) to limit the buildup of a
negative pressure differential between the drywell and the wetwell (ie., drywell pressure lower than wetwell
pressure). In the Mark I and Mark [ designs vacuum breakers are provided mainly to protect the drywell integrity
(i.e., to prevent structural failure of the drywell as a result of external pressure). In the Mark [l design, a negative
pressure differential can cause an overflow of the weir wall with suppression pool water flowing into the drywell.
This will reduce the suppression pool level and flood the drywell cavity. With the reduced suppression pool level
a clearing of the top row of horizontal vents is possible (i.e., a reverse vent clearing) with subsequent gas flow from
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the containment to the drywell. The vacuum breakers in the Mark Il design are used to equalize the pressure
between the containment and the drywell, thereby prevent . the zbove scenario.

Vacuum breakers are provided in all BWR pressure suppression containments, except in the River Bend Mark Il

containment. River Bend relies on reverse vent clearing to eliminate the negative pressure differential between the
drywell and the containment.

A failure of the vacuum breakers in the open position may result in suppression pool bypass and eventual
containment failure. This failure mode is considered in the accident progression analysis of some of the IPEs.

Suppression pool bypass also means that the ability to scrub radionuclides in the pool is lost or severely impaired
(depending on the amount of bypass).

The Mark 11l design incorporates an upper containment pool and an SPMU system, which provides a means of
rapidly replenishing the suppression pool via a gravity feed from the upper pool to ensure that there is an adequate
water volume in the suppression pool to keep the horizontal vents coverad under all circumstances. Failure of this
system may cause suppression pool bypass and/or insufficient NPSH for the pumps taking suction from the
suppression pool. River Bend is the only Mark [11 design that does not incorporate SMPU via an upper pool dump.
In this plant the upper pool dump is not required because the suppression pool water inventory is sufficient.

Excessive suppression pool temperature in any of the pressure suppression containments can lead to large loads from
unstable steam condensation. This failure mode is considered in some IPEs. The containment is assumed to fail
when substantial power is being produced in the core and discharged into the pool at a temperature exceeding 260°F.

This is because of the concern raised by the foliowing suppression pool issues:

. condensation phenomena

. temperature profile at the quencher device

limitation of calculated models

vacuum breaker performance with cyciing drywell sprays

. containment structural capability under hydrodynamic loads
cycling pressure effects

elevated pool water levels affecting hydrodynamic loads

-

As noted previously, besides containment failure, a saturated poo! may cause a failure of the pumps that take suction
from the pool.

10.3.1.3 Other Containment Features

Particular characteristics of the different types of BWR suppression containments can play a significant role in
determining the containment’s robustness or vulnerability in the face of severe accident phenomena.

For instance, for the layout and construction of the Mark | design, a failure mode has been postulated for the
possibility of melt-through if the containment shell comes in direct contact with core debris. Because the reactor
pedestal and drywell floor in this design are at the same level, and because openings exist between the pedestal
region and the floor, core debris exiting the failed reactor vessel, even at low-pressure, could, in theory, flow arross
the drywell floor and contact the steel containment shell. [f the hot debris contacts the drywell shell, two failure
modes may occur:
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(n The combined effects of elevated containment pressure and local heating of the steel shell may result in
a creep rupture.

(2) If hot enough, the debris may melt-through the steel shell

These two modes are usua.iy referred to collectively as “drywell shell melt-through" or “shell melt-through.” The
probability of shell melt-through is known to depend on the condition of the core debris (i.e., physical state,
composition, release rate from the reactor vessel, etc.) as it relocates to the reactor pedestal floor, the configuration
of the reactor pedestal region (¢.g., the sump volume and the doorway through the pedestal wall), and containment
conditions (e.g., presence of water on the drywell floor). Plant-specific features can determine the importance of
this failure mode for individual Mark | containments. For example, as noted above, the Brunswick Mark |
containment uses concrete and not steel and, therefore, the IPE for this plant did not consider shell melt-through a
threat. Another IPE submittal stated that, because of the plant’s large sump volume and relatively smali core volume,
shell melt-through will not occur.

Uiyvell shell melt-through is not a significant failure mode for Mark I containments because of geometry
differences and because all but one are of concrete construction. For the Mark Il containment that uses a steel shell,
the containment failure modes considered in the IPE include those that would be induced by the impact of hot core
debris on the containment shell during high-pressure melt ejection (HPME). However, there are certain unique Mark
1 features that are important for particular accident scenarios.

The design of the region (nside the reactor pedestal of a Mark Il containment may have a significant effect on the
progression of a severe accident after the debris is Jdischarged onto the drywell floor. The design features that are
most important to accident progression are the relative elevation of the in-pedestal floor to the drywell floor and the
existence of downcomers inside the pedestal region In general, the BWR 5 plants have a recessed in-pedestal region
(reactor cavity) and the BWR 4 plants have 2 flat in-pedestal floor at approximately the same elevation as the ex-
pedestal drywell floor. Among the domestic Mark 11 plants, only NMP2 has downcomers inside the pedestal region.

After a vessel failure and discharge of core debris, a recessed cavity would confine the core debris in the cavity.
Extensive core-concrete interaction is expected to occur because the potential for corium cooling is minimal. On
the other hand, a shallow reactor cavity would allow the corium to spread out through the personnel pathway onto
the drywell floor. A portion of the corium could enter the first row of downcomer pipes. The remainder would be
cooled by heat losses to the containment atmosphere and the drywell floor and by the drywell spray if it is
operational,

For a plant that has downcomers in the pedestal region, corium released from the vessel would rapidly enter the
suppression pool. This design may eliminate the problems associated with core-concrete interaction, if the corium
is primarily in a liquid phase and the vessel is not pressurized, but this increases the potential for a severe and
damaging fuel-coolant interaction (FCI)

A steam explosion as corium flows down the downcomer pipes into the suppression pool, or the thermal attack of

the downcomers by corium, could also fail the downcomer pipes and cause a suppression pool bypass. Such a bypass
could have a significant impact on containment integrity and, therefore, radionuclide release.
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In addition to the downcomer pipes, drain tubes located in the drywell floor could fail as a result of corium attack.
This would result in a suppression pool bypass and FCI when the corium falls into the suppression pool through the
failed drain tubes.

In the Mark 111 design, because the drywell is completely enclosed by the primary containment, a release 0 the
environment will be scrubbed by the suppression pool if the containment fails but the drywell remains intact. Early
drywell failure is therefore an important consideration in the accident progression, and the risk is most affected by
containment failures in which both the drywell and the containment fail. Since the drywell has a much higher design
pressure than the containment, such a failure would most likely be caused by energetic events such as hydrogen
combustion and the phenomena associated with vessel breach.

Among Mark 111 designs, there is variation in the reactor pedestal region. The design of this region is unique in
River Bend among Mark Ills in that the access door is water tight and kept closed while the plant is operating.
Therefore, the probability of water accumulating in the pedestal region before vessel failure is much lower in River
Bend than in other Mark [lls.

10.3.1.4 Containment Heat Removal

While the suppression pool of BWR pressure suppression containments provides a short-term heat sink, in the long
term, containment heat removal is usually accomplished either by directly cooling the suppression pool or by cooling
the containment spray water recirculated from the suppression pool. The SPMU system of Mark Il containments
can increase the suppression pool volume and extend its heat capacity.

With the exception of some early Mark | containments, containment/suppression pool cooling 1s one of the operating
modes of the multi-mode RHR system, also used to provide shutdown cooling in one of its other modes as discussed
in Section 10.2. The BWR 2 Mark Is have a single-mode containment spray system and no suppression pool cooling
system. In two early BWR 3 plants (Millstone |, and Dresden 2&3) containment spray and pool cooling is an
operating mode of the LPCI system. In Big Rock Point (a BWR 1), containment spray is provided as an operating
mode of the LPCS system. All of these systems incorporate heat exchangers to transfer the containment heat to an
ultimate heat sink via intermediate cooling systems. The RHR systems for most BWRs have two separate loops with
two pumps and heat exchangers per loop. Heat can of course be removed directly from the core as in the shutdown
cooling mode of the RHR system.

In most Mark 1 plants, high-pressure shutdown cooling is provided by the RCIC system. However, an IC (ot
emergency condenser) is used for high-pressure shutdown cooling in BWR 2 plants (Oyster Creek and NMP1) and
early BWR 3 plants (Dresden and Millstone). In one IPE, a failure mode related to the IC was considered.
According to the NMP1 IPE, the tubes of the emergency condenser, if not isolated, may fail as a result of high-
temperature during core melt progression. This would result in a tube failure outside the containment. This failure
mode is considered in the IPE as a bypass failure similar to that of steam generator tube rupture (SGTR) in PWR
plants

While many BWRs have drywell fan coolers that provide cooling during normal operation via a closed loop
ventilation system, these are generally not credited in the IPEs for containment heat removal since they are not
safety-grade systems. The exception is the Mark 111 containment of River Bend, which does not have a containment
spray system but has two safety-grade containment unit coolers.
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Containment venting is another means of containment heat removal invoked in some BWR IPEs. Containment
venting is discussed in Subsection 10.3.1 6, below.

It should be noted that the drywell spray can also play a significant role in severe accid ut conditions because of its
ability to (1) remove radionuclides from the containment atmosphere and (2) provide water to the corium on the
drywell floor to mitigate core-concrete inttoction (CCl) and reduce the probability of drywell shell melt-through.

10.3.1.5 Combustible Gas Control

Because of their relatively small volumes (especially Mark | and Mark 1 containments) and the significant amount
of zirconium in BWR cores, BWR pressure suppression containments are susceptible to high-hydrogen concentrations
in a post-accident environment. The potential for combustion events can occur in all phases of accident progression.
Before vessel breach, hydrogen is released to the containment through the safety relief valve tailpipes into the
suppression pool  Hydrogen can also be released directly to the containment during a loss-of coolant-accident. At
the time of vessel breach, hydrogen is produced by the rapid oxidation of metal that accompanies energetic events
such as ex-vessel steam explosion (EVSE) and direct containment heating. The ¢jection of hot core debris from the
vessel also provides numerous ignition sources. Late in the accident, core concrete interaction produces both
hydrogen and carbon monoxide, both of which are combustible. Hydrogen recombiners, inter.ded to deal with
design-basis hydrogen concentrations, are ineffective for handling severe accident hydrogen levels.

As a consequence, Mark | and Mark 1l containments operate with a nitrogen inerted drywell atmosphere. The
dryweil inerting system is capable of producing high-nitrogen flow rates before reactor startup and maintaining low-
flow rates to keep oxygen concentration below 4% during normal operation. Because they operate with an inerted
atmosphere, hydrogen combustion events are considered very unlikely in the IPE submittals of plants with Mark |
and Mark I containments.

Because of their relatively larger volume, Mark 111 containments are not inerted but rely on glow plug igniters to
burn off accumulating hydrogen during a severe accidant and, thus, avoid energetic hydrogen events. However, as
reflected in the IPEs, hydrogen combustion presents an important challenge to containment integrity for Mark [lls
because of the significant amount of zirconium in the reactor cores, the low-containment failure pressures, and the
use of the pressure-suppression systems (which condensc steam released from the vessel and thereby allow flammable
mixtures of hydrogen and air to form). Although hydrogen ignition systems (HIS) are installed in the Mark 111
containments to burn the hydrogen at low-concentrations, they are not available during station blackout and may not
be effective when there is a rapid increase of hydrogen concentration in the containment such as when dispersed core
material is ejected at high-pressure.

10.3.1.6 Containment Venting

Containment venting has been recognized as an important accident management tool for BWR Mark | containments.
It is used to prevent uncontrolled containment failure by providing a controlled release of the containment atmosphere
if the containment pressure equals or exceeds a specified limit (the primary containment pressure limit, PCPL). After
core damage, venting via a path through the suppression pool will provide considerable radionuclide scrubbing and
a reduced release. Important issues for containment venting are the containment venting pressure, the areas and flow
capacities of the vent paths, and the structural capability of the vent paths. Mark | containments are requested to
have hardened vent paths that can be expected to survive under severe accident conditions
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Besides containment pressure control, venting 1s also used for combustible gas control. Combustible gas venting is

“cted by the EOPs when the containment reaches a combustible condition (i.¢., the containment is deinerted and
sullicient amount of hydrogen exists in the containment) Since Mark | containments are usually inerted by nitrogen,
the likelihood of needing combustible gas venting is generally not significant.

For Mark Is, containment venting may also be used in the containment flooding process. Containment flooding is
called for in the EOPs when the reactor pressure vessel (RPV) level cannot be restored and steam cooling is
insefficient to cool the core. Containment flooding 1s accomplished by pumping water from external water sources
into the containment to raise the containment water level above the top of active fuel (TAF). Containment flooding
requires the use of a drywell vent or venting through the RPV because torus vents are not available during and after
containment flooding. Since drywell venting does not have the benefit of suppression pool scrubbing and venting
through the RPV, this results in a release bypassing the containment, and the venting used during containment
flooding may result ir very severe releases.

For Mark lls, a hardened vent system is not required, but venting could still be useful for mitigating a severe
accident

A hardened vent system is also not required for Mark [ils. However, venting (sometimes through the SGTS or
directly into the turbine building) is discussed and plays a significant role in some Mark 111 IPEs.

10.3.1.7 Containment Bypass and lIsolation

Following an accident, the containment isolation system activates valves to close off certain lines that penetrate the
containment primary boundary. Loss of containment isolation during a severe accident may have consequences as
severe as a large structural failure. Past history shows that isolation failures have occurred under normal operating
conditions and, therefore, must be taken into account when discussing severe accidents. Containment isolation failure
can result from inadvertent pre-existing openings in the containment boundary or from the failure of valves used to
isolate the major process lines and other boundary penetrations. These valves together with the associated sensors
and power supplies comprise the containment isolation system. In BWRs with Mark |1 and Mark [l containments,
the atmosphere inerting systems may alert the operator to an open access hatch or other inadvertent opening in the
containment boundary by showing higher than normal nitrogen flows. However, nitrogen monitoring may not be
performed on a continuous basis. Most BWRs have eight groups of containment isolation valves. lsolation failure
of the BWR containments was found to be small or insignificant in the IPEs,

Failure of the barriers between the high-pressure reactor coolant system and connected low-pressure systems, with
some components outside of primary containment, represents another way the containment function can be bypassed
in both PWRs and BWRs. Although such ISLOCA sequences have been found to be relatively low-frequency events,
they may lead to potentially high-radiological releases because these events provide a direct path for release of
radionuclides to the atmosphere. In BWRs the breach of the low-pressure system outside of the primary containment
will occur in the reactor building. Bypass events were also found to be relatively unimportant in most of the BWR
IPEs.
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10.3.2 PWR Containment Characteristics

PWRs have primary systems that normally operate at very high-pressures. These reactors use three containment
types, including large-dry, subatmospheric, and ice condenser containments Figure 10.4 compares the general
arrangements of the large dry and ice condenser containments. A summary of the important containment
characteristics for the three containment types are presented in Table 10.5
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Large, Dry Containment

T

L ——
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Ice Condenser

Reactor Vessel ~

Ice Condenser Containment

Figure 104 PWR large dry and ice condenser containments
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Table 10.5 PWR containment characteristics.

Containment type

Number of Units Large-dry Subatmospheric Ice condenser

1

clor_powel

reactor thermal power (MWL) 1500 - 3800 2441 - 3411 3411
Containment free volume (ft) 1,000,000 - 3,300,000 | 1,700,000 - 2,300,000 | 1,200,000 - 1,300,000
Cont. volume 1o thermal power ratio 630 - 1200 600 - 740 350 - 380
(ft' /MW
Containment sirength
Containment design pressure (psig) 4] - 61 45 - 60 1l - 30
Median containment failure pressure 90 - 190 120 - 130 36 - 95
(psig)
Used in IPE
Contamnment construction 7 steel 7 steel

S0 concrete 7 concrete 2 concrete
Vapor pressure suppression system No No lce condenser and

recirculation fans

Containment heat removal system Containment spray* Containment spray* Containment spray*
fan coolers and fan coolers

Combustion gas control Hydrogen recombiner Hydrogen recombiner Hydrogen igniters
(for design-basis) (for design-basis)

* Recirculation spray, taking suction from the containment sump.

As shown in the table, most PWRs have large-dry containments. The subatmospheric containment also has a large-
dry containment but with sub-atmospheric pressure inside. These large-dry containments rely on structural strength
and large internal volume to maintain containment integrity during an accident. In order to structurally fail these
containments early in an accident sequence, they must be subjected to very severe and rapid pressure loads. Such
loads can be produced in the absence of containment heat removal systems and it direct containment heating occurs.

if the primary system is at low-pressure and the containment heat removal systems are operating, the likelihood of
ECF is much lower.

Nine PWR units have ice-condenser containments. These are smaller in volume than typical large-dry containments
(see Table 105 for containment free volume and containment volume to thermal power ratio) and are equipped with
ice beds to condense steam during an accident

Structural failure caused by long-term pressure and temperature buildup or penetration of the containment basemat
by core debris are both possibilities for late containment failure in PWR containments. The likelihood of these
failure modes depends on the individual containment type and the absence or presence of decay heat rcmoval
systems. In some large-dry containments, even with decay heat removal systems inoperable, structural failure may
never occur.
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10.3.2.1 Containment Structure

The three types of construction techniques that have been used for currently existing PWR dry containments include
(1) reinforced concrete, (2) prestressed concrete, and (3) steel

A reinforced concrete containment has three basic structural elements, including the basemat, cylinder, and dome,
Reinforcing bars are placed in all three elements. The containment accommodates the design-basis loads via the
reinforced concrete and through the net free volume of the containment. Many reinforced concrete containments
have a steel liner attached to, and supported by, the concrete. The liner primarily functions as a gas-tight membrane
and also transmits loads to the concrete. All subatmospheric containments are constructed of reinforced
concrete with a steel liner. Subatmospheric containments are found at seven Westinghouse PWRs (six three-
loop plants and one four-loop plant).

In more recent plants, the reinforced concrete design has been replaced, to a large extent, by fully prestressed
containments. In this design, the reactor containment is in the shape of a cyhinder with a shallow domed roof
and a flat foundation slab. The cylindrical portion is prestressed by a post-tensioning system consisting of
horizontal and vertical tendons. The dome has a three-way post-tensioning system. The foundation slab is
conventionally reinforced with high-strength reinforcing stecl. The entire structure is lined with a 1/4-inch
welded steel plate to provide vapor tightness. A prestressed concrete containment requires less ret free
volume for a given blowdown load. The external force applied by the tendons allows a higher internal
pressure. (Zion is a representative plant for this category.)

Most steel containments use a steel plate interior structure enclosed by a separate biological shield concrete
building. (The only exceptions is San Onofre | which lacks the concrete shield building.) The concrete shicld
structure is not designed for high-internal pressure but serves to protect the steel shell from extreme
covironmental effects. The internal pressure of the containment is carried by the structural strength of the
steel plating. (A typical steel shell design is Davis Besse 1.) The steel containment may be susceptible to
direct contact with core debris. This is an important failure mode for one PWR with a large-dry steel
containment.

The ice condenser containment design incorporates a large, passive heat sink, in the form of the ice condenser
system, 1o absorb accidental energy release from the primary coolant system of the reactor. The large heat
sink permits a containment designed for lower pressure and smaller volume than would be allowable in a
“dry”™ or non-pressure suppression containment (see Table 10.5).

The nuclear reactor system exclusively employed in the ice condenser plants is the Westinghouse four-loop
NSSS with a thermal output of about 3400 Mwt. Seven of the nine ice-condenser units feature a cylindrical
steel containment surrounded by a concrete secondary containment. The remaining two, the D.C. Cook
plants, feature reinforced concrete containments with steel liners, and lack secondary containments. The
internal volume of each ice-condenser containment is approximately 1,200,000 ft', and each has a diameter
of approximately 115 ft. and a height of approximately 155 ft.

The ice condenser containment consists of an upper compartment, a lower compartment, and the ice condenser
chamber through which blowdown steam is forced to pass during a LOCA. The design pressure of ice
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condenser containments vary frcm a low of 12 psig to 30 psig. The failure pressures used in the IPEs have
median values varying from 36 psig to 95 psig (Table 10.5).

As the table indicates, the ice condenser containments have smaller volumes as well as smaller volume to
thermal power ratios than other PWR containments. Their containment strength is also less than the other

types. These containments rely on the pressure suppression capability of the ice condenser feature to prevent
overpressure.

10.3.2.2 Vapor Pressure Suppression
The only PWR containments using a vapor suppression system are the ice condenser containments.

The ice condenser system consists of a partial annulus extending 300° along the perimeter of the primary
containment. Typiccl parameters are 95 ft. high and 13 ft. wide, holding approximately 2,300,000 Ibs of
borated ice in perforated inetal baskets maintained at 15°F. Channels around and through the ice baskets
allow free flow of steam and gases. Insulated, spring-loaded doors are located at the lower end of the ice
condenser at the lower plenum. The door panels are provided with tension spring mechanisms that produce
a small closing torque equivalent to providing approximately one pound per-square-foot pressure drop at the
inlet port. Intermediate-deck doors are provided at the upper end of the ice condenser. These are normally
closed under the action of gravity but open under slight pressurization to permit upward flow. Both the lower-
plenum and intermediate-deck doors are designed to close o block flow from the upper to the lower
compartment, although both may fail open after a sudden pressurization event. The top-deck doors are
comparatively lightweight, and are expected (o open carly and remain open  Steam and gases released into
the lower compartment from a break in the primary coolant system entes ice condenser through the inlet
doors, are directed up by turning vanes, and pass through the ice baskets where steam and aerosols are
removed by condensation and deposition. As long as ice is available in the ize chamber, the ice condenser
has been found to be effective in reducing the pressure spikes associated with the release of steam into the
containment as well as in removing radionuclides from the containment atmosphere.

10.3.2.3 Other Containment Features

An important feature of a PWR dry containment, which can significantly influence the progression of a severe
accident, is the configuration of the reactor cavity located below the reactor vessel. There is a large variation
in reactor cavity design among PWR dry containment plants. This is largely because the cavity plays no role
in design-basis accidents. However, under severe accident conditions, the reactor cavity could strongly affect
the challenges imposed on the containment. The cavit/'s size, geometry and outlets into the containment
regions could affect the interactions of corium/water and corium/concrete, and these, in turn, could affect the
subsequent containment pressurization and basemat erosion. For example, the presence or absence of sumps
or curbs around access ports to the cavity region would determine whether the cavity would be flooded during
a particular accident sequence, thereby influencing whether the core debris could be cooled. The outlet flow
paths from the cavity can significantly impact the amount of material that might be ejected into other
containment regions by a high-pressure release from the reactor vessel

There are containment failure modes that are unique to particular PWR plants because of some plant-unique
features. For example, for Palisades, there is the potential for the core debris to relocate to the engineered
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safeguards rooms. The unique plant feature that contributes 1o this early failure mode is the location of the
engineered safety features (ESFs) sump. The failure mode postulates the flow of molten core debris from the
reactor cavity into the ESF sump and subsequently into the ESF recirculation piping. In the Palisades [PE
submittal, the debris is assumed to eventually melt through the pipe wall and enter the auxiliary building. The
maximum failure area for this mode is presumed to be twice the area of an ESF recirculation pipe (there are
two pipes), resulting in a large containment failure area.

10.3.2.4 Containment Heat Removal

The high-pressures and temperatures during an accident in a PWR dry containment may be reduced by two
containment heat removal systems, including the containment water sprays and the atmospheric fan coolers.
In some designs, both systems are ESFs and are designed to operate during a LOCA assuming a single
component failure. In other designs, only the sprays are an ESF system. The containment heat removal is
accomplished by heat exchangers in the containment spray system and containment fan coolers. Typically,
the sprays and fan cooler systems are sized to accommodate energies associated with the reactor decay heat
and the sensible and latent heat of the primary system coolant.

The CSS of a PWR large-dry plant like Zion has three independent 100% capacity subsystems with no
common headers. A single active or passive failure in any of these subsysiems will not affect the operation
of either of the other two subsystems. Of the three containment spray pumps, two are motor-driven and the
third is diesel-driven. All three pumps take suction from the RWST. When spray is required during the
recirculation phase of the accident, two of the three spray subsystems can be supplied with water from the
containment sump via the RHR pumps. Therefore, spray pump operation 1s not necessary during the
recirculation phase.

The reactor containment fan cooler (RCFC) system is designed to filter, cool and dehumidify the reactor
containment environment during both normal and abnormal conditions. It is a recirculation system.

Typically in the subatmospheric plants, the sprays, not the fan coolers, are an ESF system. A subatmospheric
containment, like Surry, typically has two spray systems, including an injection spray system (that draws from
the RWST) and a recirculation spray system. When the RWST has been emptied in this plant, the injection
spray system is secured and the recirculation spray system is started.

The ice condenser system described above provides for passive, although limited, containment heat removal
in ice condenser containments. The other containment heat removal system in these containments is the CSS,
which functions similar to other PWR spray systems by removing heat in the recirculation mode. The CSS
at Sequoyah consists of two 100% capacity-pump trains. Each train includes a centrifugal pump, a heat
exchanger, a mimmum flow circulation line, and associated piping and valves. 1u the injection mode, each
train draws water from the RWST at the rate of 4750 gpm. Upon depletion of water in the RWST, the CSS
is shifted to the recirculation mcde through a combination of operator and automatic actions. In the
recirculation mode the CSS draws water from the containment sump and cools the water by passing it through
the CSS heat exchangers. The residual heat removal system (RHRS) pump trains are similar to CSS pump
trains with the exception that each RHRS train can either provide safety injection to the reactor vessel or flow
to the RHRS sprays.
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Direct decay heat removal from the core in PWRs, as done during shut down cooling, may also be possible
during an accident.  This is discussed in Section 10.2.

1v.3.2.5 Combustible Gas Control

All PWR dry containments are equipped with combustible gas control systems (CGCSs) to maintain the post-
design basis accident hydrogen buildup at a level below the flammability limit, The system contains four
elements:

(1) A hydrogen sampling system alerts the plant operator (o the hydrogen concentration in the
containment.

(2) A hydrogen/air mixing system minimizes the formation of locally high-hydrogen concentrations.

(3) Hydrogen recombiners heats gases drawn from the containment to high-temperatures (to combine

hydrogen with oxygen) and returns the gases back to the containment.

(4) A containment purge system allows venting of the containment atmosphere to the outside
environment.

However, these systems are designed to accommodate hydrogen accumulation for design-basis events. The
systems are not designed for the hydrogen generation that might accompany a core melidown accident. PWR
dry containments are not required to have the intentional ignition systems required for the ice condenser
plants, as discussed below. However, as part of the U.S. Nuclear Regulatory Commission’s (NRC's)
Containment Performance Improvement (CPI) program, licensees with large-dry containments were requested
to perform as part of their IPE an

“evaluation of containment and equipment vulnerabilities o hydrogen combustion (local
and global). This would include consideration of gaseous pathways between the cavity
and upper compartment volume to confirm adequate communication to promote natural
circulation and recombination of combustible gases in the reactor cavity.”

The NRC rulemaking resulting from the Three Mile Island (TMI) 2 accident required PWR ice condenser and
BWR Mark I11 containments to be installed with hydrogen control systems capable of accommodating amounts
of hydrogen equivalent to that generated in the oxidation of 75% of the clad without loss of containment
integrity as a result of this rulemaking. A distributed igniter system (DIS) was installed in ice-condenser
containments to burn hydrogen before it can accumulate to hazardous levels.

The DIS seeks to mitigate combustion pressurization challenges to containment integrity by deliberate ignition
of hydrogen at low-concentrations. The DIS at Sequoyah consists of 68 Tayco thermal igniters distributed
throughout the containment and deployed in two separate groups, each with its own independent and separate
power supplies and controls. The igniters operate at 120 VAC. A separate train of 480 VAC power 1s
provided for each group of igniters and is backed by automatic loading onto the diesel generators upon loss
of off-site power (LOOP). Of the 68 igniters, 22 are deployed in the lower compartment, 16 in the upper
plenum of the ice condenser, 4 in the upper compartment dome, 8 at itermediate elevations in the upper
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compartment, 2 above the (wo air return fans, and the remaining 16 in the dead-ended regions of the
containment. The 1griters are manually actuated by the operator from the control room.

To aid the function of the DIS system, air return fan systems (ARFSs) are installed at all ice condenser
containments. The ARFS maintains the circulation of the containment atmosphere through the ice condenser,
and ensures that the local hydrogen concentration in the containment, especially in the dead-ended regions,
does not reach excessively high-levels. The ARFS, therefore, supplements the functions of the DIS. The
ARFS at Sequoyah consists of two axial-flow fans that return air from the upper compartment to the lower
compartment and reduce the post-accident stratification of hydrogen in stagnant areas. The fans push air and
gases (0 the lower compartment and maintain forced circulation of the containment atmosphere through the
ice condenser.  Both fans are actuated by a high-containment pressure (>2.81 psig) signal after a delay of
10 minutes. The ARFS is an enginecred safety system and operates on AC power.

Fmally, the ice condenser CSS can influence hydrogen combustion and can have beneficial effects. such as

promoting circulation and mixing of the containment atmosphere, particularly when operated in conjunction
with the DIS.

Because of the significantly smaller amount of zirconium in the core of a PWR than a BWR, it appears from

the IPEs that the hydrogen combustion problem is less severe for ice condenser containments than for BWR
Mark III containments.

10.3.2.6 Containment Bypass and Isoiation

In PWRs, it is difficult to isolation problems, other than those identified by the isolation valve status indicators
in the control room. Loss of vacuum in PWRs with subatmospheric containments would be one indication
of inadequate isolation. Some PWRs use an enclosure building that is maintained at less than atmospheric
pressure. A pressure increase in this enclosure building would again be evidence of an isolation problem.

However, the majority of PWRs have neither a subatmospheric containment nor an enclosure building.

Nonetheless, the probability of isolation failure found in the IPEs is usually small. A large probability of
isolation failure is most likely attributable to the lack of operator actions to locally or remotely close the
isolation valves if no containment isolation signal is provided or in a station blackout. This usually involves
a small leak area and, therefore, does not significantly contribute to radionuclide release.

ISLOCA scenarios are also important for PWRs. Failure of the barriers between the high-pressure reactor
coolant system and connected low-pressure systems, with some components outside containment, is a way the
containment function can be bypassed. An important failure site of the PWR primary system during a severe
accident is in the steam generator tubes. Although SGTR has many of the characteristics of a small LOCA,
it is unique in that it is also a potential containment bypass LOCA, releasing radionuclides in the primary
reactor coolant into the secondary-side of steam generators.  This could provide several potential paths for
the release of radionuclides to the environment outside the containment (¢.g., via the main steamline, turbine,

turbine bypass, condenser, condenser exhaust, steam generator atmospheric relief or safety valves, and the
steam generator blowdown line).

An SGTR could be the initiator of a severe accident or could be induced under severe accident conditions
arising from another initiator. The most important cause for induced SGTR is high-RCS temperature.
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Temperature-induced SGTR occurs if one or more steam generator tubes have a creep rupture caused by the
flow of high-temperature hot gases from the core when the RCS is at system pressure. Since a hot leg or
surge line break is more likely than an induced SGTR when such a high-temperature condition exists, induced
SC T usua'ly has a low-probability of occurrence. However, temperature-induced SGTR may be significant
under certain conditions. According to some IPE submitials, the procedural guidance requires that the
operators restart the RCPs when inadequate core cooling conditions are indicated. This restart clears the RCP
seals and establishes a natural circulation path, which results in increased steam generator tube heating and
the potential for an induced SGTR. Secondary side depressurization, also included in the procedures for
restoration of heat removal, can increase the pressure differential across the tubes and, thus, may further
increase the potential for failure.

Containment bypass, especially resulting from SGTR 1s significant in a number of PWR IPEs and, in some
cases, dominates the probability of early release.

10.4 IPE Boundary Conditions, Assessments, and Assumptions

This section addresses the potentially more important boundary conditions, assessments, and assumptions that have
been identified during the review of the IPEs and discusses how variability in these modeling issues impacts the IPE
analyses and results. This summary is provided under two major headings, those that impact the CDF portion of
the analysis, and those that impact the severe accident progression and radionuclide release portion of the analysis.
The specific impacts of many of these issues on individual IPE results are more apparent in subsequent chapters in
this report. Since the IPE submittals are summaries of the work performed for the IPEs, review of the submittals
alone cannot be expected to identify the full variability of assumptions, analysis judgments, or other factors having
potential effects on the IPE results. Nevertheless, variations within the IPEs have been noted during the review of
the submittals.

10.4.1 Core Damage Frequency Boundary Conditions, Assessments, and Assumptions

This section identifies those analytical boundary conditions, assessments, and assumptions that can have a potentially
significant impact on the CDF results and were noted to have some variability among the [PEs. Since all of the
licensees chose to use PRA approaches in responding to GL 88-20 (Ref. 10.1) for the CDF portion of the analysis,
these issues are discussed in the context of the PRA core damage analysis tasks that are most affected. This includes
identification of initiating events (IEs), accident sequence analysis, systems analysis, data analysis, human reliability
analysis (HRA), and the quantification task

The first task of the overall modeling process involves identifying initiating events (IEs) (i.e., challenges to normal
plant operation) that require successful mitigation to prevent core damage. As a pan of this task, these events are
grouped into initiating event classes whereby all of the individual initiators within a class have similar characteristics
and require the same overall plant response.

For each initiating event class, event trees are developed in the accident sequence analysis task. These event trees
graphically depict the possible sequences of events that could occur during the plant's response to each initiating
event class. These trees delineate the possible combinations of functional and/or system successes and failures that
lead to either successful mitigation of the initiator or core damage. Determining the success criteria to avoid core
damage is a very important part of the accident sequence analysis task.
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As defined by the event tree structures. the systems analysis task involves modeling the failure modes of systems
that are functionally important to preventing core damage. This modeling process, which is usually done with fault
trees, defines the combinations of equipment failures, equipment outages (such as for test or maintenance), and
human errors that cause failure of the systems to perform the desired functions.

The data analysis task involves determining the equipment reliability data and initiator frequencies used to derive
the quantitative results of the IPE. As part of this task, plant maintenance and other operating records are evaluated
to derive plant-specific equipment failure rates and e frequencies of the initiating events (1Es). Where insufficient
plant experience exists, failure rates and initiator frequencies based on industry-wide “generic” databases are used
as input to the database used in the IPE.

The HRA task contributes to tie modeling portions of both the accident sequence analysis and systems analysis tasks
for inclusion of human errors that are potentially important to the sequences of events and system failures included
in the overall IPE model. Additionally, the HRA task involves quantifying these human errors included in the
analysis. HRA is a special area of analysis requiring unique skills to determine the types and likelihoods of human
errors germane to the sequences of events that could result in core damage.

Finally, quantification involves combining all of the information from the previous tasks to calculate the CDF for
individual accident sequences, as well as the total plant CDF.

A summary of key boundary conditions, analysis assessments, and assumptions obtained from the [FE submittals is
provided in Table 10.6. The following paragraphs provide further discussion on these analysis features and how they
can affect the task areas described above. As noted earlier, where appropriate, the specific impacts of many of these
features on the IPE results are further discussed in subsequent sections of this report.

Table 10.6 Potentially important boundary conditions, assessments, and
assumptions affecting individual IPE results.

Exclusion of some initiators
Grouping of initiators

Accident sequence analysis | Definition of core damage
Success criteria to prevent core damage

Systems analysis Completeness of failure modes modeling
Operability of equipment in abnormal environments

Data analysis Treatment/quantification of common cause
Some individual data values

HRA Completeness of human events modeling including amount of recovery
considered
Details/judgments affecting the quantification of human error rates

Quantification Truncation (relatively minor effect)
s
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10.4.1.1 lInitiating Events

Typically, in this task area, the most important characteristics of the analysis that are subject to potentially wide
variability and that can also have an impact on the CDF include (1) assumptions or assessments made to exclude
initiators from the analysis and (2) the grouping of individual initiators into initiating event classes. Excluding
certain initiators obviously affects the boundaries of the analysis by defining the completeness of the analysis scope.
The way the initiators are grouped impacts the resolution of the analysis.

In particular, the IPEs vary in the assumptions and related assessments used to determine which support system
initiators should be included in the IPE. Support system initiators involve losses of systems or equipment that
support the operability of the accident prevention systems (e.g., systems that flood the core) in the plant. These
support system initiators include the loss of electrical buses, service water, HVAC for room cooling, and other
systems that disrupt the normal operation of the plant and require a mitigating response. Some submittals often
justifiably exclude certain support system initiators (e.g., loss of control room HVAC or loss of 1A) on the basis of
plant-specific design features and analyses of those features. These analyses typically find that (1) there is no
significant dependency on the lost system, (2) the resulting effects on the plant are similar to some other initiator
that is being modeled, (3) the time required for the effect of the initiator to develop an adverse condition is
sufficiently long to “guarantee” recovery (thereby eliminating the initiator), or (4) the expected frequency of the
initiator is so low that it does not warrant further analysis. Conversely, some licensees include events as initiators
(e.g., the loss of certain electrical buses) even though they might not actually be initiators, on the assumption that
the event requires mitigation rather than spending analysis time to determine if the event could be legitimately
eliminated as an initiator. For instance, some licensees consider the loss of control room HVAC as an initiator or
analyze interfacing LOCAs while others do not. T*.erefore, the reader should recognize and be sensitive to the fact
that any differencesin the IPE results as to the most important initiators contributing to core damage may be partially
determined by this portion of the analysis.

The grouping and “definition” of each initiating event class also vary among the IPEs. For instance, some licensees
combine steam line and feedwater line breaks into a single initiator even though one is an overcooling transient while
the other is an undercooling transient. Some licensees use very broadly defined LOCA sizes while others use a more
refined set of LOCA sizes that allows examination of potentially subtle differences in the required plant response.
Some licensees grouped some initiators in classes with more stringent assumptions such as categorizing the loss of
one feedwater pump in with those initiators associated with a total loss of feedwater. Such groupings are typically
defined on the basis of the plant design, past PRAs of similar plants, and analysis judgment. Variability is also
evident in how licensees categorize their initiator-accident sequence combinations. For example, transient-induced
LOCAs are sometimes broadly classed as transients while other times they are classed as LOCAs. This latter point
is more of a reporting difference. If handled consistently within an IPE, it does not provide cause to question the
results but does make it more difficult to compare IPEs. Again, the reader should be sensitive (o the fact that the
differences in the IPE results, and particularly how they are reported, can be impacted by this grouping process

10.4.1.2 Accident Sequence Analysis
Two particularly important characteristics where variability exists among the IPEs and which can potentially impact
the results for this task area include (1) the definition of core damage and (2) the success criteria to prevent core

damage. These are interrelated in that both set the limits on what constitutes successful avoidance of core damage,
or conversely, what must fail to result in core damage.
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The criteria used to define core damage vary among the IPEs and in many cases, no specific definition is provided
in the submittals. Typical definitions for successful avoidance of core damage in PWRs include (1) long-term core
exit temperatures less than 1200°F, (2) peak cladding temperature less than 2250°F, or (3) no “sustained” core
uncovery. Typical definitions for BWRs include (1) fuel temperatures less than 4040°F, (2) the core is more than
2/3 covered, or (3) the collapsed water level must be more than 2 feet above the bottom of the active fuel. The
definition of core damage can be important since it is used to determine whether a particular system/action
successfully mitigates an accident (i.e., it impacts the success criteria). In a practical sense, the defirition is not
critical to defining whether or not most systems can successfully prevent core damage. However, there are certain
systems/actions (such as those involving smaller flow rates), where, depending on the core damage definition, credit
for preventing core damage may or may not be given in the analysis. This is particularly true in cases where it is
expected that portions of the fuel will be uncovered for a period of time before significant reflood occurs. For
example, the time available for operator actions can be 'fected when feed-and-bleed must be started following loss
of all secondary cooling in a PWR, thereby, affecting tiic amount of flow required and impacting the human error
probability (HEP) to fail to start feed-and-bleed. This in turn affects the probability of success or failure of these
actions and hence the CDF,

Various core damage criteria lead to the broader issue of success criteria definition in general. Some licensees tend
to be very pessimistic with regard to the equipment needed to prevent core damage, such as using the bounding final
safety analysis report (FSAR) criteria. Other licensees deviate significantly from these design-basis definitions and
use best-estimate, thermal-hydraulic analyses along with Judgment for defining more realistic criteria. There are
numerous instances of variability with regard to success criteria definitions found in the IPEs, as illustrated by the
following examples:

. whether some PWRs can depressurize in response to small LOCAs and transients when all high-pressure
cooling is lost

° whether a switch to hot-leg injection is required in PWRs late in an accident to avoid boron precipitation

. the number of relief valves required for primary depressurization in BWRs

. the effectiveness of and time required to use CRDHS-enhanced flow as the only means of core cooling in
BWRs.

While much of the variability in the definition of success criteria among the [PE submittals is indeed justified on
the basis of actual plant design differences, the extent of the Justification is not always clear and sometimes is
partially attributable to modeling assumptions. This variability in success criteria can likely have one of the more
significant impacts on the results when compared with any of the other issues discussed in this section. Hence, the
reader shouid be aware that variability in the success criteria of seemingly similar plants can have a significant
impact on the CDF and the overall results of the IPE.

10.4.1.3 Systems Analysis

There are two general categories of boundary conditions, assessments, a:id assumptions in this task area which can
be important to the IPE results. These are (1) the failure modes and dipendes’ Milures included in system modeling,
and (2) assessments/assumptions made regarding the operability of equipment. The first addresses completeness
issues regarding the definition of all “credible” failure modes of each system, while the second defines whether
equipment is credited as functioning in environments that are beyond the design basis for the equipment.
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The failure modes issue could generally not be reviewed in detail to determine the extent of variability, if any, in
the IPEs. This is because the licensees were not requested to include the failure modeling (typically fault trees) of
each system in the submittals. Possible variations that might be expected among the IPEs on the basis of differences
seen in prior PRAs include (1) whether or not spurious faults were modeled, (2) to what level of detail common
cause failure modes were modeled (i.¢., which components were included for common cause failure modeling and
whether common cause was only considered for components within the same system or also across systems), and
(3) whether a systematic search for subtle system dependencies was carried out (e.g., RCIC failure associated with
steam leak derection actuation upon loss of HVAC, indicating a subtle dependency on room cooling). Since it is
apparent that the licensees generally modeled system failures in the same way (i.e., with failures to start and run
equipment, equipment unavailability as a result of test and maintenance, common cause failures, and operator-induced
failures) any variability in the modeling of failure modes may not be as critical to the results as the issue involving
equipment operability.

Equipment operability during beyond design-basis conditions is treated differently among the IPEs, possibly because
of plant-specific design features as well as assumption differences. For example, different licensees either credit or
do not credit operability of switchgear with total loss of HVAC. This can be a result of plant-specific room sizes
and, hence, the heatup rate of the equipment as well as other factors or assumptions. With station blackout being
a prevalent contributor in many IPEs, the operability of DC-powered equipment with loss of HVAC, and the
assessment of battery life without AC charging, are prime examples of important issues in the modeling of DC
equipment operability during loss of all AC. Some licensees credit battery life under these conditions for only | to
2 hours, while others take credit for as long as or greater than 15 hours, on the basis of battery designs and other
operational aspects. Such a conclusion can have a significant impact on a plant’s coping capability under a prolonged
station blackout and. hence, on the importance of blackout accident sequences to the total CDF. Similarly, some
PWR licensees assume that a turbine-driven AFW pump can be operated following battery power depletion in
blackout, while others do not credit AFW operation under this same condition. As another illustration, some BWR
licensees assume rising containment temperatures and pressures (and eventual failure of containment) will adversely
affect operability of pumps using the suppression pool for suction because of decreasing NPSH, while others
conclude their pumps can still function successfully under the same condition as a result of specific design
characteristics of their pumps. These operability issues, probably more than the fault tree modeling issue, appear
to be assessed differently among many IPEs and can strongly affect which sequences are dominant as well as the
overall CDF. As with other issues previously discussed, the reader should be sensitive to the fact that vanability in
system modeling, and particularly with regard to equipment operability, can cause distinct differences in the IPE
results,

10.4.1.4 Data Analysis

As would be expected, the numerical results and, to some degree, the ranking of important sequences and
contributory equipment failures, is dependent on the failure data used in each [PE. Variability in the common cause
failure data appears to be large among the IPEs and, thus, affects the degree to which common cause failure plays
a role in the IPE results. For example, some licensees reviewed “generic” common cause events and data and
justified exclusion of some events as “not credible” at their plants. This lowers the corresponding common cause
failure probabilities and affects how important common cause failures are to the results of the IPE. In addition, this
approach might (although not as likely) affect the relative ranking of dominant accident sequences,

Limited review of individual data values in the IPEs also identified probabilities for the same equipment failure
modes ranging by well over an order of magnitude in some cases. This degree of variability, sometimes attributable
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to differences in component failure experience among the plants, can affect the relative importance of specific
equipment failures and their contribution to the potential for core damage.

It1s important to note that differences in the databases used in the IPEs can particularly affect the relative importance

of equipment failure contributions to core damage, and therefore are largely responsible for the observed differences
in the IPE results,

10.4,1.5 Human Reliability Analysis

The proba'ility and treatment of human error in accident scenarios can be a critical element in determining the
overall and “equence-specific CDFs, ranking dominant sequences, and identifying human actions that are most risk
significant. For example, some licensees dismiss routine maintenance and calibration errors (such as failure to
properly realign a system after testing or maintenance) on the basis of insignificant failure probabilities or that the
failure associated with such events is contained in the system unavailability data. Other licensees explicitly analyze
all such events (although even then, some licensees apparently dismiss miscalibration events, while others include
them). Particularly for accident response events (such as failure to depressurize following loss of all high-pressure
injection or failure to initiate feed-and-bleed), a significant difference in human error rates (often as much as two
orders of magnitude) 1s evident among IPEs modeling similar events. The justification for these differences is
sometimes, but not always, evident in the submittals. These different human error rates could, for instance, be
attributed to actual differences in plant procedures and training, assumptions regarding the treatment of factors
affecting human performance, or the degree to which dependency was or was not considered among multiple but

related human errors (e.g., the reactor operator fails to initiate standby liquid control and the shift supervisor also
fails to correct this error).

In the PRA process, accident scenarios are typically quantified by also applying one or more “non-recovery” events
to the sequence of possible failure events that cause the scenario of interest. These non-recovery events are used to
model the failure of human actions that would enable the accident scenario to be recovered and prevent core damage.
For example, in a station blackout scenario, failure to recover offsite power accounts for an additional action that,
if it successfully occurred, would prevent the scenario from proceeding to core damage. The failure to perform such
an action is an additional probability applied to determine the overall scenario probability. Hence, the degree that
human recovery is applied to each accident scenario in the sequence modeling process can significantly affect the
importance and numerical results of each accident sequence. Some licensees appear to limit the extent to which
recovery was applied, either on the basis of a minimum combined HEP to carry out multiple recovery actions, or
based on the number of multiple actions credited (e.g., two actions-recovery of MFW and recovery of auxiliary
feedwater). Some submittals appear to be more liberal in the number of actions credited and/or the degree to which

beyond-EOP actions are credited. For example, some licensees credit refill of water storage tanks during accident
scenarios while others do not

On the basis of the identified differences and important results of past PRAs, the variability in the number of accident
response and recovery actions credited and the corresponding failure probabilities are likely to be much more
important to the results than differences in the routine action human error modeling. Hence, the reader's
understanding of the degree of similarity (or differences) in the IPE results discussed in subsequent chapters should
take into account the extent to which accident-related human error rates or credited recovery actions are highlighted
and discussed later in this report. Because of the valid perception that HRA is a very important part of the IPE
process, and that differences in HRA are likely because the state-of-the-art in human error modeling 1s not as mature
as other parts of the IPE model, Chapter 13 of this report is dedicated to this subject area and addresses specific
findings gleaned from reviewing the IPE submittals.
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10.4.1.6 Quantification

All of the above task products come together in the quantification task of the IPE to yield the numerical results of
the analysis. Different computer codes and some variation in the steps followed to perform the CDF quantification
exist. Nevertheless, use of different codes or variations in the detailed steps for performing the quantification are
not sources for the variability in the IPE results. However, use of different truncation limits during the quantification
process can have some effect on the results. Truncation (usually based on low-probability) is a standard means to
simplify the quantification process and make it less time intensive. During the quantification process, numerical
results for ways to damage the core that are probabilistically below a prescribed threshold value, are screened out
and not considered in the final overall IPE results since they are probabilistically insignificant. For instance, if
during the quantification process, a combination of equipment failures to yield core damage must occur that
collectively has a probability of 1E-10, such a combination may be dropped from the overall results and hence this
| E-10 contribution is not reflected in the plant CDF. By itself, any one such combination is insignificant. However,
if 1000 such combinations are “screened out,” a combined effect of 1E-7 is missing from the reported CDF value.

The degree of variability among the IPEs on this issue could not always be determined, since quantification
thresholds were not often reported. Nonetheless, differences in this area should not be as significant as many of the
other issues discussed above. (This presumption is based on past PRA findings and studies regarding the use of
different threshold values.) Hence, while different truncation limits may have some effect, this issue is not likely
to be a key factor as to why the results vary (or are similar) among the IPEs.

Related to the subject of quantification, differences were identified in the number and complexity of sensitivity
analyses reported in the submittals to provide insights on the sensitivity of the quantified results to changes in
boundary conditions, assessments, and key assumptions. The reported results of such sensitivity studies are helpful
in understanding how “sensitive” the results are to many of the issues that have been addressed in this section of the
report. Familiarity with an individual IPE’s sensitivity analyses can give to the reader an additional perspective or
“feeling” for the robustness of each IPE's results and the implications regarding the findings discussed in this report.

10.4.1.7 Fiooding Analysis

As a special topic area and included in Table 10.6 for completeness, GL 88-20 requested that licensees conduct an
internal flooding analysis to identify the potential importance of floods internal to the plant (e.g., because of a
breached service water line). Flooding analysis involves all of the same task areas discussed above and is subject
to the same variability issues and the potential effects that have already been described. In general, the degree of
variability is even greater for the flooding analyses since there tends to be considerably more uncertainty and hence
a greater reliance on judgment and analysis assumptions. Some example issues unique to flooding analyses are (1)
determination as to whether a pipe will guillotine rupture or only crack thereby affecting the estimated flow rate and
water volume from the breach, (2) whether the force behind a flooded door will cause the door to yield or whether
the door will remain intact and only allow leakage past it, and (3) whether the spray from a flood source will cause
failure of electrical equipment or whether the equipment remains operable. Numerous decisions such as these are
incorporated throughout the flooding analyses, on the basis of both plant-specific design differences and modeling
assumptions

With just a few exceptions, most of the IPEs conclude that internal flooding is a relatively minor contributor to the
overall potential for core damage; thus, the importance of the above-described variabilities does not appear to be
significant. However, and particularly for those plants that do find flooding to be a significant issue, the reader
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should be sensitive to the fact that variations such as those illustrated above. can significantly impact the flooding
analysis results and, thus, affect the relative importance of internal floods to the plant CDF,

10.4.2 Severe Accident Progression Boundary Conditions, Assessments and Assumptions

This section identifies those boundary conditions, assessments, and assumptions that can potentially impact accident
progression and, thus, the containment performance assessment, before, during, and after the start of core damage.
These issues are then discussed in the context of the tasks performed as part of an accident progression analysis (refer
to Table 10.7). Typically, these tasks include defining an appropriate interface between the core damage analysis
and the subsequent accident progression analysis, performing the accident progression analysis, and estimating
radionuclide releases for the various containment failure modes.

Table 10.7 Potentially important boundary conditions, assessments, and
assumptions affecting the accident progression analysis in IPEs.

| ——— S—
Interface between the CDF analysis and t
progression analysis

he accident ¢ Charactenstics used to define PDS groups
* Operability of mitigating systems

Accident progression analysis * Completeness of containment failure modes

¢ Structural capacity of containment

¢ Completeness of the containment event tree

* Basis for quantification of the event tree
Radionuclide release * Selection of representative source term groups

* Basis for source terms

Generally, the coupling of the core damage frequency analysis to the accident progression analysis is done through
the use of plant damage states. These plant damage states define the attributes of the accident sequences(e.g., LOCA
with failure of ECCS injection) and the status of those plant features (e.g., containment sprays) that influence
accident progression after core damage. The intent is that all core damage accident sequences within a particular
plant damage state can be treated as a group for the purpose of assessing accident progression, containment response,
and radionuclide release.

The accident progression analysis consists of several steps as indicated in Table 10.7. One step 1s to determine
challenges to containment integrity for the accident sequences identified in the core damage frequency analysis.
Some of these challenges (such as high-pressures and temperatures) may be the result of physical processes; others
could be caused by failure of systems such as isolation valves. For each challenge, the ability of the containment
and its systems to contain the challenge has to be determined. Most of the utilities use some form of containment
event trees (CETs) to organize the accident progression analysis. CETs are, in general, develcped for each plant
damage state. These event trees describe the possible sequence of events that could occur before, during, and after
core damage. The CETs should include all important challenges to containment integrity and determine the response
of containment systems to these challenges. The objective is to identify all possible ways in which radioactivity
might be releasedto the environment. Quantification of the CETs then determines the probability of various releases
(containment bypass and failure modes) conditional on the various plant damage states.
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For each release path identified in the CETs, the characteristics and quantities of radionuclides released to the
environment have to be estimated. Typically, the large number of radionuclide releascs are binned into a smaller
number of representative radionuclide groups (sometimes called source terms). The final product is a listing of the
representative radionuclide groups and their associated frequencies of occurrence.

A summary of potentially important boundary conditions, assessments, and assumptions found in the IPE submittals
is provided in Table 10.7. The following sections further discuss how these issues can influence the task areas
described above. In a number of cases, the impact of these analysis characteristics on the [PE results are further
discussed in subsequent chapters of this report.

10.4.2.1 interface between the CDF Analysis and the Accident Progression Analysis

It is necessary to ensure that the core damage accident sequences are appropriately treated in the subsequent accident
progression analysis. NUREG-1335 (Ref. 10.6) provided some guidance on how to ensure that adequate coupling
exists between the core damage frequency analysis and the accident progression analysis. The concept of using plant
damage states (PDSs) to provide the needed coupling was suggested in NUREG-1335 and most utilities use this
approach. However, the attributes used to define the PDS groups vary considerably among the IPE submittals.

Several IPEs use a relatively small number of attributes to define the PDS groups, thereby producing a small number
of event trees. While this approach has the advantage of simphcity, potentially important failure modes can be
missed if the grouping is too broad. Other submittals use a relatively large number of attributes to define a
correspondingly larger number of PDS groups. In some IPEs, plant damage states are not explicitly defined and each
accident sequence is individually processed through the accident progression analysis task. The object is to identity
those attributes of the various accident sequences that influence accident progression and to ensure that they are
correctly incorporated into the subsequent analyses. Some of the more important attributes identified in the
submittals are discussed in the following paragraphs.

One of the most important attributes identified in the IPEs is whether the containment is isolated during an accident.
Isolation failures are classed in the IPEs as pre-existing or postulated to occur at the time of the accident. Pre-
existing isolation failures can be detected in containments that have a controlled atmosphere (PWR subatmospheric
containments and BWR Mark | and Mark Il containments) and, therefore, are not important in IPEs for these
containment designs. However, pre-existing isolation failures contribute to the frequency of early failure in several
IPEs for PWR large-dry containments. Failure to isolate the containment at the time of the accident contributes to
the frequency of early failure for all containment designs. The impact of this failure mode is quite small for BWR
Mark | ind Mark 11 containments; however, it can be important for other containment designs. In fact, it is the
dominant contributor to the early failure frequency at Beaver Valley (PWR with a subatmospheric containment).
In this case, isolation failure is assumed to occur for SBO sequences caused by loss of the emergency switchgear
ventilation. This is an example of where information from the CDF analysis can significantly influence the
subsequent accident progression analysis. In addition, potential operator actions to manually isolate the containment
for these SBO sequences are not modeled in the CET,

For those accident sequences in which containment isolation fails, the size of the opening has to be determined and
the flow path to the environment identified to estimate the magnitude of radionuclides release. Other accident
characteristics, found important in some IPEs, include the availability of containment heat removal and the spray
systems. Operation of the containment heat removal system will keep the containment pressure low and, thus, reduce
the driving force for leakage through the isolation failure (i.e., lower source term). Sprays significantly reduce the
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aerosols in the containment atmosphere and are also found in the IPEs to reduce the quantity of radionuclides
released.

Another importani consideration in the IPEs is the identification of those accident sequences that can bypass
containment (i.e, ISLOCA and steam generator tube rupture). These accidentsare, in general, important contributors
to the frequency of early loss of containment integrity for PWR IPEs. ISLOCA and steam generator tube rupture
are |Es that were identified and quantified in the core damage frequency analysis. Information that has to be
transferred to the subsequent accident progression analysis for these accidents includes the flow path (dimension and
configuration of piping, size of break, etc ) from the damaged core to the environment, timing of the accident
progression, and whether or not the flow path is submerged. This information is used in the IPE submittals to
determine the quantity and characteristics of radionuclides released to the environment. Other important information
relates to potential operator actions that could be taken to mitigate these accidents. If assumptions are made
regarding human performance in the core damage frequency analysis, these assumptions should be consistent with
any actions modeled in the accident progression analysis.

For sequences in which the containment is isolated and not bypassed, the accident progression has to be analyzed
to determine if the containment eventually fails An important consideration is the thermal-hydraulic conditions in
the reactor coolant system. Therefore, transient events are separated in the IPEs from LOCAs, and then subdivided
into various break sizes. The thermal-hydraulic conditions can significantly affect accident progression (as discussed
below in Section 10.4.2.2) and mission times that provide the time frame for possible recovery actions. The IPEs
find that if coolant injection can be restored before large-scale core meltdown and vessel failure (as occurred during
the TMI accident), then the containment remains intact. However, not all IPEs model this recovery action

Other important considerations in the IPEs relate to the availability of containment heat removal or vapor suppression
(refer to Section 10.3). It is necessary to determine the status of these systems for each of the accidents identified
in the CDF analysis. Some IPEs develop detailed dependency tables relating the various systems for core damage
prevention and mitigation for each of the accident sequences. If a system is unavailable in the core damage
frequency analysis, it is also modeled as unavailable in the accident progression analysis. In other IPEs, the coupling
between the CDF analysis and accident progression analysis appears to be rather weak in relation to the information
in the submittal,

In some IPEs, power status is an important attribute that should be consistently treated throughout the analysis tasks.
If all power is lost (station blackout accident), then active containment systems (such as sprays, fan coolers, hydrogen
control systems, etc.) will not be available. In some IPEs, power recovery is explicitly modeled and its impact on
the subsequent accident progression assessed. However, power recovery is not consistently modeled in all IPEs.
It is not clear in some submittals how loss of power and the potential for power recovery are treated.

The potential for flooding the region below the reactor vessel (cavity or pedestal region) is an important consideration
in the IPEs.  The availability of water in this region can significantly influence the accident progression analysis
(referto Section 10 4.2.2) and, therefore, has to be determined for accidents identified in the CDF analysis. In some
submittals, the status of cavity flooding is explicitly treated in the plant damage states; in others, it is implied from
the status of other systems. For example, if all of the water in the refueling water storage tank is injected into the
containment of some PWRs, the cavity would be flooded.

All of the above attributes are found to be important for coupling the core damage accident frequency analysis to
the accident progression analysis, as described in the following section.
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10.4.2.2  Accident Progression Analysis

This analysis task consists of several steps as shown in Table 10.7. An important first step is to identify a list of
potential containment failure modes or ways in which the containment might be bypassed. NUREG-1335 (Ref. 10.6)
provided a list of failure modes (reproduced in Table 10.8), which was intended only as a starting point for the IPE

analysis

Table 10.8 Potential containment failure modes identified in NUREG-1335,

Potential PWR contuinment failure modes

Containment bypass

Subatmospheric

lce

condenser

Interfacing-system LOCA Yes Yes Yes
Failure to isolate containment Yes Yes Yes
Steam generator tube ruplure Yes Yes Yes
ECFs
Overpressurization with high-temperature because of
noncondensible gases and steam Yes Yes Yes
combustion processes Yes Yes Yes
direct containment heating Yes Yes Yes
Missiles or pressure loads because of steam explosiors Yes Yes Yes
Melt-through because of
direct contact between core debris and containment No No Yes
Vessel thrust force because of blowdown at high-pressure Yes Yes Yes
Late containment failures
Overpressurization with high-temperature because of
noncondensible gases and steam Yes Yes Yes
combustion processes Yes Yes No
Melt-through because of basemat penetration by core debris Yes Yes Yes
Vessel structural support failure because of core debris erosion No No No H
Potential BWR containment failure modes Mark Mark 11 Mark 111
Containment bypass
Interfacing-system LOCA Yes Yes Yes
Failure to isolate containment Yes Yes Yes
ECFs
Overpressurization with high-temperature because of
noncondensible gases and steam Yes Yes Yes
combustion processes No No Yes
direct containment heating Yes Yes Yes
Missiles or pressure loads because of steam explosions Yes Yes Yes
Melt-through because of
direct contact between core debris and containment Yes No No
Vessel thrust force because of blowdown at high-pressure No No No
Late containment failures
Overpressurization with high-temperatiure because of
noncondensible gases and steam Yes Yes Yes
combustion processes No No No
Melt-through because of basemat penetration by core debris Yes Yes Yes
Vessel structural support failure because of core debris erosion Yes Yes Yes

NUREG-1560, Draft 10-50




10. Background for Obtaining Perspectives

Some IPEs identify failure modes that are not given in the tables. In other IPEs, the relative importance of the
failure modes in Table 10.8 to the various containment types also change as a result of the plant examinations. An
example of how the plant examinations changed the information in these tables relates to loss of containment
integrity as a result of direct contact with core debris. This was not considered to be an important failure mode for
large-volume containments at the time NUREG-1335 was published. However, the IPE for Palisades (a PWR with
a large-volume containment) identified this failure mode as an important contributor to the probability of ECF,

Another important step is to determine the structural capability of the containment. The utilities were given the
option of carrying out plant-specific calculations or using calculations performed for other containments of similar
design. Both approaches are adopted in the varicus IPE submittals. Some IPEs used ¢ relatively simple approach
to determine the ultimate capability of the containment. For example, a single failure pressure is usually determined
on the basis of some calculated yield limit. If the pressure is calculated to exceed this failure limit, the containment
is assumed to fail. Other IPEs adopted a more elaborate approach in which distributions were developed for the
probability of a containment failure that is conditional on pressure. In some cases, the effect of elevated temperature
was incorporated into the distributions. For these submittals, the overlap of the calculated containment pressure and
the failure distribution determined the probability of failure, and the distributions were usually derived from
calculations and engineering judgment. The shape of the assumed distribution is very important. The probability
assigned to containment failure at lower pressures is found to be a critical assumption in several IPEs. In one IPE,
the shape of the assumed failure distribution results in a conditional probability of ECF that is significantly higher
than for other containments of similar design.

Most of the utilities use containment event trees to organize the accident progression portion of the IPEs. However,
significant variability exists in the scope and size of the trees in the individual IPEs. Some IPEs contain rather
detailed CETs with supporting calculations using computer codes such as MAAP. Other IPEs use the results of
previous studies (such as NUREG-1150) as the basis for the analysis. Most IPEs divide the CET into various time
frames (as suggested in NUREG-1335), such as events before and during core melt, and at the time of vessel failure,
and events related to fong-term core debris disposition. The potential for recovery actions during the various time
frames considered in the CET is modeled in some IPEs but not in others. Isolation failures and containment bypass
sequences are usually identified in the PDS structure and treated separately in the CETs. Most CETs capture the
major containment threats (identified in Table :0.8), although the level of detailed used in the quantification process
varies considerably between submittals. Modeling assumptions are made that significantly influence the predicted
mode and timing of containment failure. Some of the modeling assumptions can be important for all reactor and
containment types, whereas other issues are important for only one containment design. Table 10.8 indicates
phenomena that have been found to be important challenges to containment integrity in past studies. These failure
modes are discussed below in terms of early and late containment challenges.

Early Containment Challenges

In some IPEs for PWR plants, the potential for failing the steam generator tubes because of high-pressures and
temperatures during core meltdown exists. If this occurs, a potential path exists for radionuclide release that bypasses
containment. This is found to be significant early failure mode in several PWR IPEs. This failure mode is classified
as induced SGTR to distinguish it from SGTR as an initiating event.

If the reactor coolant system remains at high-pressure during core meltdown then at the time molten core materials
are released from the reactor vessel they could be dispersed and directly heat and chemically react with the
containment atmosphere. An additional complication is that hydrogen combustion could also occur at the same time
adding to containment pressurization. The phenomena associated with direct containment heating (DCH) were

10-51 NUREG-1560, Draft




10. Background for Obtaining Perspectives

uncertain and the knowledge base limited at the time GL 88-20 (Ref 10.1) was issued. Therefore, the utilities were
given the option of not addressing DCH in their [PE. 1f DCH was included, its impact on the probability of ECF
is quite significant for some IPEs but insignificant for others. In some cases, differences in the predictions are caused
by plant features (e.g., a retentive cavity configuration) m other cases the differences are driven by differences in
modeling assumptions. For example, a failure in the hot leg is predicted in some IPEs, which causes the reactor
coolant system to depressurize and, thus, minimizes the potential for high-pressure core melt ejection at the time of
reactor pressure vessel failure.

The likelihood that the in-vessel steam explosion will be of sufficient magnitude to generate a missile which fails
the containment is generally considered to be low. For those IPEs that consider this potential failure mode, the
probability of containment failure is also determined to be low.

During a core melidown accident in a BWR with a Mark | containment, molten core materials could spread across
the floor of the drywell and contact the steel containment liner. 1f this happens, it is possible that the hot core debris
could melt through the shell causing ECF. The phenomena associated with this failure mode were uncertain at the
time GL 88-20 was issued. Therefore, utilities were given the option of not inciuding it in their accident progression
analysis. If shell melt-through is included in the IPE, then its impact on the probability of early drywell failure could
be significant. In some [PEs, this failure mode results in a relatively high-probability of early failure. However,
in other IPEs the failure mode is mitigated by plant-specific features (e.g., large sumps or the presence of curbs).

Combustion can threaten the integrity of some containments carly or late during a core meltdown accident
progression. However, combustion is not a concern in IPEs for BWRs with Mark | or Mark If containments because
the atmospheres of these containments are inerted during operation. Also the probability of a H, combustion event
of sufficient magnitude to fail a large-dry or subatmospheric containment is generally found to be relatively low in
the IPEs for these containment designs.

Combustion is potentially important for BWRs with Mark [l containments and PWRs with ice condenser
containments. Both containment types incorporate ignition systems (glow plugs) designed to deliberately burn H,
at low-concentrations, The ignition systems are intended to prevent combustion events (large burns or detonations)
that might fail containment. The effectiveness of these ignition systems can, therefore, significantly influence
accident progression for these containment designs. For some accident sequences (e.g., station blackout) the ignition
systems will not be operating and if power is restored a damaging combustion event was postulated in some IPEs.
The IPEs indicate whether hydrogen combustion is a significant threat in individual analyses is partly driven by
modeling assumptions but also by plant features such as the much larger quantity of zircalloy (and hence hydrogen
generation) in the BWR cores versus the PWR cores.

Late Containment Challenges

If the cortainment heat removal systems fail, an important late containment failure mode in many IPEs is
overpressurization failure. If the cavity or pedestal is flooded, the main driving force for pressurization is steam
If the cavity or pedestal is dry, the driving force comes from gases released from core-concrete interactions. The
gases released from core-congrete interactions are predicted in the IPEs to be at much higher temperatures than the
steam released from a flooded cavity. Consequently, in some IPEs, the impact of high-temperatures as well as high-
pressures is considered when estimating the containment retaining capability.

Another important late containment failure mode in some [PEs is basemat melt-through. This is usually only
modeled to occur for accident sequences in which the cavity is dry. [n addition, the thickness of the concrete
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basemat determines whether the containment fails as a result of the core debris penetrating the basemat or by
overpressurization caused by gases released during core-concrete interactions.

For those containments in which the reactor vessel is supported by a pedestal, the potential for the core debris to
cause structural failure of the pedestal wall is identified in some IPEs. The failure of the wall can cause the reactor
vessel to move which in some designs can fail penetrations through the containment wall.

10.4.2.3  Radionuclide Release

When the various radionuclide release paths are identified the timing, magnitude, and characteristics of the
radionuclide releases have to be determined. Those attributes of the release path that are found important in the IPEs
include the size and flow path of the opening in containment, the operabiiity of sprays, and whether or not parts of
the release path are flooded. For ISLOCA sequences in some PWR IPEs, significant aerosol retention s predicted
in the piping leading from the primary system to the release point. In addition, in some IPEs, the release poiat is
submerged so that additional retention of the aerosols is predicted.

For BWR IPEs, whether or not the radionuclides pass through the suppression pool has a strong effect on the quantity
of radioactivity eventually released to the environment. Any paths that bypass the suppression are, therefore, found
to be significant in BWR submittals. These paths include failure of vacuum breakers and penetrations.

Operation of the spray system is found to reduce the quantity of aerosol in the IPEs. Thus, for those accident
sequences in which the spray systems were operating the quantity of radionuclides released are relatively low.

The utilities were given the option to perform plant-specific source-term calculations or to use existing calculations
for siinilar release paths and containment designs. A large number of utilities use the MAAP code (Ref 10.3) to
caiculate source terms for a few “representative” accident sequences. These representative source terms are then used
to represent a range of accident progression paths. While this approach is generally reasonable, there are a few cases

in which accident sequences with potentially large source terms were binned into a representative source term with
relatively low-release fractions.
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11. CORE DAMAGE FREQUENCY PERSPECTIVES

Chapter 3 of Part | summarizes the key perspectives regarding plant-specific features and assumptions that play a
significant role in core damage frequency (CDF). This chapter provides a more in-depth discussion of these
perspectives addressing (on a reactor class basis) in further detail the dominant contributors for each accident class,
the range of CDFs. factors causing the range, and the significant plant improvements.

This chapter presents the perspectives on the factors that play a significant role in determining the CDF reported in
the Individual Plant Examination (IPE) submittals. The key design and operational features that affect the CDF and
the impact and influence of methods and assumptions on the CDF results are provided for different reactor classes.
The perspectives within each reactor class were obtained by analyzing the cc itributions to the different accident
classes defined in Table 11.1. The results of the IPEs were also reviewed to identify perspectives that are generally
applicable to boiling water reactors (BWRs) and pressurized water reactors (PWRs). These general perspectives are
presented first followed by more detailed discussions for each reactor class.

1.1 General CDF Perspectives

In many ways, the IPE results are consistent with the results of previous NRC' and industry risk studies. The CDFs
reported in the IPE submittals are shown in Figure 11.1""",
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Figure 11.1 BWR and PWR CDFs,

"'! Most of the IPE submittals reported point estimates for the CDFs. In a few cases, uncertainty evaluations
were performed, and the mean values were reported in the IPE submittals
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Table 11.1

Definition of core damage accident classes.

Accident class definition

(ATWS)

Transients —  transient events that disrupt the normal conditions in the plant requiring a reactor trip with the
need for core heat removal  The transient initiators include those events related to the balance-of-
plani (e g, turbine trip, loss of feedwater) and those events associated with plant support systems
(e g . loss of service water (SW), loss of AC bus)

General For BWRs and PWRs, transient events followed by failure to successfully remove core heat and bring

Transients the reactor to safe shutdown.

For BWRs, this class is divided into two subclasses:

(1) Transients with loss of coolant injection —
Transient event followed by immediate loss of all coolant injection systems resulting in core
damage and potentially containment failure

{2) Transients with loss of DHR —
Transient event followed by initial success of coolant injection system and immediate failure of
DHR systems. Adverse enviromments created in the suppression pool and the containment (or the
connected building following containment venting or failure) may result in failure of coolant
injection systems and subsequent core damage  Containment failure can occur before the initiatio
of core damage.

SBO Transient events that strictly involve an initial loss of ofi-site power (LOSP) followed by a failure of
emergency on-site AC power. The failure of AC power results in failure of AC-dependent systems
leaving only the ac-independent system available for core heat removal.

Anticipated Transient events followed by a failure to terminate the nuclear chain reaction by failing to msert the

transients control rods

without

scram

—  events that disrupt the normal conditions in the plani because of a breach in the primary coolant

causing a loss of core coolant inveniory and lead directlyto a reactor trip with the need for core
heat removai
General LOCAs that involve primary system pipe breaks of all sizes that occur within the containment, pump
LOCAs scal failures. and inadvertent open relief valve initiating events (the contribution from transient initiators

with a subsequent SORV are included in the transient accident classes)

Interfacing
System
LOCAs
(ISLOCAs)

LOCAS in systems that interface with the primary system (including emergency core cooling system) at
locations that result in an open path out of the containment

Steam
Generator
Tube
Rupture

Internal
Flooding

LOCAs that involve loss from the primary to the secondary through a ruptured steam generator tube

—  events that involve rupture of water lines or operator errors that directly result in failure of
required mitigating systems (¢ g . through loss of cooling) and »» fail other mitigating sysiems
because of submergence or spraying of required components with water
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The IPEs indicate that the plant CDF is determined by a collection of many different sequences, rather than being
dominated by a single sequence or failure mechanism. The accident class that is the largest contributor to plant CDF
and the dominant failures contributing to that accident class vary considerably among the plants (e.g., some are
dominated by loss-of-coolant accidents (LOCAs) while others are dominated by station blackout (SBO)). However,
for most plants, support systems are important to the results, because support system failures can result in failures
of multiple front-line systems (e.g., SBO sequences tend to be important contributors for both BWR and PWR plant
groups). The support system designs and dependencies of front-line systems on support systems vary considerably
among the plants, which explains much of the variability in the IPE results. This variability was the motivation for
the IPE program as noted in the Severe Accident Policy Statement.

Consistent with previous risk studies, the CDFs reported in the IPE submittals are lower than average for the BWR
plants than for the PWR plants, as shown in Figure 11.1. Although both the BWR and PWR results are strongly
affected by the plant-specific support system considerations discussed above, there are a few key differences between
the plant types that cause this tendency for lower BWR CDFs and cause a difference in the relative contributions
of the accident sequences to plant CDF.

The most significant difference is that BWRs have more injection systems and can depressurize more easily than

PWRs by using low-pressure injection systems (LPISs). This results in a lower average contribution from LOCAs
for BWRs,

For transients, most PWRs can remove decay heat either through the steam generators or by using primary system
feed-and-bleed. However, BWRs only remove decay heat directly from the primary system through a process
analogous to feed-and-bleed, involving coolant injection and subsequent steaming either to the main condenser or
to the suppression pool. In PWRs, a transient-induced LOCA ( e.g., reactor coolant pump (RCP) seal LOCA or stuck-
open relief valve (SORV)) will defeat heat removal through the steam generators and require cooiant injection to
riaintain the reactor coolant system inventory. Transient-induced LOCAs are not a significant problem for most
BWRs because the normal means of decay heat removal (DHR) always requires coolant injection, and as noted
above, BWRs have more injection systems available than PWRs.

Many BWRs are more susceptible to transients with loss of containment heat removal because the sequence resuits
in an adverse environment (i.e., loss of adequate net positive suction head (NPSH)) that fails emergency core coolant
system (ECCS) pumps and other injection systems. This type of transient sequence is not generally as important for
PWRs because of the design of the ECCS pumps.

The resuits for some of the individual plants vary from the general trends noted above for some plants. As shown
in Figure 11.1, there is considerable variability in CDFs within the BWR and PWR plant groups that results in
considerable overlap between the CDFs of the PWR and BWR plants. That is, the CDFs for many BWR plants are
higher than the CDFs for many PWR plants. The specific reasons driving the differences in results among the plants
(including the significantly lower CDFs for the two outlier plants shown in Figure 11.1) are discussed in
Sections 11.2 and 11.3. Discussions of the factors that have the largest influence on the bulk of plants, as well as
the plants with the highest and lowest CDFs are included. The variability is driven by a combination of factors
including plant design differences (primarily in support systems such as cooling water, electrical power, ventilation,
and air systems), variability in modeling assumptions (i.¢., whether the taodels accounted for alternate accident
mitigating systems), and differences in data values (e.g., human error probabilities) used in quantifyrsg the models.

A summary of the key observations regarding the importance and variability of each accident sequence is provided
in Table 11.2. Further details are provided in Sections 11.2 and 11.3.
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Table 11.2 Overview of key IPE observations for LWRs.

Accident class Key observations

Transients Important contributor for most plants because of reliance on support systems whose failure can
defeat redundancy in front-line systems

Both plant-specific design differences and IPE modeling assumptions contribute to variations in

results. Major factors are:

« capability to use alternate injection systems for BWRs

e capability to use feed-and-bleed cooling and susceptibility to reactor circulation pump (RCP)
scal LOCAs for PWRs

SBOs Significant contributor for most plants, with variables driven by
¢ pumber of emergency AC power sources

alternate off-site power sources

battery hfe

availability of firewater as injection sources for BWRs
susceptibility to reactor coolant pump scal LOCAs for PWRs ﬂl

LOCAs LOCAs are significant contributors for many PWRs

BWRs generally have lower LOCA CDFs than PWRs
* BWRs have more injection systems
* BWRs can depressurize more readily to use lov.-pressure systems

Internal Floods “-wall contributor for most plants, but significant for some because of plant-specific designs
Largest contributors involve water system breaks that fail multiple mitigating systems (directly or
through flooding effects)

ATWS Normally # low contributor to plant CDF because of reliable scram function and successful

operator responses

BWR variability mostly driven by modeling of human errors, PWR variability mostly driven by
plant operating characteristics and IPE modeling assumptions

Bypass Sequences ISLOCAs are small contributor to plant CDF for BWRs and PWRs because of low frequency of
nitiator

Steam generator tube rupture normally a small contributor to CDF for PWRs because of
opportunities for operator to isolate break and terminate accident

11.2 BWR Perspectives

Perspectives were obtained for three different BWR reactor classes that were differentiated by the vintage of the
design. As indicated in Table 113, early BWRs with isolation condensers were placed in one group, BWRs with
reactor core isolation cooling (RCIC) and high-pressure coolant injection (HPCI) systems were placed in a second
group, and later BWR models with a high-pressure core spray (HPCS) system were placed in a third group. The
total CDFs for all operating BWRs in each of the above groups are shown in Figure 11.2. With the exception of
a few outliers, the total CDF for most BWRs falls within an order of magnitude range. The variability in the results
is attributed to a combination of factors including: (1) plant design differences especially in support systems such
as electrical power, cooling water, ventilation, and instrument air systems, (2) modeling assumptions, and
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(3) differences in data values including human error probabilities. The largest variation logically exists in the

BWR 3/4 group

which is the group with the largest number of plants and where variability in plant design and

modelii g assumptions resulted in several plants with CDFs below the remaining BWRs and one plant (2 units)
considerabl ; below the others. This outl‘er will be discussed in Section 11.22.

Table 11.3

Class

Summary of BWR plant classes and associated nuclear power plants.

IPE submittals

* Big Rock Point * Dresden 2&3 * Millstone | ¢ Nine Mile Point |
* Oyster Creek

BWR 1/2/3

These plants generally have separate shutdown cooling and containment spray systems and a multi-loop
core spray (CS) system. An isolation condenser is utilized for these plants with the exception of Big
Rock Point which is housed in a large dry containment

* Browns Ferry 2 * Brunswick 1&2 * Cooper * Duane Arnold

* Fermi 2 * Fitzpatrick * Hach | * Hatch 2

* Hope Creek * Limerick 1&2 *  Monticello * Pcach Bottom 2&3
* Pilgrim | * Quad Cities 1&2 * Susquehanna 1&2 * Vermont Yankee

BWR 3/4

These plant are designed with two independent high-pressure injection systems (HPIS). RCIC and
HPCL. The associated pumps are each powered by a steam-driven turbine. These plants afso have a
have multi-loop CS system and a multi-mode residual heat removal (RHR) system that can be aligned

containment spray function.

for low-pressure coolant injection (LPCI), shutdown cocling, suppression pool cooling (SPC) and —H

* Chintor ¢ Grand Gulf | e LaSalle 1&2 ¢ Nine Mile Point 2
* Perry | * River Bend ¢ Washington Nuclear Power Unit 2

BWR §/6

1Es

system similar to the system design in the BWR 3/4 group

These plants utilize an HPCS system that replaced the HPCI system. The HPCS system consists of a
single motor-driven pump train powered by its own electrical division complete with a designated diesel
generator. These plants have a single train low-pressure CS system and also have a multi-mode RHR

¥
. L .
A P“ y 4‘.
o
.
. ada
. A
.
“n
BWR 17273 BWR 34 BWR 8/6

Figure 11.2 BWR plant group CDFs
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A summary of the importance of the various accident classes to the BWR CDFs and the factors influencing the
results is provided in Table |1.4.

Accident
importance

Table 11.4

Important design features, operator
Actions, and mode! assumptions

Summary of CDF perspectives for BWRs.

Important
plant improvements

SBO Accidents

Important for
most BWRs,
regardless of
plant group

Availability of AC-independent systems
(e.g.. HPCI system, diese! driven
firewater system RCIC interface with
suppression pool)

Turbine bypass and isolation condenser
capacity

Battery life

DC dependency for diesel generator
startup

SW system design and heating,
ventilating. and air conditioning (HVAC)
dependency

AC power reliability (number of diesel
generators, cross-tie capability between
buses and units, diverse AC power
sources)

Improved operator training

Improved DC reliability (cross-tie of buses, portable
power supply o charger)

Increased DC load shedding

Increased AC reliability (alternate AC power source,

cross-tie of buses

Increased availability of AC-independent injection system
(diese! driven firewater, reconfiguring RCIC

dependencices)

Transients with loss of injection accidents

Relatively
unimportant at
BWRs 1/2/3
plants

Important for
most BWR 3/4
and 5/6 plants

Injection systems dependencies on
support systems defeating redundancy
Availability and redundancy of injection
systems (e.g., control rod drive (CRD),
motor driven feedwater pumps, service
cross-tie to RHR, fire water system)

Failure to depressurize influenced by
operator direction (o inhibit the automatic
depressurization system (ADS)

Procedural and hardware enhancements to use alternate
systems for injection (e.g., CRD)

Increased emphasis in operator training and/or procedure
modification on depressunization

Improve system reliability by modifying system
surveillance procedure to include testing of other system
cquipment (e 2., pump suction line from suppression pool
for the HPCS system), by revising maintenance procedure
to reduce common cause failures

Enhance procedures to respond to loss of HVAC in
emergency core cooling system rooms
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Accident
importance

Table 11.4

Important design features, operator
Actions, and mode! assumptions

I'l. Core Damage Frequency Perspectives

Summary of CDF perspectives for BWRs.

important
plant improvements

Transients with loss of DHR accidents

| Important for
most BWRs,
i regardless of
| plant group

Limited analysis to support success
criteria — no credit for DHR system
(e.g.. venting)

Dependency of support systems for DHR

NPSH problems with emergency core
cooling systems on suppression pool

Availability of injection system located
outside containment and reactor huilding

Capability of ECCS to pump saturated
water

Improved operator training

Increased reliability of equipment (i.e., hardware
maodifications: replace pump motors with air-cooled
motars)

Use of alte;nate systems or alignment for coolant injection
(ie, align LCl pumy to condensate storage tank (CST))

Increase availability of injection systems (replenishment
of CST, increase exhaust pressure trip setpoint on RCIC
turbine)

Revise isolation logic for plant SW and instrument air ﬁ

Provide control room temperature indicator for rooms
containing SW pumps

ATWS accidents

Relatively
unimportant
for most
BWRs,
regardless of
plant group

Operator failure to initiate standby liquid
control (SLC) in timely manner, to
maintain main steam iselation valves
(MSIV) open, to control vessel level,
and/or to maintain pressure control

Use of alternate means of injecting boron

Availability of HPCS to mitigate

Improved operator training
Installation of automatic inhibit of ADS

Installation of an aiternate boron injection capability

hr

LOCAs

Relatively
unimportant at
all but one of
the BWR
plants

High redundancy and diversity in coolant
injection systems

Hardware modification. pipe whip constraints, replace
torus suction strainers to reduce probability of clogging

Expa. d environmental qualification program

Interfacing systems LOCAs

Not important
for BWR
plants

Compartmentalization and separation of
¢quipment

None 1dentified
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Table 11.4 Summary of CDF perspectives for BWRs.,

Important design features, operator
Actions, and model assumptions

Accident
importance

Important
plant improvements

Internal flood accidents

| Relatively Plant layout: separation of mitigating Protection of injection system power sources from spray

unimportant at | system components and effects
most BWRs, compartmentalization
| regardiess of Periodic mspection of cooling water pipes

| plant group
‘ Enhance procedures and training to respond to floods,

including 1solation of the flood source
e e )

RCIC and HPCI systems were placed in a second group, and later BWR models with a HPCS system were placed
in a third group. The total CDFs for all operating BWRs in each of the above groups are shown in Figure 11.2.
With the exception of a few outliers, the total CDF for most BWRs falls within an order of magnitude range. The
variability in the results is attributed to a combination of factors including (1) plant design differences especially in
support systems such as electrical power, cooling water, ventilation, and instrument air systems, (2) modeling
assumptions, and (3) differences in data values including human error probabilities, The largest variation logically
exists in the BWR 3/4 group which is the group with the largest number of plants and where variability in plant
design and modeling assumptions resulted in several plants with CDFs below the remaining BWRs and one plant
(2 units) considerably below the others. This outlier will be discussed in Section | §22.

A large variability exists for each BWR group in the contributions of the different accident classes to the total plant
CDF. However, licensees in all three BWR groups generally found that the following three types of accidents are
the major contributors to the total plant CDF: (1) SBOs, (2) transients with loss of coolant injection, and (3)
transients with loss of DHR. These three accident categories involve accident initiators and/or subsequent system
failures that defeat the redundancy in systems available to mitigate potential accidents. SBOs involve a loss of both
off-site and emergency on-site power sources (primarily diesel generators but a few plants also have gas turbine
generators) that fail most available mitigating systems except those that do not rely on AC power. The definition
of SBO for BWR $/6s does not include failure of the diesel generator supplying the HPCS system. Most of the
accident sequences contributing to the transients with loss of coolant injection category involve failure of HPISs such
as feedwater. RCIC. and HPCI (or HPCS) with a subsequent failure to depressurize the plant for injection by LPIS.
The failure to depressurize effectively defeats a large part of the redundancy in the coolant injection systems.
Support system failures (e.g , loss of cooling water systems, AC or DC buses. or instrument air) that impact many
of the available accident mitigating systems contribute to the importance of this accident category and also to the
transient with loss of DHR category. In all loss of DHR sequences involving transient or other initiators, redundancy
in mitigating systems can be lost because of harsh environments in the containment before containment failure or
in supporting structures following containment venting or failure

Lesser contributions from LOCAs, ATWS, and internal flooding are generally reported for all BWRs. However,
there are a few BWRs that did report significant contributions from these accident categories These three accident
categories are not important contributors primarily because they involve low frequency nitiating events, Although
ISLOCAs are potentially risk significant contributors since the containment is bypassed, none of the licensees
reported significant CDFs from this accident category primarily because it involves low frequency initiating events.
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Important factors that impact the CDF contributions from these accident categories are discussed for each BWR plant
group in Sections 11.2.1 through 11.2.3. Many of these factors are the same for each plant group. However, there
are factors worth highlighting that explain some of the differences across the BWR groups. For exampie, it was
noted that some of the accident class frequencies for the BWR 12/3 plant group are generally lower than for the
other two BWR plant groups partially because isolation condensers appear to be more reliable than the RCIC systems
that replaced them in the later BWR models. RCIC systems have more possible failure modes related to protective
trip signals, ventilation failures, and pump operability requirements. Some of these failure modes are only prevalent
in the BWR 5/6 IPEs and partially account for the higher SBO CDFs for this group. However, it should be noted
that some of the licensees with isolation condenser plants generally ignored the potential for recirculation pump seal
failures that effectively defeat the use of the isolation condensers. Finally, the BWR 5/6 plants had lower
contributions on the average from sequences involving loss of HPISs, coupled with failure to depressurize the vessel
for LI, than BWR 3/4 since the HPCS system in the BWR 5/6 plants tends to be more reliable than the HPCI
systei in the BWR 3/4 plants

11.2.1 CDF Perspectives for BWR 1/2/3 Reactors

As indicated in Table 11.5, there are six BWRs with isolation condensers grouped in the BWR 1/2/3 category. The
plants in this group have more diversity in their design than the later BWRs that are more standardized. Big Rock
Point is the only unit in this group that is a BWR | and has several unique design characteristics that influence the
CDF calculated in the plant submittal. Two of the plants (Oyster Creek and Nine Mile Point 1) are BWR 2s while
the other three (Dresden 2&3 and Milistone 1) are early BWR 3s that have isolation condensers (later BWRs replaced
the isolation condensers with a RCIC system). Big Rock Point is housed in a dry containment; the other five plants
in this group are housed within Mark | containments.

Table 11.5 Plants (per IPE submittal) in the BWR 1/2/3 group.

Big Rock Point Dresden 2&3

Nine Mile Point | Oyster Creek

11.2.1.1 Summary of Results and Perspectives for BWR 1/2/3 Reactors

The total CDFs for the plants in the BWR 1/2/3 group are shown in Figure 11.2. The licensees in each design
calculated similar CDFs with Big Rock Point calculating the highest value followed by the BWR 3s and BWR 2s.
This trend can be mostly attributed to differences in plant design although modeling assumptions also influence the
results. The calculated CDF's range from 4E-6 per reactor-year (ry) to SE-5/ry with an average CDF for this group
of plants of 2E-S/ry. Figure 11.3 provides the CDFs for each of the accident classes considered in this study as
calculated by each licensee in the BWR 1/2/3 group. As indicated in Figure 11.3, the CDFs in most of the accident
classes exhibit the same order of magnitude spread as is present in the total plant CDFs. However, the spread in the
LOCA and transients with loss of DHR accident classes is more pronounced. As indicated in Table 11.6, the
variation in the accident class CDFs is atiributable to a combination of plant design differences and modeling
assumptions. For aii of the submittals in this group, the total CDF at each plant was dominated by one accident
class. Big Rock Point is dominated by LOCAs, Nine Mile Point 1, Oyster Creek, and Millstone | are dominated
by SBO sequences.and Dre: den 2&3 are dominated by transients with loss of DHR. Although some licensees report
significant contributions from ATWS and transients with loss of injection, these accident classes contribute to the
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overall plant CDFs to a lesser extent. None of the licensees report significant contributions from internal flooding
or ISLOCA sequences.
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Figure 11.3 BWR 1/2/3 accident class CDFs.

Unique to this group of BWRs is the availability of an isolation condenser system that removes decay heat from the
vessel. The ability of the isolation condensers to mitigate accidents is defeated by events that result in loss of
primary reacior coolant. These include SORVs, LOCAs including pump seal LOCAs, and failure of the scram
discharge volume to isolate. All of the plants modeled the impact of SORVs on the isolation condensers. However,
only one of the licensees in this group (Nine Mile Point 1) explicitly modeled pump seal LOCAs in their submittals
(others either dismiss them or do not address them in their submittals). Recirculation pump seal LOCAs can defeat
the successful utilization of the isolation condensers. 1he other licensees either assumed that the amount of leakage
was minimal, and thus, would not impact isolation condenser operability, or performed calculations that indicated
that other factors such as battery depletion would fail the isolation condenser before failure because of a loss of
inventory through the pump seals. The pump seal LOCAs are not found to be an important contributor to core
damage at Nine Mile Point 1. Oyster Creek was the only plant to mode! the failure of a scram discharge volume
to isolate and found it not to be important to the CDF. Other licensees dismissed this accident scenario while others
did not address it
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Table 11.6

Accident
importance

I'1. Core Damage Frequency Perspectives

Importait design features, operator actions, and model

assumptions

Summary of BWR 1/2/3 plant group CDF perspectives.

Summary of results

SBO

t Dominant

contributors for

I Nine Mile Point |,

Milistone |, and

| Oyster Creek.
I Minor contributor

for remaining
plants.

Availability of AC-independent HPCI system (reduces
importance of SBO at Dresden 2&3)

Relatively large turbine bypass and isolation condenser
capacity reduces the SBO contribution at Big Rock Point

DC dependency for transferring power following scram
(ymportant contributor at Oyster Creek)

AC power reliability (number of diesel generators, cross-tie
capability between buses and units, diverse AC power

sources)

Battery life

SBO CDFs range from SE-7/ry to
T.0E-6/ry. Average CDF is
3E-6/ry

Countribution to total plant CDF
ranges from less than 5% to 65%

Transients with loss of injection accidents

Relatively
unimportant at most
BWRs 1/2/3 plants

Diversity in available coolant injection systems

Failure of support systems dominant contributor since it
defeats redundancy of coolant injection systems

Availability of alternate injection systems (e.g, CRD,
motor-driven feedwater pumps, fire water system)

Failure to depressurize influenced by operator direction to
inhibit the ADS

Transient CDFs :ange from
6E-T/ry to TE-6/ry. Average CDF
1s 2E-6/ry

Contribution to total plant CDF
ranges from 5% to 10%.

Transients with loss of DHR accidents

Dominant
contributors for
Dresden 2&3.
Minor contributor
for remaining
plants.

Dominant contributor at Dresden 2&3 because of limited
credit given for DHR systems (e g., torus sprays) compared
to other plants

Dependency of DHR sysiems on support systems

Loss of NPSH for ECCS pumps when suppression pool
lemperatures increase

Switchover of ECCS from injection to recirculation mode
(applicable at Big Rock Point only)

—_—
DHR CDFs range from 2E-7/ry to
1E-S/ry. Average CDF is 5E-6/ry

Contribution to total plant CDF
ranges from less than 5% to 75%

Big Rock Point DHR contribution
included in transient with loss of
injection CDF

Fi-11
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Table 11.6 Summary of BWR 1/2/3 plant group CDF perspectives.

Accident
{ importance

Important design features, operator actions, and model
assumptions

ATWS accidents
Relatively Operator failure to initiate SLC in timely manner, maintain | ATWS CDFs range from 2E-Tiry
unimportant for all | MSIVs open, control vessel level, and/or maintain pressure | to 4E-6/ry. Average CDF 15
plants in the control 1E-6/ty.
BWR 1/2/3 group
Turbine bypass capacity Contribution to total plant CDF
ranges from less than 5% to 10%
Boron injection system design
LOCAs
Dominant Failure to switchover ECCS from injection to recirculation | LOCA CDFs range from 3E-7/ry
contributor at Big mode at Big Rock Point requires eventual termination of to 4E-5/ry. Average CDF is
Rock Point. Minor | ECCS to prevent overstressing of containment 8LE-6/ry.
contributor at other
plants. High redundancy and diversity in coolant injection systems Contribution (o total plant CDF
ranges from 5% to 80%.
ISLOCAs
Not important for Harsh environments induced by the ISLOCA ISLOCA CDFs range from
BWR 1/2/3 group 4E-10/ry 10 1E-T/ry. Average
Compartmentalization and separation of equipment CDF is 6E-8/ry
Contribution to total plant CDF
ranges from neghgible to less than
5%
Internal flood accidents
Relatively Plant layout: separation of mitigating system components Internal flood CDFs range from Tl
unimportant at most | and compartmentalization negligibie to 3E-7/ry. Average
BWR 1/2/3 plants CDF is 8E-8/ry
Contribution to total plant CDF
ranges from negligible to 5%

11.2.1.2 SBO Accident Sequences

SBO accidents involve an initial LOSP followed by failure of the emergency on-site AC power sources (e.g., the
emergency diesel generators (EDGs)). The failure of the AC power sources results in failure of multiple systems,
leaving only the isolation condensers and, at some plants, steam-driven HPCI and/or diese! driven firewater sy stems
available for mitigating this type of accident. The ability of the isolation condensers to mitigate an SBO accident
(or any other transient) is defeated by the occurrence of an SORV (a dominant SBO scenario for this group) or by
any loss of primary reactor coolant including pump seal LOCAs

SBO is an important accident class for this plant group and is the dominant accident class for three plants. The
variability of SBO accident class contributions for the BWR 1/2/3 plants primarily is a result of plant design features
such as the availability of a HPCI system, the turbine bypass capacity, the ability to cross-tie to buses at sister units,
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DC bus loading, and the ability to inject coolant into the vessel using a diesel firewater pump. For example, the
availability of a HPCI system helps reduce the impact of SORVs during short-term SBO sequences. Modeling
assumptions and differences in data also contribute, to some extent, to the variability in the results.

Differences in AC power source availability contribute to the variability in the SBO-related CDFs for the BWR
1/2/3 group. SBO sequences involve the failure of on-site AC power sources (primarily diesel generators but also
can include gas turbine generators) in addition to an LOSP. The dominant failure modes of diesel generators
identified in the submittals include failure to start or run, test and maintenance outages, and common cause failure.
Some of the licensees also identify support system faults such as loss of diesel generator room cooling or pump
failures in the cooling water systems cooling the diesels or diesel rooms that contribute to diesel generator
unavailability. All of the plants have two emergency on-site AC power sources with half of the plants configured
with two diesel generators. Millstone | only has one diesel generator but also has an air-cooled gas turbine
generator. This diversity in emergency power sources removes the potential for common cause failures. However,
since the gas-turbine generator is more unreliable than the plants diesel generator, and both have relatively high
maintenance unavailabilities, the emergency power configuration at Millstone | is an important reason for the higher
CDF calculated for this plant.

Dresden 2&3 each have only one diesel generator and share a swing diesel. Failure of all three diesel generators
must occur to result in a dual-unit SBO but failure of only two diesel generators (the diesel dedicated to the unit and
the swing dieszl) will result in a single unit SBO if off-site power is lost for only that unit. Also of importance for
Dresden 2&3, is the fact that credit is given for cross-tieing unit buses during a single-unit LOSP. The modeling
of the bus cross-tie during single-unit SBO sequences helps result in SBO-related CDFs less than most of the single
unit plants in the group Since the frequency of a dual-unit LOSP at Dresden 2&3 is also less than the LOSP
frequencies used by the other plants in the group, the contribution from dual unit SBOs is also less than the SBO-
related CDFs at most of the other plants.

SBO is not important in the Big Rock Point submittal because of a number of factors. The site has two separate
incoming transmission lines that can supply required loads. Big Rock Point has a 100% turbine bypass capacity that
allows the plant to withstand an LOSP by opening the turbine bypass valves and continuing to turn the turbine,
producing enough power to provide the house loads, including systems required for power operations. Thus, Big
Rock Point can withstand a total LOSP and continue operating without a reactor scram or turbine trip. Even if the
load rejection was unsuccessful and a reactor trip occurred, the large isolation condenser capacity provides up to 6
hours of cooling before makeup is required (provided by diesel fire water pump during a SBO). The other plants
in the group require that makeup be provided to the isolation condenser secondaries in approximately 20 o 30
minutes.

Loss of vessel inventory contributes significantly to the SBO contribution at some of the plants in this BWR 1/2/3
group. SBO sequences resulting in core damage in this BWR plant group must involve failure of the isolation
condensers and coolant injection systems that are not dependent on AC power (e.g., a steam-driven HPCI system
or a diesel-driven firewater train) Specific isolation condenser faults are noted in at least two of the submittals. such
as condenser valve failures to open, failures of the makeup supply water to the condenser, failures in the condenser
control logic (i.e., miscalibration of the vessel pressure switch used for condenser actuation). and operator failure
to operate the condenser and its makeup supply particularly without DC power. As mentioned, some submittals
specifically identify a SORV as a contributing factor to shortening the time to core damage by making the isolation
condenser ineffective. Safety relief valve (SRV) operation will generally occur before isolation condenser actuation
(except for Big Rock Point as discussed below) and thus provides an opportunity for a SORV to occur that requires
coolant injection to maintain the vessel inventory. Most plants in this group do not have coolant injection systems
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that are independent of AC power and that can be used in such a scenario. Thus, short-term SBO sequences
involving SORVs are important contributors except at those plants that have a steam-driven HPC1 system
(Dresden 2&3) or credit low-pressure injection (LP1) early from a diesel-driven firewater pump (Nine Mile Point
1) for mitigating the SORV. One licensee (Millstone 1) models an operator action to initiate the isolation condenser
before a SRV demand will occur, and thus, preclude an SORV. The dominant SBO sequences for Millstone |
include failure of this operator action which is assigned a failure probability of € .. Modeling of this human error
effectively results in lower SORV sequence frequencies compared to plants that do not include it in their model.
Because of the unique design of the Big Rock Point plant, SRV actuation will not occur for several hours during
a SBO, thus, allowing sufficient time for isolation condenser alignment before the potential for a SORV would occur.
Therefore, SORVs are not contributors to the SBO CDF at Big Rock Point.

Only one submittal (Nine Mile Point 1) explicitly models a recirculation pump seal failure following loss of pump
seal cooling during a SBO. As in the case of SORVs, pump seal LOCAs require vessel makeup, and thus, render
an isolation condenser ineffective as the sole mitigating system in these scenarios. Some of the other licensees
address and dismiss pump seal failure during a SBO as resulting in a significant loss of vessel inventory. For
example, the Millstone | submittal states that the inventory lost from a maximum seal LOCA in both recirculation
pumps will result in core uncovery at approximately 12 hours which is comparable to the battery depletion time.
Since the battery depletion will fail the isolation condenser at essentially the same time as the seal LOCA, and also
will prevent depressurizing the vessel for firewater injection, it is concluded that the pump seal LOCA does not affect
the outcome of SBO sequences at Millstone 1. It should be noted that Nine Mile Point | has five recirculation
pumps compared to two at Millstone 1, and thus. the impact of seal failure is expected to be more significant for
Nine Mile Point 1. However, the Oyster Creek submittal which also has five recirculation pumps assumes that the
amount of coolant lost through the seals is insignificant and does not contribute to core damage. Similarly, the
Dresden 2& 3 submittal assumes that cooling from the isolation condenser will result in minimal leakage that does
not impact continued cooling by the isolation condenser. No discussion of recirculation pump seal LOCAs can be
found in the other submittals. Finally, it should be noted that the contribution from pump seal LOCAs during a SBO
is found to be minimal in the Nine Mile Point | submittal.

The Oyster Creek licensee is the only submittal to identify a scenario that involves loss of vessel inventory during
a SBO through a scram discharge volume that failed to isolate. However, the contribution from this scenario is
negligible compared to SORV scenarios. Some other licensees also discuss and dismiss this scenario, and yet others
do not address it.

Loss of DC power is important at several plants in this group. DC power failures (typically battery failures) are
important contributors to SBO at several plants. Immediate failures of DC power are typically found to contribute
to the loss of injection from the HPCI system (at Dresden 2&3 only), loss of the isolation condenser or its makeup
supply, or the inability to operate SRVs (and hence, keep the reactor depressurized for low-pressure firewater
injection). The most significant short-term DC failure is identified in the Oyster Creek submittal. A large portion
of the SBO contribution (approximately 25% of the total plant CDF) reported in the Oyster Creek submittal involves
a transient initiator with independent failure of both emergency batteries on demand (common cause failure of the
batteries was not modeled). Any plant trip at Oyster Creek concurrently involves transfer of AC power from the
auxiliary transformers to the startup transformers, requiring DC power to perform the transfer. Hence, any initiator
followed by failure of these DC batteries results in a loss of normal AC power with a subsequent loss of the main
condenser and aligning the isolation condenser for operation (Oyster Creek does not have a HPCI system). The
diesel generators can start and be connected to the 4160V bus without these DC buses since control power is
provided by the associated diesel generator batteries. However, without DC power, the emergency loads can not be
connected to the diesel generators. The vessel also can not be depressurized for firewater injection without DC
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power, and core damage occurs. The Millstone submittal identified similar sequences with lower frequencies
(approximately a factor of § lower) apparently caused by data differences.

All of the p'ants have similar long-term SBO contributors involving battery depletion. Battery depletion times
typically vary between 2 hours and 12 hours, depending on the estimated capability of the plant’s batteries and
whether or not DC bus load shedding is successfully performed by the plant staft. Battery depletion results in loss
of the isolation condensers because of closure of secondary side makeup valves, and it also fails LLPCI from diesel-
driven firewater systems (credited in all of the submittals for long-term sequences) since DC power is required by
the SRVs used to depressurize the plant.

11.2.1.3 ATWS Accident Sequences

ATWS sequences involve a failure to shutdown the nuclear chain reaction in the reactor by the insertion of control
rods. If the control rods fail to insert, the power level remains much higher than that from decay heat loads. If the
power conversion system (PCS) is lost, then most of the power is dumped into the containment (i.e., the suppression
pool for all plants except Big Rock Point) which then overheats possibly leading to containment failure. Mitigation
of ATWS scenarios involves injection of boron into the core using the SLC system to shutdown the chain reaction
and several operator actions to control vessel level and pressure.

ATWS sequences are not dominant contributors to the CDF for this plant group. Sequences involving failure to
initiate SLC injection, failure to inhibit the ADS, failure to control vesse! level, and failure to trip the recir.ulation
pumps are the most important ATWS sequences. Plant characteristics such as the turbine bypass capac’ty impact
the modeling of certain ATWS mitigating features such as vessel level control and recirculation pump trip (RPT)
Human errors are also identified as impacting the CDF in ali of the submittals with a significant variability in the
assigned values.

In general, dominant contributors to ATWS CDF Sor the BWR 1/2/3 group involve transient initiators with Jailure
to initiate SLC. The dominant contributors to the ATWS accident class among the BWR 1/2/3 isolation condenser
designs are quite similar for all of the plants in this group, except for Dresden 2&3. The dominant ATWS sequences
for these plants involve transient initiators with failure to initiate SLC. The Oyster Creek and Nine Mile Point |
submittals also identify sequences involving failure to inhibit ADS and control vessel ievel (results in boron flushing)
as important sequences. The important contributors to these sequences tend to be human errors involving failure to
initiate SLC in a timely manner, failure to maintain the MSIVs open, failure of proper water level control including
lowering level and avoiding low-pressure system injection, and failure of proper pressure control such as inhibiting
ADS. Variability in these human error probabilities results in some variability in the individual ATWS sequence
frequencies. The Millstone | submittal also identifies SLC hardware faults as important, such as failure of the
explosive valves to operate (independently or common cause).

The Dresden 2&3 submittal is different in its findings in that failure to trip the recirculation pumps is identified as
a significant contributor. Failure to trip the recirculation pumps results in vessel pressure above the relief capacity
of the SRVs leading to a breach in the primary system, followed by eventuai containment failure and subsequent
failure of injection. The dominant sequences involve an ATWS with the main condenser unavailable in which the
automatic RPT signal fails. No credit is given for a manual RPT as insufficient time is assumed to be available to
trip the pumps before the vessel overpressurizes and fails. Other licensees credit manual tripping of the pumps
The contribution from RPT failure is not as significant for Millstone 1 since it has a 100% turbine bypass capacity
and only requires an RPT if the main condenser is not available.
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Big Rock Point also has a 100% turbine bypass capacity that will prevent a high reactor pressure signal from
inttiating an automatic RPT. However, if the recirculation pumps are not tripped manually (this action was not
credited in the submittal), a vessel level swell causes a rejection of condensate to the CST that in tum causes a
feedwater pump trip. Without feedwater, the vessel level drops within minutes potentially resulting in vessel
depressurization if ADS is not inhibited. Thus the large turbine bypass capacity at Big Rock Point does not impact
the ATWS results.

Big Rock Point has a fast-acting liquid poison injection system that utilizes nitrogen pressure for injection, rather
than pumps. Shutdown occurs within one minute under natural circulation core flows. [nitiation of the liquid poison
system in a timely manner permits reactor shutdown before vesse! depressurization and restoration of vessel level
with high-pressure systems (feedwater or the CRD system which has a high capacity at this plant). Even with this
unique liquid poison system and a 100% turbine bypass capacity, the ATWS-related CDF for this plant is the highest
in the BWR 1/2/3 group. The ATWS contribution is dominated by sequences involving loss of the condenser and
feedwater and failure to initiate SLC. The vessel level decreases in these scenarios and LPI must be provided. The
power level with LPI is above the isolation condenser capacity, and thus, decay heat is transmitted to the
containment. Operating procedures dictate that the operator must secure injection during an ATWS when the
containment pressure reaches 10 psig. This results in core damage.

11.2.1.4 Transient Accident Sequences

For all of the plants in the BWR 1/2/3 group, with the exception of Big Rock Point, this class of accident involves
wransients with loss of all coolant injection systems only. Transients involving loss of DHR and subsequent loss of
injection systems are included in the DHR accident class. Because of the unique design of Big Rock Point which
is similar to that of PWRs, the contributions to these two transient categories can not be differentiated and are
discussed below. Loss of injection sequences for the BWR 1/2/3 group of plants involve failure of the isolation
condensers and all available coolant injection systems.

Transient sequences are relatively minor contributors to the CDF for BWR 1/2/3s contributing between 5% to 20%
of the total CDF. The dominant contributors in the transient accident class are quite similar for all of the plants in
this group, primarily because of the fact that the plants in the group all have motor-driven feedwater pumps. Thus,
the dominant sequences tend to involve accident initiators that fail feedwater such as loss of feedwater itself or
support system initiating events (¢.g., 10ss of AC or DC power, instrument air, or cooling water systems). Whether
the dominant transient sequences involve loss of injection with the vessel at high-pressure or low-pressure is
dependent somewhat on the injection systems available at each plant and which of these systems fail upon the loss
of a particular support system.

Transients with loss of injection generally involve support system initiating events. The dominant transient
sequences identified in the Dresden 2&3, Millstone 1. and Nine Mile Point | submittals are sequences involving
support system initiating events that fail some or all of the available coolant injection systems. Millstone | and Nine
Mile Point | both have feedwater coolant injection (FWCI) alignments with the feedwater pumps powered off
emergency buses and a CS system. Millstone 1 also has a LPCI system and the Nine Mile Point | submittal takes
credit for LP] from both the condensate and raw water systems. Because of these additional LPISs and the limited
HPCI capability at these two plants, the dominant transient sequences for these two plants involve loss of HPCI
coupled with failure to depressurize the vessel for LPC1. The dominant transient sequence in the Nine Mile Point
| submittal involves a loss of instrument air initiator that results in the loss of the main condenser through closure
of the MSIVs and requires the operator to take manual control of fecdwater. The operator fails to control feedwater
and the vessel water level rises to the isolation condenser steam line resulting in isolation condenser isolation. The
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CRD is not credited for coolant injection (unless the isolation condenser functions for | hour) and the operator fails
to depressurize the vessel for low-pressure system injection. It is not clear from the other submittals for this plant

group if failure to contrul the vessel water level is considered a failure mode of the isolation condenser as it is in
the Nine Mile Point | submittal.

In the Millstone | submittal, dominate failure contributors include load rejections with loss of normal power and
LOSP initiators with the failure to recover feedwater, failure to provide makeup to the isolation condenser (diese!
fire pump failure and failure to align the city water supply for makeup), and operator failure to depressurize the
vessel. The submittal also identified similar contributors involving failure of the isolation condenser to actuate
because of pressure sensor miscalibration

Dresden 2& 3 are the only plants in the BWR 1/2/3 group that have an isolation condenser and feedwater, HPCI, CS,
and LPCI systems capable of coolant injection. As a result, the dominant transient sequences identified in the IPE
involve initiators that fail many of these systems. For these plants, the dominant sequence involves an LOSP that
fails feedwater (i.¢., the isolation condenser operates but the operator fails to provide makeup) HPCI fails because
of pump problems, and the operator fails to depressurize the vessel for LPl. Another dominant sequence involves
a loss of DC power as an initiator, which apparently results in loss of feedwater, the isolation condenser, HPCI, and
loss of one emergency AC division. The vessel is depressurized, but the other emergency AC division fails resulting
in loss of CS and LPCI.

At Oyster Creek, the transient accident class is dominated by transient-induced LOCAs. The dominant transient
sequences identified in the Oyster Creek submittal are all sequences involving initiators that fail feedwater and
generally involve a SORV. With the SORV, CRD can not provide sufficient makeup to maintain the reactor vessel
level nor can the isolation condenser be successfully utilized for mitigation. Since Oyster Creek does not have a
HPCI system, the vessel must be depressurized for LPI. However. the only available LPI system, CS fails
(condensate is failed by the initiator and Oyster Creek does not have a LPCI system) resulting in core damage. No
other licensee identifies SORV sequences as being as sigaificant most likely because of the availability of additional
injection systems at those plants capable of mitigating this type of scenario.

The Oyster Creek submittal also identifies a unique set of sequences involving a loss of feedwater initiator and a
failure of a scram discharge volume to isolate that results in loss of vessel inventory and a flood in the reactor
building that fails one train of CS. The vessel must be depressurized to makeup the lost inventory and either the
operator fails to depressurize the vessel or the other train of CS fails resulting in core damage. The other BWR
submittals do not consider failure of a scram discharge volume to isolate.

Big Rock Point reports the highest transient-related CDF out of the BWR 1/2/3 group. The low-power output at
Big Rock Point results in unique responses fo transient sequences. For example, the actuation pressure setpoint for
the isolation condenser is below the SRV setpoint. Thus, if the isolation condenser functions, there is no demand
for SRVs and no potential for SORVs (SORVs can only occur with either immediate failure of the i1solation
condenser or failure to provide isolation condenser makeup). For transient sequences, feedwater, CRD. and the
isolation condenser must fail before a demand for LP! occurs A single CRD pump is sufficient to makeup for decay
heat losses immediately following a reactor scram at Big Rock Point (two pumps in the enhanced flow mode are
generally required at other plants immediately follow Ing a reactor scram). However, CRD is assumed failed for
sequences in which the SRVs cycle since the CRD pumps are located inside containment and may fail in the resulting
steam environment (Big Rock Point does not have a suppression pool). Because of these unique plant designs and
characteristics, boil-off of vessel water to the ADS setpoint requires two or more hours even if the HPCI and
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isolation condenser systems immediately fail. 1f the isolation condenser tunctions, but secondary makeup fails, then
boil-off to the ADS setpoint will take over eight hours.

The dominant transient sequences at Big Rock Point involve a loss of an instrument air initiator which fails the main
condenser. the normal makeup to the emergency condenser (makeup must be provided by the firewater system in
these scenarios), and the makeup to the condenser hotwell (required for long-term injection using the feedwater
system). Pessimistically, ignored in the analysis, however, is the additional use of an alternate shutdown portable
pump that can be used to maintain either the emergency condenser inventory or provide makeup to the hotwell. The
dominant sequences also involve failure of high-pressure injection (HP1), in addition to the isolation condensers, and
either successful vesse! depressurization and failure of LPISs or failure to depressurize the vessel. Recirculation of
the low-pressure coolant is not modeled for transients since the amount of coolant added to the containment sump
is limited to that required to match decay heat levels.

11.2.1.5 DHR Accident Sequences

Transient sequences with loss of DHR involve accidents where coolant injection succeeds but containment heat
removal fai's . this situation, the suppression pool in BWR 2/3s heats up, leading to containment pressurization
and f+.rure, if venting, is not initiated in time. Coolant injection will also fail because of either high suppression
pool temperatures, leading to loss of adequate NPSH for emergency coolant pumps, or adverse environments created
in the containment or reactor building following containment venting or failure. As indicated above, the Big Rock
Point submittal does not report any contributions to CDF from transients with loss of DHR. Decay heat is removed
at Big Rock Point through either the main condenser or the emergency condensers. If both of these systems are lost,
coolant makeup is required and DHR occurs by recirculating coolant in the sump through heat exchangers. However,
for transients. the amount of coolant and heat added to the containment is minimal and recirculation is assumed not
to be required.

Loss of DHR sequences are the dominant sequences reported in the Dresden 2&3 submittal. The other plants in this
group reported small contributions from this accident class. The variability in the results is primarily due to the
variable credit given for DHR systems. The dominant sequences in this accident class involve support system failures
which fail one or more DHR systems.

Transients with loss of DHR are the dominant accident class reported in the Dresden 2& 3 submittal because of
the limited credit given for DHR systems. The DHR systems modeled in the Dresden 2&3 submittal are the
isolation condensers and the SPC alignment of the LPCI system. The LPCI system can also be aligned for torus and
drywell sprays but these alignments are not credited for prevention of core damage in the analysis (but are credited
after core damage to prevent containment failure). The main condenser is not credited as a DHR system because
many unspecified events will result in its unavailability. Dresden 2&3 also have a separate shutdown cooling system
that also is not credited in the submittal since it is believed not to be a major DHR system during upset conditions.
Containment venting is not credited for preventing core damage since it is not initiated until after adequate pump
NPSH is lost resulting in the loss of available coolant injection systems. As a result, loss of DHR sequences are the
dominant contributors to core damage in the Dresden 2&3 submittal The two dominant DHR sequences involve
a loss of a DC power initiator that fails feedwater and the main condenser, fails one division of AC power (and thus,
one division of SPC and CS), and fails the isolation condenser. Additional valve failures in the other SPC division
result in a complete loss of DHR. The available injection systems all take suction from the suppression pool and
fail because of a loss of adequate pump NPSH when the suppression pool temperature increases. Loss of reactor
water makeup leads to core uncovery and core damage.
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Taking credit for multiple DHR systems results in lower DHR CDF contributions at other plants in the BWR 1/2/3
group. The other three plants in the BWR 1/2/3 group all take credit for additional DHR capabilities including
containment venting, shutdown cooling, and torus or drywell sprays. As a result, the DHR contribution from these
plants is significantly lower than for Dresden 2& 3 and is dominated by initiators or conditions that fail multiple DHR
systems. The dominant DHR sequence identified in the Oyster Creek submittal involves a loss of feedwater initiator
with an SORV. The SORV transfers heat to the suppression pool, and thus, eliminates the use of the isolation
condenser and shutdown cooling systems as heat removal systems. The operator fails to initiate the containment
spray system and fails to vent the containment. Injection fails upon failure of the containment. SORV sequences
are also identified as being important in the Millstone | submittal. One sequence involves an LOSP initiator with
failure of the gas turbine generator that fails one division of power and DiHR. Additional bus failures result in the
loss of all other DHR trains. Another sequence involves a loss of SW initiator with an SORV. Without SW the
containment spray system can not cool the containment. Cooling by the shutdown cooling system is failed when
the emergency SW system and venting fail when it is not initiated by the operator. A similar loss of SW sequence,
not involving an SORV, is also identified in the Millstone | submittal. In this sequence, the isolation condenser fails
to initiate because of vessel pressure sensor miscalibration.

In the Nine Mile Point | submittal, the dominant DHR sequence also involves a complete loss of cooling water
systems through failure of the lake intake structure that feeds the various systems. This failure also results in loss
of makeup to the isolation condenser since the firewater system also draws from this intake structure. A loss of
instrument air initiator also results in a significant DHR contribution as it causes an MSIV closure and a subsequent
high vessel level that isolates the isolation condenser. Instrument air is also required to align torus cooling, shutdown
cooling, and venting. Finally, LOSP DHR sequences (no details are provided) are also important in the Nine Mile
Point | submittal.

11.2.1.6 LOCA Accident Sequences

LOCAs nvolve primary coolant system pipe breaks of various sizes and locations that require emergency coolant
injection with systems such as HPC| (Dresden 2&3 only), feedwater, CS, LPCI, or alternate cooling systems such
as the raw water and firewater systems at Nine Mile Point | Also included in the LOCA accident class are
inadvertent open relief valve (IORV), transients that result in plant behavior similar to a small LOCA. Excluded
from the LOCA accident class are ISLOCAs, vesse! ruptures, and transient initiators with subsequent SORVs
(included in the transients with loss of injection and loss of DHR accident classes).

With the exception of Big Rock Point, LOCAs are not important contributors to the CDF for this class of BWRs.
LOCAs are important at Big Rock Point because of the unique design of the CS system and a pessirmistic modeling
assumption resulting in termination of coolant injection and subsequent core damage. The variation in LOCA
contributions from the other plants in this group is primarily a result of differences in available coolant injection and
DHR systems. Support system failures, plant-specific features. and modeling assumptions all helped determine what
the dominant LOCA contributors are for the plants in this group.

LOCAs are the dominant contributors to core damage at Big Rock Point. In the Big Rock Point submittal, LOCAs
are the dominant accident class contributing 80% of the CDF. Following the initiation of a LOCA at Big Rock
Point, coolant is injected during the injection phase with either CS or feedwater (successful for only small breaks)
and must eventually be switched to the recirculation phase. However, following failure of the recirculation phase,
procedures require continued injection from outside the containment until the containment water level reaches a
prescribed level (an unlimited supply is available since the source of injection water is Lake Michigan). At this time,
injection is terminated to prevent over-stressing the containment shell. A gradual depletion of water in the reactor
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oceurs after termination of injection resulting in core uncovery and fuel damage. The time at which core damage
occurs can be several days after initiation of the LOCA allowing for restoration of the recirculation system (located

outside of containment). However, recirculation system repair activities are pessimistically ignored in the submittal
analysis.

Significant contributions fram LOCAs involving loss of injection systems are also reported by the Big Rock Point
licensee. The calculated CDFs appear to be significantly higher than at the other plants. A major factor for this is
the design of the CS system which has two valves in cach train that must open for successful operation (other plants
generally only have one valve that must open). In addition, plant-specific operating experience yield an important
contribution from failure of the ADS valves to open during small break LOCAs following loss of HPI systems.

For the majority of BWR 1/2/3s, failure of DHR is @ dominant contributor to LOCA sequences. Several of the
BWR 172/3 plant submittals identify LOCA sequences with failure to remove decay heat as being important
contributors to this class of accident. These types of sequences are particularly important in the Dresden 2&3
submittal. because of the limited DHR capability that is modeled, and partially account for the higher LOCA
contributions reported in the submittal. The Oyster Creek licensee identifies a small LOCA initiator with loss of a
DC bus as an important LOCA contributor. The loss of the DC bus fails one division of AC power (and thus. one
division of containment spray), feedwater, and venting Hardware failures in the other containment spray division
result in failure of the remaining DHR capability (the isolation condenser and shutdown cooling system are
ineffective for a LOCA). Containment failure results in the loss of injection from CS and subsequent core damage.
The Millstone 1 licensee also identifies a small LOCA sequence as being important within the LOCA accident class.
In this sequence, a common cause failure of emergency SW results in the loss of containment spray, and the operator
fails to vent the containment leading to containment failure and loss of available injection systems. The Dresden
2& 3 licensees identify several medium LOCA sequences involving either failure of the operator to initiate SPC or
failure of the SPC because of plugging or common cause valve failures. Vessel injection by the CS or LPCl systems
is lost as a result of the loss of adequate NPSH (feedwater and condensate can not mitigate a medium LOCA). An
IORV initiator is also identified as resulting in an important LOCA sequence at Dresden 2&3. In this sequence,
feedwater is lost upon a high level trip when the operator fails to control flow. The isolation condenser can not be
used to mitigate an IORV initiator and the operator also fails to initiate SPC.

Other important contributors to LOCA sequences involve loss of coolant injection. The BWR 1/2/3 plant submittals
also identify LOCA sequences involving loss of injection as important contributors. The Oyster Creek submittal
dominant LOCA sequence involves a large LOCA with {ailure of both divisions of CS. The Oyster Creek licensee
also identifies a uniqgue LOCA sequence involving overpressurization of the reactor water cleanup (RWCU) with
relief to the reactor building emergency drain tank. The drain tank overfilis releasing water into the reactor building
and fleoding one division of CS. The other CS division fails resulting in core damage (feedwater can not mitigate
this LOCA since it is effectively a large break LOCA).

The Millstone | licensee identifies several small LOCA and IORV sequencesin which electrical bus failures or relay
fatlures that result in loss of power occur providing a common failure mechanism for all available injection systems
(e.g., feedwater coolant injection, CS, and LPCI). The Millstone | licensee also identifies a small LOCA sequence
with a failure of vapor suppression as an important LOCA contributor.

Both the Nine Mile Point 1 and Dresden 2&3 licensees identify medium LOCAs with failure of injection as
important LOCA contributors. For Nine Mile Point 1, operation of a turbine-driven feedwater pump depressurizes
the vessel along with LOCA but is not capable of maintaining the vessel level The low reactor vessel pressure
permissives required to open the CS valves fail, and there is insufficient time to align the raw water system for
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injection. For Dresden 2& 3, the feedwater pumps are all motor-driven and can not provide sufficient injection or
help depressurize the plant. The HPCI system has sufficient capacity to initially cool the core and also depressurize
the plant but it fails. The operator must manually depressurize the vessel for LPI but fails to do so in the important
sequences.

11.2.1.7 Internal Flood Accident Sequences

Internal flooding events involve rupture of water lines or other components or operator errors that result in a release
of water that can directly result in the failure of required mitigating systems (e.g., through loss of cooling) and/or
fail other mitigating systems because of submergence or spraying of required components with water. Excluded from
this category is any failure in a system that interfaces with the reactor coolant system. The contribution from those
types of failures are included in the ISLOCA accident class.

Internal flooding accidents are not identified as important contributors to core damage by any of the submittals in
this group. In fact, only three of the six BWR 1/2/3 licensees report any CDF values for internal flood induced core
damage acciderts. None of these licensees find internal flood scenarios that lead directly to core damage. All
require additional failures, unrelated to the flooding event, to proceed to core damage.

Internal flooding cvents are minor contributors to the BWR 1/2/3 group. The Millstone | licensee utilizes the
internal flooding analysis reported in the Milistone | probabilistic risk assessment (PRA) performed in 1986-1987
and submitted to the NRC. The flooding analysis considers submergence and spray effects, loss of the system in
which the flood originates, and propagation of flood water from one area to another. The dominant flooding events
identified consist of internal floods originating from failures in the fire protection system or fuel poo! cooling system
leading to a reactor transient with no flood induced failures. The dominant sequence involves failure of feedwater.
isolation of the condenser as a result of auto-actuation or makeup failures, and failure of the operator to provide
makeup to the core. Internal flooding events that also result in loss of safe shutdown equipment are less significant
and generally involve flood sources that flooded the LPCI/CS pump rooms.

The Oyster Creek flooding analysis considers submergence and spray effects, flood propagation, and the availability
of drains. The dominant flood scenario identified in the Oyster Creek submittal consists of a feedwater line break
in the turbine building failing both condensate and feedwater. Following the break, two emergency relief valves fail
to reclose, followed by failure of both trains of CS to inject for core cooling. Note that the submittal does not
identify any other failures the feedwater line break (e.g., flood) has on other plant systems, other than feedwater and
condensate. Other internal flooding scenarios identified in the Oyster Creek submittal involve a SW failure in the
reactor building (fails the core and containment spray systems) coincident with an LOSP and an SORV., and a
circulating water failure in the turbine building (fails instrument air, condensate, and feedwater) coincident with a
SORV and fatlure of CS.

The Big Rock Point submittal identifies only one flooding location of any significance. The screenhouse contains
support systems for the operation of the main condenser, feedwater, makeup to the emergency condenser, a1d CS.
However, sufficient systems remain available to prevent a loss of reactor inventory or failure of DHR failure e .2n
if all equipment in the screenhouse is lost from the flood. The domestic water system can be used to supply makeup
to the isolation condenser and cool the air compressors (air is required for isolation condenser makeup).
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11.2.1.8 ISLOCA Accident Sequences

An ISLOCA occurs when valves that normally isolate the reactor coolant system from low-pressure systems
(e.g., CS) fail, resulting in backflow from the reactor coolant system through the low-pressure piping. If the low-
pressure piping or other components (e g., seals, relief valves, or flanges) can not withstand the resulting
pressurization, then a LOCA results. If the breach occurs in a portion of the piping that is outsiae containment, then
a LOCA that bypasses containment results, with effluent from the LOCA being discharged into the reactor or
auxiliary building. The adverse environments created in these buildings can fail required mitigating systems.
Furthermore, the loss of coolant from the containment can require coolant injection from external sources.

ISLOCASs are minor contributors to the BWR 1/2/3 group. None of the BWRs in this group report a significant
contribution from ISLOCAs. These scenarios are typically low frequency events, because they involve multiple valve
failures (typically check valves and motor-operated valves in series) foliowed by piping or other component failures
resulting from overpressurization and subsequent failure of available mitigating systems. However, ISLOCAs can
be important to risk because the containment bypass leads to larger fission product releases.

Variation in the ISLOCA contributions appear to be caused by a combination of plant design and modeling
assumptions  Specifically, the impact of harsh environments in the reactor building created by the ISLOCA that
induce failure of mitigating svstems appears to be important. Modeling of this impact is somewhat variable and is
affected by the separation of systems and the degree of compartmentalization in the plant. The highest reported
CDFs generally occur for licensees which explicitly stated that they modeled harsh environment impacts. Additional
insights could not be identified because of the generally poor documentation of this accident class in the IPE
submittals.

11.2.2 CDF Perspectives for BWR 3/4 Reactors

Twenty one units (15 IPE submittals) make up the BWR 3/4 plant group with RCIC systems. A list of the plants
in this plant group is provided in Table 11.7. All of the units are housed in Mark | containments, except for
Limerick 1&2 and Susquehanna 1&2, which are in Mark Il containments,

Table 11.7 Plants (per IPE submittal) in BWR 3/4 group.

Browns Ferry 2 Brunswick 1&2

Cooper

Duane Amold Fermi 2 Fitzpatrick
Hateh 1&2 Hope Creek Limerick 1&2
Monticello Peach Bottom 2&3 Pilgrim |

Quad Cities 1&2 Susquehanna 182 Vermont Yankee

11.2.2.1 Summary of Results and Perspectives for BWR 3/4 Reactors

The total CDFs for the plants in the BWR 3/4 group are shown in Figure 11.2. With the exception of a few outliers,
the total plant CDFs for this group vary by an order of magnitude. The average CDF for the group is 2E-S/ry, with
the reported CDFs ranging from 9E-8/ry to 8E-S/ry . Figure 1.4 also shows the CDFs for each of the accident
classes considered in this study as calculated by all of the BWR 3/4 plants reviewed.
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Figure 11.4 BWR 3/4 accident ciass CDFs.

As indicated in Figure |14, the CDFs for each accident class also varied substantially. However, a review of the
accident class contributions indicates that multiple submittals in the BWR 3/4 group identify SBO, ATWS, transients
with loss of injection, and transients with loss of DHR as dominant contributors to core damage. In addition, several
licensees calculate significant contributions from internal flooding events and LOCAs. On average for the group,
the total plant CDFs are driven equally by SBO and transients with loss of HPI systems with failure to depressurize
the vessel for LPCI and (to a lesser extent) by loss of DHR sequences. This is not surprising since these are accident
classes or sequences where a relatively few number of systems must fail to result in core damage. Lesser
contributions occur, on average, from accident classes involving low frequency initiating events such as ATWS,
LOCAs, and internal flooding events. All of the licensees in the BWR 3/4 group calculate negligible contributions
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from ISLOCAs. Important design features, operator actions, and modeling assumptions impacting the results for this
plant group are iisted in Table 11.8.

Table 11.8 Summary of BWR 3/4 plant group CDF perspectives.

Accident Important design features, operator actions, and model
importance assumptions

Summary of results

SBO accidents

| Important for | Availability of AC-independent systems (¢.g.. HPCI system, SBO CDFs range from neghgible
| most BWRs diesel-driven firewater system, RCIC interface with suppression | to JE-S/ry. Average CDF is

in this plant pool) TE-6/ry

group

Battery life (shorter battery life typically results in higher CDF) | Contribution to total plant CDF
ranges from 0% to 90%

DC dependency for diesel gencrator startup
SW system design and HVAC dependency

AC power reliability (number of diesel generators, cross-tie
capability between buses and units, diverse ac power sources)

71 -ansients with less of injection accidents

Important for | Injection systems depende.cies on svisport systems defeating Transient CDFs range from
most redundancy 1E-8/ry to SE-S/ry. Average CDF
BWR 34 is TE-6/ry
plants Availability of alternate injection systems (e.g.. CRD, wotor-
driven feedwater pumps, service cross-tie to RHR, fire water Contribution to total plant CDF
system) ranges from less than 5% to 85%

Failure to depressurize influenced by operator direction to inhibit

the ADS
Transients with loss of DHR accidents
[
Important for | Availability of injection system located outside containment and | DHR CDFs range from negligible
many plants reactor building and ability to operate following containment 1o 9E-6/ry. Average CDF is
in this BWR failure 2E-6/ry.
plamt group
Loss of NPSH for ECCS pumps when suppression pool Contribution to total plant CDF
temperatures increase ranges from (% to 30%

Limited analysis to support success criteria - no credit for DHR
system (e g, venting)

Deper dency of DHR systems on support systems

ATWS accidents

Significant Operator failure to imtiate SLC in timely manner, maintain ATWS CDFs range from IE-8/ry
contributors MSIVs open, control vessel level, and/or maintain pressure to 4E-6/ry.  Average CDF is
for a few control 1E-&/ry
BWR 3/4s
Use of alternate means of injecting boron Contribution to wuai ant CDF

ranges from less than 5% to 80%
Turbine bypass capacity
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Table 11.8 Summary of BWR 3/4 plant group CDF perspectives.

| Accident Important design features, operator actions, and model
‘ Summary of resuits
importance assumptions

LOCAs

i Not important | High redundancy and diversity in coolant injection systems LOCA CDFs range from 8E-10/ry

for BWR 3/4s to 8E-6/ry. Average CDF is
Depressurization requirement for LPCI during medium LOCAs 1E-6/ry

Contribution to total plamt COF
ranges from less than 5% to 20%.

ISLOCAs
Not important | Compartmentalization and separation of equipment ISLOCA CDFs range from
for BWR 3/4s negligible to 2E-7/ry. Average
Harsh environments induced by ISLOCA CDF is 2E-8/ry.
Contribution to total plant CDF is
J neghgible. ‘
Internal flood accidents ]
Relatively Plant layout: separation of mitigating system components and Internal flood CDFs range from
unimportant compartmentalization negligible to 7E-6/ry. Average
at most CDF s 8E-7/ry
BWR 3/4s
Contribution to total plant CDF
ranges from 0% to 25%

11.2.2.2 SBO Accident Sequences

SBO sequences involve an LOSP, followed by a loss of all on-site AC power provided by EDGs, and in some cases,
by gas turbine generators. Only steam-driven systems such HPCl and RCIC and diesel-driven firewater trains are
available for coolant injection during an SBO. However, operation of these systems is imited because of the loss
of support systems such as HVAC and DC power. HVAC is lost immediately, while DC power will eventually fail
during an SBO unless some mitigating actions are performed

SBO is an important accident class for this plant group and is the dominant accident class for some plants. The
variability of SBO accident class contributions for the BWR 3/4 plants is primarily because of plant design
characteristics, such as the availability of more than one off-site AC power source, the number of diesel generators,
the battery depletion time, whether load shedding is modeled, and the ability to inject coolant from a diesel-driven
firewater pump. In general, having more diesel generators resulted in lower SBO-related CDF's, except where some
plant-specific feature (i.e, the cooling water system alignment at Hope Creek) or assumption defeated the
redundancy. !n addition, a lower SBO contribution is more certain to occur when more of these factors are credited
in the IPE. Modeling assumptions are also found to impact the SBO contribution. The most notable are the
treatment of common cause failure of the diesel generators and the failure of HPCI and RCIC, resulting from a loss
of pump room cooling or high suppression pool temperatures. Variation in component failure data, the LOSP
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frequency, and the LOSP recovery probabilities also contribute, to some degree, to the variation in the BWR 3/4 SBO
contributions.

Both short-term and long-term SBO sequences are important SBO contributors for BWR 3/4s. The important SBO
sequences for the BWR 3/4 plants include short-term and long-term sequences. Short-term SBO sequences result
in core damage within approximately | hour or less while long-term SBO sequences result in core damage at longer
periods ranging from 3 hours to greater than 15 hours. By definition, SBO sequences involve failure of diesel
generators, and thus, diesel faults and faults in their supporting equipment (particularly SW for cooling; but also DC
power and diesel output breakers), as well as failure to recover AC power are dominant contributors to the SBO-
related CDF. Generally, the higher the number of EDGs and other on-site AC power sources (¢.g., gas turbine
generators) at a plant, the lower the SBO contribution (see Table 11.9) However, the cooling water system
alignment required for diesel generator cooling can impact the SBO frequency. For example, Hope Creek has four
diese! generators but calculates the highest SBO CDF. This is because of the fact that the assumed cooling water
system success criteria results in failure of ali four diesel generators if two cooling water pumps fail or the two diesel
generators supplying power to these pumps fail. (Preliminary calculations performed by the utility have shown that,
with operator intervention, failure of four cooling water pumps is required to fail all four diesel generators).

Table 11.9 SBO characteristics for BWR 3/4 plants.

. Short-term Long-term
VORF [ o or | Boney | oocor| ®*Y]  eo SBO
. EDGs Sigheting (/ry) el frequency frequency
(ry) - time (hrs) CDF
(ry) (/ry)
— e - SRR S SS aaa |
Browns Ferry 2 0044 R 4 |E-05 25% > [E05¢ > 1E06* *Based on top 100 |
sequences,
comprising 55% of |
CDF
Brunswick 1&2 | 0074 2/unit 2 2E-03 60% | 2 2E-06° > 2E-06* *Based on top 4
sequences,
comprising approx
95% of COF
Cooper 0038 2 4 JE-05 35% | IE-0% 2E-03
Duane Amold 01 2 6-12 1E-06 28% | Unknown* > 6E-07* *Based on top §
sequences,
comprising only
45% of COF
Fermi 2 0012 4 lgas | 4 1E-07 <§% | > 6E-09* > 1E-Q7* *Based on top 100
turbine sequences
Fﬂ Fiuzpauick 0.05? 4 8 2E-06 90% | > 4E-07* > 1E-06° *Based on
sequences
comprising only
90% of CDF
Hatch ) 0.022 2 25 JE-06 15% | > 6E.07* > 2E-06* *Based on op 100
sequences,
comprising 60% of
CDF
Hateh 2 0022 2 38 JE-06 15% > 4E-07* 2 2E.06° *Based on top 100
sequences,
comprising §5% of
CDF
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Table 11.9 SBO characteristics for BWR 3/4 plants.

LOSP Battery Short-term Lo:;gvn
frequency depletion trt;nucncy Comments
/ t h
try) tme (hrs) {ry)
‘ Negligible JE-08
* Limerick 1&2 0039 d/unit L) iE-07 <5% | Neghgible 1E-07

Monticello 0079 2 4 1E-0% 45% | > |E-06* > IF-08* *Based on reported
sequences (<100%
of CDF)

Peach Bottom 0.059 4 8 SE-07 10% | Unknown* 2 3E07* *Based on
sequences
comprising 85% of
COF

Piigrim | 0142 3 8 without Neghgible | 0% Negligible Negligible

load
shedding,
1314
with load
shedding

Quad Cities 0032 (1). 1 enit, 8 6E-07 50% | 2E-08 6L-07 (1) single unu

1&2 0016 (2) 1 frequency. (2) dual

shared unit frequency

Susquehanna 00056 4 1 4E-11* <5% | Unknown Unknown * Adjusted to

1&2 shared yearly frequency

0.1 2 8 9E-07 20% | Unknown Unknown ]
|

Short-term SBO sequences resulting in core damage also must involve failure of the HPCI and RCIC systems. For
early core damage scenarios in the BWR <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>