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ABSTRACT

This report presents the results of an effort to identify and
rank reactor safety and risk issues identified from past
Probabilistic Risk Assessments (PRAs) and other safety
analyses. Because of the varied scope of these analyses, the
list of issues may be incomplete. Nevertheless, those studies
comprised ordered analyses to whatever their respective depths;
hence, they warranted scrutiny for whatever insights they could
reveal with respect to issue importance. The top ranked issues
in terms of their contribution to the uncertainty in risk are
described in some detail. All of these risk issues are
compared to the "generic safety issues" for completeness and
omissions.



CONTENTS

ABSTRACT
LIST OF FIGURES vi
LIST OF TABLES vii
PREFACE ix
1. INTRODUCTION 1
2. DISCUSSION OF TOP-RANKED ISSUES 4
2.1 Systems Issues q
2.2 Containment and Consequence Related Issues 16
3. SYSTEMS RELATED ISSUES 27
3.1 Overview of Tables in Appendix A 27
3.2 Discussion of Uncertainty Definitions 28
4 CONTAINMENT AND CONSEQUENCE-RELATED ISSUES 32
5. GENERIC SAFETY ISSUES AND TOP RISK ISSUES 38
6. DESCRIPTION OF THE RANKING TECHNIQUE 42
7. RESULTS OF THE ANALYSIS 44
7.1 Systems Analysis Issues for Research
Prioritization 44
7.2 Countainment and Consequence Issues Important
for Research from a Risk Prospective 45
7.3 Other Applications of the Issues Data Base 46
8. FUTURE WORK AND OTHER APPLICATIONS 68
9. REFERENCES 70
APPENDIX A. SYSTEM-RELATED ISSUES A-1
APPENDIX B. CONTAINMENT AND CONSEQUENCE ISSUES B-1
APPENDIX C. SUMMARY OF ACCIDENT SEQUENCES USED FOR
SYSTEM-RELATED 1ISSUES C-1
APPENDIX D. GENERIC SAFETY ISSUES AND RISK ISSUES D-1



Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

LIST OF FIGURES

Criteria and Criteria Weights
Rules for Initial Ranking

Results for the Initial Ranking for the
Systems Issues

Rules for the Second Ranking

Results of the Second Ranking for the
Systcems Issues

Results of the Initial Ranking for the
Containment and Consequence Issues

Results of the Second Ranking for the
Containment and Consequence Issues

Rules for the Example "Completeness of
Rules" Analysis

Results for the Example "Completeness of

Rules” Analysis for the Containment and
Consequence Issues

vi

Page
47

48

49

53

54

58

61

64

65



Table

Table

Table

Table

D-3

D-4

LIST OF TABLES

List of Important Risk Issues
Summary of Uncertainty Definitions

Generic Safety Issues Related to Top
Risk Issues

Relative Ranking of Internal Event Issues
that Impact Uncertainty in Core Melt
Frequency

Relative Ranking of Fire Issues that Impact
Uncertainty in Core Melt Frequency

Relative Ranking of Seismic Event Issues
that Impact Uncertainty in Core Melt
Frequency

Relative Ranking of Flooding Risk Issues
that Impact Uncertainty in Core Melt
Frequency

Accident Progression and Consequence
Research Issues

Important Accident Sequences from Past
PRAs

Generic Safety Issues Related to Internal
Event Issues

Generic Safety Issues Related to Fire
Issues

Generic Safety Issues Related to Flooding
Risk Issues

Generic Safety Issues Related to Seismic
Risk Issues

vii




PREFACE

This is a new direction to the prioritization of research.
Past work has focused on trying to prioritize research areas
directly. This has led to some useful results; however,
deficiencies have existed in the approach because it was
cumbersome and failed to incorporate the risk importance of
issues directly into the prioritization.

The current work is designed to identify the important reactor
risk issues based on the PRAs and other analyses that have been
done to date. The information base will be periodically
updated. After identification, the issues were rated as to
their contribution to the overall uncertainty in risk.

Because the issues are based upon analyses which were performed
to various depths, the list of issues is probably incomplete.
Our intent is to continue to refine and update the list of
issues and the rankings for each issue. Although in this
report the rankings are categorical in nature, we will provide
interval estimates of the uncertainty in subsequent reports as
time and resources allow.

The list of issues can be useful for many other regulatory
activities besides the prioritization of research. Because of
the flexibility of the method and the ability to quickly
manipulate the data base with decision rules and criteria, the
issues can be wused to provide insights into the risk
effectiveness of regulations and into the completeness of
regulations.

Finally, the sole responsibility of this initial ranking is
that of the Division of Risk Analysis and Operations in the
Office of Nuclear Regulatory Research. Other divisions and
offices have not concurred in this effort. Comments and
suggestions concerning the list of issues or associated ranking
and potential uses of this data base are invited.

ix



Categorization of Reactor Safety Issues from
A Risk Perspective

1. INTRODUCTION

In mid-September 1984, the Division of Risk Analysis and
Operations (DRAO) initiated a task to identify and categorize
technical issues that have the potential for impacting our
understanding of the risk from light water reactor power plants.
This categorization would provide useful information in planning
research initiatives for the upcoming fiscal year.

Since limited time was available, the results stem from the
subjective judgments of specialists with broad backgrounds in
light water reactor safety who drew their knnwledge from existing
risk-related studies. These studies included both past proba-
bilistic risk assessments (PRAs) and research results and
analyses that had been completed for specific groups of issues.
For convenience, two groups were formed. One addressed the
systems analysis, events, and phenomenology contributing to core
melt frequency from internal events and three external events:
fire, seismic, and flooding. The second group addressed those
issues contributing to offsite consequence given that a core melt
accident had occurred. The groups worked separately, interfacing
occasionally to achieve consistency in format, when appropriate,
and where possible, consistency in criteria for categorization.
Fundamental differences in the nature of the issues, the level of
understanding, and the amount of data precluded absolute
consistency between the two groups.

In this study., broad areas were identified that were important in
the understanding of risk and uncertainty in risk. These areas
were then subdivided into more specific issues for categorization
and ranking. The specific issues were categorized with respect
to such criteria as their contribution to the uncertainty in risk
and the researchability of the issue. A "small", "medium", and
“large" categorization was used. The issues were then ranked in
order to provide an overall evaluation of the importance of a
particular issue from a risk perspective.

As with any study of this breadth, considerable caution 1is
advisable in utilizing the results. This is particularly true of
this study in that limited time was available to conduct the
study and review of the results was limited. The document was
briefly reviewed by a small set of technical experts and
personnel from DRAO. Complete consensus among the reviewers was
not achieved in all cases, and some final changes were made to
the categorizations by the DRAO staff. The potential error
pounds in the results should be treated as large, and it should
be emphasized that the categorization, although achieving a
reasonably high degree of consensus among those working on the
project, should not be regarded as a consensus of any broader



group. The ranking also reflects a singular perspective, that is
the contribution of the issue to the uncertainties 1in our
understanding of the risk from LWR power plants. Issues judged
to have a small contribution to these uncertainties may well be
judged important for other reasons relevant to the NRC.

Finally, it must be recognized that there are limitations in uur
understanding in LWR risk stemming from limitations in the risk
analyses and risk-related studies that have been performed. The
risk information base is most comprehensive for the internal
events. Fewer plant risk studies currently exist in which
external events have been thoroughly analyzed. Additionally, the
accident phenomenology (containment loads, containment response,
and source term definition) are still areas of wide diversity of
opinion.

Within the internal events area, it should also be recognized
that although many issues have been explicitly treated in past
PRAs, many have not. Judgments contained in this categorization
addressing those issues which have not been explicitly treated in
past PRAs are most speculative and should be used with increased
caution. Some areas not explicitly addressed in many past PRAs
are listed below. No particular ordering of this group is
intended.

Partial Failures

Design Adequacy

Adequacy of Test and Maintenance Practices

Effect of Aging on Component Reliability (also burn-in
phenomena)

Adequacy of Equipment Qualification

Equipment Operability in Sequence Environment

Diagnostic Human Errors

Environmentally-Related Common Cause

Similar Parts-Related Common Cause

Sabotage

Long Term Accident Response (beyond approximately 24 hours)
Innovative Operator Accident Response Actions

Effects of Training and Operator Experience/Conditioning on
Operator Response



Equipment Installation Problems/Manufacturing Defects
Cold-Shutdown and Non-Full-Power-Operation Events.

Many of the items in the above list can be classified as root
causes of failure. Root causes have been addressed only to a
limited extent in past PRAs. In general, root causes do not
affect the core melt frequency, but they affect the usability
of the PRA results. The important root causes can be
identified and factored into plant reliability programs,
inspection programs, etc.

The remainder of this report contains the results of this
effort. Chapter 2 presents a listing and discussion of those
issues considered to be most important to the uncertainty in
risk. These issues were selected from the more complete list
contained in Appendices A and B. The issues in Appendices A
and B were categorized using the approaches described in
Chapters 3 and 4, respectively. They were then ranked using
the method presented in Chapter 6. Chapter 7 presents the
complete results of the ranking and the rationale for selecting
the issues identified in Chapter 2. Chapter 5 identifies
relationships between the risk issues of Chapter 2 and the
NRC's generic safety issues. Appendix D is similar to Chapter
5, except that it includes the complete set of risk issues from
Appendices A and B. Chapter 8 presents some thoughts
concerning followup work, and Appendix C contains some of the
sequence information from past PRAs that was used to guide this
etfort.



2. DISCUSSION OF TOP-RANKED ISSUES

This chapter contains a discussion of those issues that have
been selected as being the largest contributors to the
uncertainty in risk. The details of how thrse issues were
selected are contained in Chapters 6 and 7. The information
presented here is intended to provide a brief technical summary
and explanation of the important issues. A complete set of
risk issues is contained ‘. Appendices A and B. Many of the
issues contained in Appendices A and B, but not discussed here,
are also considered to be important, although somewhat less soO
on a relative scale. Table 2-1 below lists the issues that
were selected for presentation in this chapter. The
identifiers are the same as used in Appendices A and B. No
rank ordering of the issues in Table 2-1 is intended; rather,
they should be treated as a group of important issues.

2.1 Systems Issues

In this section, the 19 most important issues dealing with the
sequence likelihood portion of the risk equation are described
in detail (see Chapters 6 and 7 for a description of the
importance ranking process). The most important issues are
those that contribute the most to the uncertainty in tae
core-melt frequency. Reasons for the high importance ranking
of each issue are presented along with some ideas concerning
the type of research that would be required to resolve the
issue.

2.1.1 1Internal Event Ilssues
1.A.i dardware lssues - Equipment Failure Reporting Accuracy

lnaccurate reporting of equipment failures can lead to errors
in assessing component failure rates and this, in turn, can
cause large deviations in estimated core-melt frequency.

One type of equipment failure reporting problem is the
recording of component demands. The number of component
demands is typically not reported in the open literature and
are often based on ianformation given in the plant technical
specifications. The estimates obtained from this method have
been compared with estimates based on actual plant experience.
These ~omparisons have typically shown that the actual number
of demands are greater than the estimate based on technical
specifications testing requirenents. The denominator that is
used in the calculation of the failure rate is therefore
underestimated and the calculated failure rates are too high.




Table 2-1 List of Important Risk Issues

Internal Event Issues

1.8:.%

Hardware Issues - Equipment Failure Reporting
Accuracy

Il1.a.iv. Issues Affecting Human Behavior - Ability to
Assess Common-Cause Failures Caused by Humans

I1I.b.1 Infrequent Initiators - Modeling of Interactions
Between Initiating Events and Mitigating Systems

IV.c.1i Common Cause - Reporting Accuracy

IV.c.iii Common Cause - Inadequate Plant Procedures

IV.c.iv Common Cause - Common Physical Cause

iv.d.i Information in Analyses - Design Information

Iv.d.ii Information in Analyses - Operational Information

V.a Sequence Analysis - Definition of Event Tree
Sequences

vV.e.ii Modeling System Interactions on Event Trees -
Nonhardwired Interactions (Common-Cause,
Corrosion, etc.)

Fire Issues

F.IV.ii Suppression Effectiveness - Secondary Detrimental
Effects

P.VI1.4 Damage Thresholds and Mechanisms - Component
Fragilities for Temperature, Smoke, Moisture, and
Corrosion

P.VII1.ii Scenario-Related Systems Response Remote
Shutdown System Effectiveness

F.VIil.iv Scenario-Reliated Systems Response - Earthquake-
Induced Fires or Suppression Actuation

Seismic Issues

S.1.A Hardware Issues - Relay Chatter and Locking
Circuits

$.1.D Hardware Issues - Ductility Effects in Structural
Failures

$.1.G Hardware Issues - Aging Effects on Seismic
Fragilities

$:1.8 Hardware lessues - Correlation of Component
Fragilities

§.1IV.A System Response - Local Amplification of Ground
Motion



Table 2-1 List of Important Risk Issues (Continued)

d sues
NONE
t n nce lIssues

R.1l.a In-Vessel Issues - Natural Convection

R.1.0 In-Vessel Issues - Steam Explosion Induced Containment
Failure

R-1.K In-Vessel Iscues - Alternate Primary System Failures

R.1.0 In-Vessel Issues - Fuel Melt Progression

R.1.h In-Vessel Issues - Debris Transport and Interactions
with Primary System Structures

R.2.d Ex-Vessel Issues - Gas Transport

B3k Ex-Vessel Issues - Flame Acceleration and Detonation

R.2.m Ex-Vessel Issues - Direct Heating

R.3.a In-Vessel Fission Products - Release of Fission
Products from Fuel

R.3.C In-Vessel Fission Products - Transport and Deposition
with Primary System

R.3.60 In-Vessel Fission Products - Chemical Transformations
of Fission Products within the Primary System

R.3.§ In-Vessel Fission Products - Revolatilization of
Fission Products In-Vessel

R.4.c Ex-Vessel Fission Products - Release from Core
Concrete Interactions

R.5.e Health and Economic Consequences - Modeling of
Emergency Response

R.6.a Equipment Issues - Detection and Monitoring Systems

R.é6.¢ Equipment Issues - Essential Equipment Performance
puring Severe Accidents

R.7.% Containment Performance - Response to Static Over-
pressurization and Increased Temperatures

R.BA.cC Operations - Operator Training and Performance



A second type of equipment failure reporting problem is the
recording of component failures. In a recent study (5), LER
records reported in Nuclear Power Experience (NPE) and in-house
utility records with respect to diesel generator problems were
compared. A significant discrepancy was found; for a particular
plant, in-house records indicated more problems than were
reported in NPE. The discrepancy was thought to occur due to
different criteria used to collect in-house data in comparison
with the requirements for filing LERs. In this case, the
numerator that is used in the calculation of failure rates is
underestimated and the calculated failure rates are too low.

A third reporting inaccuracy problem comes from subjective

definitions of component failures. There have been several
cases where degraded performance events have been called
complete component failures. Other examples of misclassifi-

cation of events have also occurred.

A final reporting problem is derived from inadequate descrip-
tions of root causes of component failures. The root cause is
the specific reason why the component failure occurred, e.qg.,
inadequate procedures, wearout, corrosion, etc.

The problem could be alleviated by the reporting of more
accurate information and the development of standards in this
regard. Steps recently taken by the Institute for Nuclear
Power Operations (INPO) will go far to improve this situation.

II.A.iv Issues Affecting Human Behavior - Ability to Assess
Common-Cause Failures Caused by Humans

Ore of the highest contributors to risk and risk uncertainty is
the potential for a human to commit multiple errors which cause
multiple components or systems to fail. Common-cause failures
are in general one of the dominant contributors to risk
uncertainty, and human actions are often the sources of these
common-cause failures. The common-cause failure potential of
the human and the ability (or 1inability) to assess this
potential is the area in human reliability analysis where some
of the largest uncertainties and the largest potential risk
impacts exist. Some PRAs attempt to be conservative 1in
estimating common-cause human error probabilities but, in
general, the common-cause probabilities could be significantly
larger than estimated.

Research could address this issue by evaluating in-plant data
and simulator performance to relate common-cause potentials to
basic performance and procedure attributes.




I11.B.i 1Initiating Event Issues - Infrequent Initiators that
Occur During Power Operation involving interactions
between initiating events and mitigating systems

several different initiating events caused by a loss of a
support system have been found to be important by past PRAs.
This type of initiating event is particularly important because
it can trip the plant and cripple mitigating systems at the
same time. This issue 1is a large contributor to the uncer-
tainty in core melt frequency because the interactions that
occur between these initiators and the rest of the plant are
sometimes subtle and difficult to find. An example of this
issue would be the loss of a DC bus. In many cases, it is
difficult to kn'w whether loss of a particular bus will trip
the plant and what mitigating systems will be left in a
degraded state (e.g., the Power Conversion System). The plant
trip may occur after several minutes, making it very difficult
for the operator to know what is going on and what mitigating
systems are available.

Resolution of this issue would appear to require plant specific
studies of the interactions between support system initiating
events and the safety systems necessary to shut the plant down

under abnormal conditions.
1V.C Common-Cause Issues

Nuclear power plant safety systems employ redundancy as a means
of achieving high reliability. However, redundant systems may
still be vulnerable to single events involving multiple
failures. such events have come to be called common-cause
failures (CCF), and because of their potential impact on plant
safety and availability, they are a concern in the nuclear

industry.

In order to achieve high reliability/availability, systems are
designed with redundancy such as a m-out-of-n (m/n) system for
which only m trains are required for mission success. Although
redundant systems are designed to tolerate multiple individual
failures, it 1is generally recognized that such systems are
vulnerable to CCFs. As the degree of redundancy increases, the
reliability/availability of the system will be 1limited by
CCFs. For example, in a recent study (1) of several related
residual heat removal systems with various degrees of
redundancy, it was concluded that the (1/4) system is only
slightly better than the (2/4) system because of the assessed
importance of two potential CCFes (premature shut-off of RHR
pumps and failure of sump level signal). This example 1is
illustrative of the importance of properly including CCF system
failures in evaluating safety system reliability.




The important CCF issues are described below. These issues are
related to 1) the quantification of CCFs (IV.c.i), and 2)
identification of the more important causes of CCFs at plants
(IV.c.iii and IV.c.iv).

IV.C.i Common-Cause - Reporting Accuracy

The problem here deals more with interpretation of CCF
reports. If the reports were more accurate in definition and
explanation, this problem would not be as significant. The
primary reason that a problem exists with interpretation of CCF
reports is because the term CCF has come to mean many different
things to different people and organizations. Attempts to
define CCF have failed to gain universal acceptance because the
definitions are often ambiguous and tend to be too inclusive or

too exclusive, depending on one's viewpoint. The existing
ambiguity with the CCF phenomenon is quantitatively apparent in
two recent analyses of diesel generator failure data. In one

study (2) the mean fraction of events with "some common-cause
potential" is reported to be 0.40, while in the other study
£3). the fraction of total diesel generator failures
attributable to dependent failures 1is over an order of
magnitude lower and is estimated to have median value of
approximately 0.02. Although these analyses do not reflect
identical data bases, it is clear that the major difference is
due to the differences in the analysts' assessment of CCFs and
associated data parameterization. Assessment requires
identification of the root causes of CCFs, as well as deciding
which root causes pctentially affected multiple components. As
discussed in 1issue 1.A.i, root cause information is often
inadequate. Resclution of this problem would be aided by

1) a suitable definition of CCFs with respect
to different classes of CCFs and

2) a demonstration that CCF data can be extracted from
event reports in a consistent and reproducible way
using that definition.

IV.C.iii Common-Causes Because of Inadequate Plant Procedures

Procedures delineate the primary interface that plant personnel

have with components and systens. I1f these procedures are in
error, redundant system trains and components are potentially
susceptible to CCF. For example, the Salem nuclear reactor

recently experienced a failure :¢ scram because redundant trip
breakers failed to function prope ly. The cause of the breaker
failures was attributed to an inaiequate procedure for lubrica-
tion of the breakers. 1Identific.tion of inadequate procedures
can be very difficult; one must b2 thoroughly familiar with the
components the procedure affects as well as the cause/effect
relationship between the proczadural steps and component
reliability. Some components and systems are so complex that



even the manufacturer of them may have a hard time identifying
all subtle component and system failure modes.

IV.C.iv Common Physical Cause

Nuclear operating experience has shown that adverse environ-
ments can degrade system and component reliability. For
example, a recent study (4) has indicated that a significant
percentage of BWR CCFs were due to exposure of redundant
components/systems to adverse environments such as moisture and
corrosion. These physical causes represent important "root
causes" of failure.

Techniques are currently being developed that will be capable
of identifying physical causes that may lead to system CCFs.
These techniques wuse fault trees and other PRA methods.
Improved quantification requires better environmental failure

data.

IV.D Issues Associated with Accuracy of Information Used in
safety Analysis (IV.D.i, IV.D.ii)

In order to conduct a safety or risk analysis, plant design and
operations information must be gathered and assimilated. The
amount of information required will depend on the scope and
purpose of the analysis being performed. The quality of safety
analysis results is dependent on the accuracy of the input
information. For example, comparison of the Calvert Cliffs
RSSMAP PRA (FSAR information) and the Calvert Cliffs IREP PRA
(more accurate information) indicates a factor of 3 difference
in estimated core damage frequency. However, it 1s conceivable
that poor or inadequate information <could cause large
deviations in estimated core damage freguencies.

Resolution of this problem requires a close working relationship
between the owner of the plant being analyzed and the
organization responsible for performing the analysis.

lssue V.a -- Issues Related to Accident Sequence Analysis -
Uncertainties Associated with the Definition of

Accident Sequences

Uncertainties associated with the definition of accident
sequences have the potential to cause large uncertainties in
the estimated core melt frequency. The sequences to be analyzed
in a PRA are defined based on the current understanding of
accident phenomenology and system interrelationships. If either
the understanding of the accident phenomenology or the under-
standing of the systems interactions changes, a significant
portion of the set of sequences as defined by the original
study could change. This could cause large differences in the

calculated core melt frequency.
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Two examples of this are given below: 1) WASH-1400, the Grand
Gulf RSSMAP, and the Browns Ferry IREP PRAs all have found the
long-term loss of residual heat removal sequence to be a major
centributor to the core melt frequency at BWRs. This sequence
may not be as important as originally thought because the
operator has a relatively long period (~one day) to find
alternate means of containment heat removal and emergency
injection; 2) Several of the early PRAs did not identify the
sequence in which core melt is caused by battery depletion
after loss of all AC power at the plant. The inclusion or
exclusion of potentially high frequency sequences like the ones
described above can cause large differences in calculated core
melt frequency.

V.C.ii Modeling System Interactions on Event Trees - Non-
hardwired Interactions (Common Cause, Corrosion, etc.)

Issues IV.C.iii and IV.C.iv discussed previously dealt with the
identificatiorn of single common-cause events that can cause
failure of a redundant system. This issue is similar to those
issues except that it is concerned with the identification of
common-cause events that fail more than one mitigating system,
i.e., the systems depicted on PRA event trees. The uncertain-
ties associated with this issue are similar to those associated
with IV.c.iii and IV.c.iv. For discussion, see those issues.

2.1.2 Fire Issues

F.IV.1i1 Suppression Effectiveness - Secondary Detrimental
Effects

In order to protect redundant safety trains from the effects of
fire, many utilities have installed automatic or manual fire
suppression systems which are designed to extinguish fires
quickly, thereby limiting fire damage to as few salety compo-
nents as possible. Often the redundant safety components being
protected are located in close proximity in the same room, and
therefore, although protected from direct burning, the compo-
nents may be damaged by common suppression environments. A
similar situation can occur even when redundant trains are
located in separate rooms, if smoke or heat from a burning area
can actuate suppression systems in both of the separated
rooms.

Current design practice appears to lack the necessary technical
basis to resolve the 1issue. In particular, the following
information appears to be generally lacking:

- the degree to which suppression systems can be

actuated by smoke and heat transported from one fire
area to another

11



- tests or analyses demonstrating the effectiveness of
spray shields or equipment shrouds in preventing
suppression damage to equipment

fire fighting techniques to prevent damage to
redundant equipment located near, adjacent to, oOr
along the path to a fire

- the sensitivity of suppression systems to seismic
common-mode actuation

One or more of these information needs apply to virtually every
power plant; however, they have not been treated in fire risk
assessments to date. In fact, all fire risk assessments have
treated suppression systems as positive design features which
always improve the level of plant safety, while in reality,
suppression activities may potentially damage redundant systems.

F.Vl.i Damage Thresholds and Mechanisms - Component Fragilities
for Temperature, Smoke, Moisture, Corrosion

Because many power plants have redundant equipment in close
proximity (often in the same cabinet), damage can occur as a

result of fire environments. However, little is known about
the damage thresholds or failure modes of equipment by
mechanisms other than burning. The effects of smoke,

corrosion, humidity, water sprays, and high temperature are
largely unknown and have not been treated in power plant fire
analyses to date. Unlike equipment designed and ctested for
seismic or LOCA environments, equipment expected to function in
a fire environment appears never to be tested for its function-

ality wunder expected conditions. Equipment not located in
close proximity to a fire may be susceptible to damage without
actually burning. This has been demonstrated by the recent

fire experience of the British Navy during the Falkland Islands
Campaign and by the U.S. Navy. Both navies have found certain
electronics equipment to be easily and quickly damaged by smoke
and corrosion to the point of loss of operational capability.
This experience even involved equipment located in rcoms
separated by walls from the fire sources.

Fire risk analyses to date have assumed that fire damages
equipment only by burning or extreme heating. If other
elements of a fire environment can damage equipment, then the
risk of fire could be even higher than the already significant
values estimated to date (e.g., Indian Point, Zion, Limerick,
Millstone 3, Seabrook, and Big Rock Point PRA's). This
increased fire risk could apply to all power plants, although
it would be more significant for power plants relying on
spatial separation versus passive barriers.

12



F.VII.ii Scenario-Related Systems Response - Remote Shutdown
Effectiveness

Nuclear power plants generally use redundant trains of safety
components which are physically separated to prevent
common-mode failure wvulnerability. For control circuits this
philosophy of train separation usually breaks down in control
rooms, alte:nate control panels, and sometimes in «cable
spreading rooms. Under these situations, train separation is
often replaced with duplication of certain train functions at
other locations (e.g. two valve position switches for the same
valve - one in the control room and one on an alternate control
panel). Because duplicated components within the same safety
train must eventually interface with common train components,
electrical 1independence must be assured to prevent fault
propagation and spurious signals from damaging both duplicated
components or from creating plant states for which an operator
has little or no control.

Fires 1involving control room panels, relay panels, alternate
control panels, or cable spreading rooms represent a credible
mechanism for damaging redundant trains of control equipment
and thereby placing reliance on duplicate control capability.
Many power plants and all fire PRA's to date have assumed that
duplicate control capability has been assured by current
designs. However, there is evidencs that, at least in a prob-
abilistic sense, this assumption is not always true because:

- the assumption is sometimes made that no circuit
damage occurs prior to transferring control to a
duplicate location

- the analyses usually consider the occurrence of only
one spurious signal at a time as a result of a control
panel fire

- duplicate control capability may be provided for a
select group of front-line and support systems, while
assuming that other safety and nonsafety components
during a fire remain as is, take their benign failure
positions, or respond to proper automatic commands.

The ability of operators to cope with spurious signals consti-
tutes a key element in assessing the safety significance of
control system fires and the effectiveness of remote shutdown
systems.

The ability of operators to cope with spurious signals is most
questionable under circumstances where operators have the least

diagnostic and control capability. This 1s 1likely to occur
whenever operators take control of a plant from remote ghutdown
areas, after evacuating the control room during a fire. 1f£

control room panels remain electrically activated and unisolated
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under these conditions, an operator at a remote station may
need to override or correct a variety of spurious signals.

F.VII.iv Scenario-Related Systems Response - Earthquake Induced
Fires or Suppression Actuation

Nuclear power plants have not, in general, designed fire pro-
tection systems to withstand earthquakes; and they have not
considered the likelihood of fires resulting from seismic
events. There are regulatory requirements for fire suppression
systems to be ‘“capable of delivering water to manual hose
stations located within hose reach of areas containing egquip-
ment for safe plant shutdown" in the event of a Safe Shutdown
Earthquake (SSE) . However, other fire protection system
components (e.g., detectors, sprinkler heads, fire pumps, flow
sensors) normally only meet commercial standards and are not

designed or tested to withstand earthquakes. Earthquakes may
reasonably be assumed to cause fires, particularly in nonsafety
systems not designed for earthquakes. Under these circum-

stances, fire protection systems may fail either by not being
available for fire extinguishment or by becoming a threat to
nearby equipment by spraying or flooding.

To address this issue, an analysis could be made first to
assess the physical likelihood that a seismic event could cause
a fire, particularly in nonseismically-designed systems, and
then to evaluate the manner in which fire protection system
components could be affected by an earthquake. Such an analysis
could aid in the determination of whether earthquake- induced
fires or suppression actuation can be expected to occur.

2.1.3 Seismic Issues

S.1.A Relay Chatter and Locking Circuits

Fragilities for electrical components represent a special
problem due to the wide variety of electrical gear found within

a plant. Relay chatter and inadvertent trip of circuit breakers
are potentially the weakest failure modes in terms of fragili-

ties. Relay chatter 1is the weakest failure mode and, if
included in a risk analysis, could be be the dominant failure
in seismic sequences. Because, in most cases, chatter of

relays would not cause a change in the state of a system being
controlled, past PRAs assumed that relay chatter was not a
problem, and included only circuit breaker trip as the failure
mode for electrical gear. Before continuing to make this
assumption, however, one should carefully investigate whether
or not there are certain locking circuits within the plant for
which momentary chatter of a relay could cause changes in the
configuration of the safety systems. If these conaitions
exist, core melt frequencies could 1increase. A better
understanding of the effects of relay chatter or inadvertent
circuit breaker trip on the reactor protection system can help

reduce this uncertainty.
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$.1.D Ductility Effects in Structural Failures

Local structural failures have been found to dominate most of

the seismic PRAs to date. In each case, in predicting the
failure of these structures, consideration is taken of the
ductility available to absorb ground shaking energy. This

ductility factor is wused in all the fragilities of the
structures as well as the fragilities of the major components
and pipes to account for nonlinear energy absorption. Examina-
tion of the fragilities shows that the ductility factor has a
strong effect on the final median value of failure in each
case. Thus, the failure probabilities are quite sensitive to
the assumed value of the ductility, and uncertainties in the
computed core melt frequencies are large. Although ductility
is a widely used concept in failure-prediction methodologies,
its background is based on only a limited number of studies by
Newmark aad his co-workers (6). Most of these studies dealt
with single-degree-of-freedom systems.

$.1.G Aging Effects on Seismic Fragilities

Another limitation that has not been considered is aging
effects. Aging effects on fragilities could be significant,
and could increase core melt frequencies. We are not aware of
any data on how the fragility of nuclear components due to
seismic excitation changes as equipment ages. Equipment
testing could aid in our understanding of this issue.

S.I.H Correlation of Component Fragilities

Although seismic failure of a component is a random event,
seismic failures of like components could be highly
correlated. This would imply that the 1like components
(experiencing the same base excitation) could tend to fail
together, so that the failures of two like components would not
be statistically independent. Thus, the probability of failure
of the two like components could be much higher than the joint
failure probabilities if the component failures were
independent.

Correlation between fragilities of components in the same
generic category has been shown to be important. It appears
that there are no existing data concerning the question of
correlated fragilities. Indeed, this is an area that can only
be examined experimentally. Fragility correlation (or lack
thereof) might increase the seismic core melt probability, and
thus, represents a large uncertainty.

S.IV.A System Response - Local Amplification of Ground Motion
At sites with 60-150 feet of soft soil over bedrock, signifi-

cant amplification of the earthquake motion (over that seen at
a nearby rock site) is observed. This local site amplification
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results in a higher earthquake hazard curve and larger ground
accelerations input to the plant foundation (increased by up to
200%).

The local site amplification is a strong function of the soil
depth and soil properties, as well as the change in soil prop-
erties with the large strains due to large earthquakes. In
addition, sites usually have sloping bedrock and soil strata
which affects the amplification.

At least 30% of the US power plants are affected to some extent
by such 1local site effects. Research 1is needed to develop
consistent and accurate methods for including these local site
effects in seismic PRAs.

2.2 Containment and Consequence Related Issues

In this section important <containment/consequence issues
affecting risk are discussed. The basis for determining the
importance of these issues is discussed in Chapter 4. A
complete set of containment/consequence risk issues is provided
in Appendix B. The issues discussed in this section are those
that are perceived to directly affect risk. Other areas
considered to be very important to our capability to understand
risk and its associated uncertainty, such as code development
and analysis, are identified in Appendix B, but are not
discussed here.

R.l.a In-vessel Issues - Accident Progression - Natural
Convection

Natural convection in the primary reactor system affects a wide
range of phenomenological and risk issues. The type of natural
convection considered here is the convection of gases and
suspended aerosols between the time the core is uncovered and

vessel breach. Natural convection controls the transport of
mass (including fission products) and energy around the primary
system, and consequently, the heatup of primary system

components and the cooling of the core. Heatup of the primary
system could lead to pressure-boundary failure at various
locations, and therefore depressucization, prior to meltthrough
of the lower head. This depressurization could make direct
heating much less likely and reduce the probability of early
containment failure for some scenarios, particularly in PWRs.
Alternatively, the high-temperature failure of steam generator
tubes or isolation valves could provide early fission product
release paths, and thus, lead to increased risk.

In addition to the effects of natural convection on the pres-
sure boundary, aas transport in the core region 1is very
important. Gas flow patterns through the core will control the
hydrogen production rate and total amount of hydrogen produced.

The rate and amount of hydrogen release will control the threat
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to containment for many scenarios. The concerns discussed
above have 1led us to conclude that this issue contributes
significantly to the uncertainty in risk. There 1is also a
potential for the estimated risk to increase significantly if
unfavorable primary system failure modes leading to high
fission product releases, direct heating, or large and rapid
hydrogen releases are determined to occur frequently.

R.1.4 1In-vessel Issues - Steam Explosion-Induced Containment
Failure

This issue deals with the direct failure of containment due to
a large in-vessel steam explosion (alpha-mode failure).
Containment failure could occur if a large fraction of the core
explosively interacted with water in the lower plenum of the
reactor vessel, producing a slug of water and debris that
propelled the vessel head into the containment structure. The
probability of such an event is considered to be low, but the
petential consequences are high because the event would involve
direct ejection of core material into the atmosphere. Current
data are limited to relatively small scales, thus leaving
significant wuncertaintie. in the potential for such an
occurrence.

There are a variety of subissues that are important in
understanding the risk from alpha-mode failures. For exaample,
the manner in which the fuel melts and falls into the lower
plenum, the conditions within the vessel, and the configuration
of structures within the vessel provide important initial and
boundary conditions. Phenomenology dealing with mixing of fuel
and coolant and conversion ratios is largely unknown for large
scales. The potential for and risk from multiple explosions,
with a small explosion triggering a larger one, or explosions
due to injecting coolant ou top of the melt are also highly
uncertain in large-scale interactions.

R.1.f In-vessel Issues - Alternate Primary System Failures
As discussed above for issue R.1.a, the location and type of

primary system failure can coitrol the potential for direct
heating, the fission product rele>se path, and the location and

timing of hydrogen release into ¢ ntainment. The ability of
the operator (o subsequently terminat. the accident may also be
affected. There are basically thr e failure mechanisms
considered here: 1) pressure-induced, 2, temperature-induced,
and 3) failure induced by direct attack o. debris. Failures
from operator actions, corrosion, thermal shock, etc., are

considered as part of other risk issues.

For many scenarios, pressure-induced failures will be prevented

by the opening of relief valves,. However, overpressure may
still occur for some rapid pressure transients, such as small-
to intermediate-scale fuel-coolant interactions. Dynamic, as
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well as static, pressure loads are important. Pressure effects
are also important in combination with thermal 1loads.
Temperature-induced 1loads relate directly to issue R.l.a
above. Given hot steam, hydrogen, and fission products being
transported around the primary system at degraded-core
temperatures, induced failures are certainly plausible. Direct
attack by core debris has previously been considered for the
lower head. However, transport of debris around the primary
system is also important. Debris can be transported from the
core and lower plenum tegions either by entrainment in coolant
fluid or by ejection from fuel-coolant interactions.

The plant and scenario specific nature of this problem will
make final quantitative resolution of all ©possibilities
difficult. It may be reasonable to lump the possibilities into
groups of subissues that can be treated together.

R.1.g In-vessel Issues - Fuel Melt Progression

Fuel melt progression deals with the core degradation process
through the point where mostc of the core has slumped into the

lower plenun. Fuel melt progression provides the boundary
conditions for many other issues, such as hydrogen production,
fission product release, fuel-coolant interactions, etc.

Currently, fuel melt progression is not well understood and is
usually treated parametrically, with conservative treatments
possible, depending on the issue being considered.

Existing data are limited to experiments involving limited
numbers of fuel pins and, generally, small scales. Further, a
relatively small set of accident conditions has been considered.

Significant uncertainties exist with regard to such things as
heat transfer, fission product behavior, channel blockage,
hydrogen production, and mode and timing of slumping.

R.1.h 1In-vessel Issues - Debris Transport and Interactions
with Primary System Structures

This issue deals with the location and mode of primary system
failure. This issue is different from Issue R.1l.f, dealing
with alternate primary system failures, in that it is confined
to core-debris-induced failures and 1includes the normally-
considered failure location, i.e., the lower head. The manner
in which the lower head fails will influence the likelihood
that direct heating will occur. Uncertainties exist regarding
the time required to cause failure, the precise failure
location, the size of the opening, and the rate of growth of
the opening. Least desirable are failure modes that result in
rapid corium release at high pressures. Other concerns
consider the possibility that debris transported around the
primary system due, for example, to fuel-coolant interactions
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could cause primary system failures in undesirable locations,
such as steam generator tubes.

R.2.d Ex-Vessel Issues - Gas Transport

The major area of concern for this issue is the transport of
combustible gases throughout the containment and the potential
for formation of combustible mixtures, with detonable mixtures
being of particular concern. The formation of such mixtures
has been identified as a potential problem in ice condensers,
and a detonation is one of the few ways to cause early failure
of a large-dry PWR containment or a Mark III BWR drywell. An
additional area of uncertainty involves the transport of radio-
nuclides around containment and to potential leak locations.

The importance of local hydrogen detonations hinges on the
resolution of this issue. If detonable concentrations of
sufficicnt magnitude to threaten containment are shown to be
likely, then the importance of research to study the phenome-
nology of hydrogen detonations will increase significantly. If
containment atmospheres are generally well mixed, then only
global detonations need be considered.

The uncertainties in this issue are large because of the complex
geometries within containment and because of uncertainties in
the phenomenology and systems behavior. The 1latter areas
include such things as condensation effects, spray-induced
turbulence, break-flow momentum effects, the effects of fans
and fan coolers, etc. While some calculations have been
performed in this area, large calculational mesh sizes and
simplifying assumptions are always used, leaving the results
open to question. Code development and application, as well as
additional experimental efforts, could assist in the resolution
of this issue. Issues related to fission product transport and
equipment response may require more accurate analyses.

R.2.f Ex-vessel Issues - Flame Acceleration and Detonations

For hydrogen concentrations in containment above about 13%,
either locally or globally, detonations become possible. Since
hydrogen production begins during the core degradation phase,
early threats to containment are possible. Concerns have
already been identified for ice-condenser containments.
Detonations may be one of the few ways to fail large-dry
containments or BWR Mark 111 drywells for many scenarios. This
issue will increase or decrease in importance, depending on the
resolution of issue R.2.d, dealing with gas transport. There
are significant uncertainties regarding the likelihood of a
detonation, given that detonable mixtures exist. In most
cases, there will not be ignition sources present that are
sufficiently strong to directly initiate a detonation.
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Fowever, a deflagration can undergo a transition to a
detonation under certain conditions. While these conditions
are not well understood, turbulence due to obstacles and fans
is known to be capable of producing such a transition.

Uncertainty also exists in the response of containment and
equipment to detonations. The complexity of containment
geometries and the uncertainty in ignition location result in
significant uncertainties in predicted shock wave behavior.

R.2.m Ex-Vessel Issues - Direct Heating

1f vessel failure occurs at high pressure, the high velocity
steam-hydrogen gas stream which would follow the melt out of
the vessel and into contiinment could entrain the molten debris
in the cavity region, and transpo.t it into the larger
containment volume. This scenario was first proposed in the
7Zion Probabilistic Safety Study. Recent experiments at Sandia
and Argonne indicate that such a process can occur with reason-
able efficiency and, moreover, that significant fragmentation
of the melt occurs in the process. An issue of recent concern
is the possibility that if such finely fragmented debris 1is
thrown into the containment building atmosphere, it could give
up its heat directly to the gas, resuiting in far higher
pressurization than a steam spike with the same amount of heat
transferred. However, more important for the direct heating
scenario is the fact that the unoxidized metal in the debris
can react chemically with the oxygen and/or steam in the
atmosphere, resulting in a significant increase in the total
heat transferred. If a significant fraction of the core mass
participates in such a combined chemical reaction/heat transfer
process, the calculated loads far exceed the failure pressures

of any containment.

There are a number of uncertainties in the phenomenology
involved in the direct heating issue. It is only recently that
the scenario has been identified as a concern. Six questions
important to our understanding of this issue are:

1. 1s it likely that the vessel will fail at high
pressure? This 1is currently a hotly-contested
issue, which is discussed in more detail under
issue R.1.f.

2. How much of the core is released at vessel failure
time? It appears that experimental tests are
unlikely to resolve this question. Advanced melt
progression codes may be more useful.
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3. How much melt is entrained and transported from
the cavity? The processes are complex and, in
exper- 'ments at UK Winfrith, Argonne and Sandia,
cavity geometry effects have been shown to be
crucial. However, results to date indicate that
subsiLantial ejection (near 100%) is possible for
some cavity geometries.

4. How much of the ejected debris can be further
transported to the large gas volume regions in
containment? Thie issue is considered by many
analysts to be the critical question. Unless the
gas-debris mixture can traverse the often tortuous
path to the open regions in the containment,
oxyyen starvation will be the limiting factor.
The transport process is complex since it may
involve curved trajectories (due to the curved gas
streamlines) and also "bouncing" of droplets, or
the re-entrainment of deposited debris.

5. What is the characteristic particle size of the
ejected debris-gas jet? This size determines the
rates at which oxidation and heat transfer occurs,
and can be important if the residence time of the
particles before they drop out of the atmosphere
is short.

6. How effective is oxygen transport into the plume?
Assuming the answers to the previous questions
result in a substantial plume of finely particu-
lated hot debris, there is a possibility that the
interior of the plumes will be oxygen-starved,
limiting the total chemical reaction.

R.3.a Release of Fission Products from Fuel (In-Vessel)

The timing of release of fission products from fuel can be as
important as the total quantity released. Fission products
released in-vessel may be much more likely to be retained on
surfaces in the near neighborhood of release than those
released ex-vessel. Although the BMI-2104 and IDCOR analyses
indicate that most of the volatile fission products (noble
gases, iodine, and cesium) would be released in-vessel, the
QUEST analyses indicate that substantial uncertainty exists
even for these fission product groups. Indeed, results of the
PBF in-pile experiments indicate that the release rate of
vola’ile fission products may be substantially lower than the
BMI-.104 empirical models predict. Uncertainties in the
releise rates of the less volatile fission products are greater
than for the volatiles. Some of the principal contributing
uncertainties are: the time-temperature history of the fuel,
release mechanisms (e.g., by steam oxidation of the fuel),
fission product chemistry, potential for reaction with cladding
(e.g., tellurium), and rate limiting mass transport steps.




R.3.c¢ Transport and Deposition within Primary System

One of the major differences between WASH-1400 analyses and
more advanced source term analyses (BMI-2104, IDCOR) 1is the
credit taken for the deposition of vapors and aerosols within
the reactor coolant system. The methods of analysis used for
RCS transport are highly uncertain, however, and to date have
very limited experimental validation. The principal sources of
uncertainty divide into three groups: fission product chemistry
(including reactions with surfaces), aerosol transport
behavior, and thermal-hydraulic behavior. The issues
associated with RCS transport and deposition are closely
coupled with other difficult issues including R.l.a. Natural
Convectior (In-Vessel), KR.l.g. Fuel Melt Progression, R.3.a.
Release of Fission Products from Fuel, R.3.Db. Aerosolization
of 1lnert Materials and R.3.d. Chemical Transformations of
Fission Products Deposited In-Vessel.

R.3.d Chemical Transformations of Fission Products within the
Primary System

The chemical forms of fission products within the primary
system affect how they will evolve, transport, condense, and
react with structural and aerosol surfaces. It is recognized
that a particular element (such as iodine) will be present
within the primacry system in a variety of chemical forms
determined by the temperature, hydrogen-oxygen ratio, mix of
elements present, and kinetic behavior. In practice, this
extremely complex problem has been treated by examining
simplified systems involving a few elements using separate
chemical thermodynamic analyses to 1identify a predominant
chemical species (e.g., Csl for iodine). The single species is
assumed to characterize the transport and deposition behavior
of the element. Significant uncertainties exist, however, as
to the adequacy of the simplified systems analyzed, the
potential for reaction with control materials (e.g., BygC) and
the effect of high radiation levels.

R.3.9 1n-Vessel Fission Products - Revolatilization of Fission
Products In-Vessel

In many of the severe accident sequences analyzed in the Source
Term Reassessment Study, large fractions (in some cases >85%)
of the core inventory of volatile fission products .re predicted
to be retained on surfaces of the reactor coolant system.
Associated with these fission products is a significant compo-
nent of the decay heat of the fuel (~20% which is equivalent
to approximately 20 MW during the time frame of an accident).
Depending on how the fission products are distributed in the
RCS and how the surfaces are cooled, this quantity of heat is
capable of heating these surfaces to temperatures at which the
fission products will be reevolved or the structures will
melt. This issue is considered to be particularly important




because of the potential for under-estimation of the environ-
mental source term of fission products using existing methods.
Not only can the primary system retention factor be altered by
this issue (e.g., changed from 0.15 to 1.0 in the case of total
revolatlllzatlon in a sequence where the initial deposition
involves 85% of the core inventory) but the timing and character
of release to containment can be changed. A delayed release to
containment is more 1likely to occur close to the time of
containment failure or subsequent to containment failure thus
reducin, the containment retention factor. The conditions in
the primary system can also be substantially different at the
time of revolatilization than during initial period of RCS
transport. As a result, fission products released to the
containment in the revolatiliza.ion phase are more likely to
appear in vapor form or as smaller (more persistent) aerosols.
Air ingress to the vessel can also lead to the oxidation of
fission products and the release of different chemical forms.

A simple treatment of revolatilization has been included in the
IDCOR study. The results indicated a significant potential for
revolatilization in some plant designs and sequences. Consid-
erable uncertainties exist in the treatment of volatilization,
however. The most fundamental uncertainties are associated
with the sparse data base that exists regarding the reaction of
fission product species with RCS surfaces and the contaminants
on these surfaces, and the potential for volatilizing fission
product species when the surfaces are heated. The other major
area of uncertainty invelves the behavior of buoyancy driven
flow patterns in the RCS both prior to meltthrough of the lower
head and subsequent to meltthrough. These flow patterns will
determine how hot the RCS surfaces will become, how fission
products will be redistributed within the RCS and whether they
will be convected out of the RCS. The amount of heat loss from
the RCS is also an important source of uncertainty. The extent
of degradation of RCS insulation material in the accident
environment and (for BWRs) the gas temperature in the drywell
are contributing uncertainties.

This issue is closely coupled to a number of other issues that

have been identified, in particular: Issue R.3.c¢ - Transport
and Deposition within Primary System; Issue R.l.a - Natural
Convection (In-Vessel); and Issue R.2.b - Radiant Heating of

the Atmosphere/Concrete Above the Melt.

R.4.¢ Ex-Vessel Fission Products - Release from Core-Concrete
Interactions

After the molten core penetrates the lower head of the vessel
and begins to attack concrete, fission products may be released
from the melt either by mechanical means, as bubbles break the
surface of the melt, or by the vaporization of fission products

into the gases as they sparge through the melt. The latter
process is believed to have the greater effect and be the one
that can potentially lead to large releases. Release of
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fission products during core-concrete attack 1is potentially
important because the period of release may extend close to or
beyond the time of containment failure. Furthermore, it |is
less likely that material released during this stage will be
deposited in the near neighborhood of the release point, as in
the case of in-vessel release. As gases released from the
concrete (water and carbon dioxide) pass through the melt,
chemical reactions occur that can change the chemical forms of
the fission products and, 1in some cases, make them more
volatile (e.g., volatile oxides and hydroxides). In some of
the sequences analyzed in the BMI-2104 study, the releases of
the strontium and lanthanide groups are predicted to be
substantially higher than in WASH-1400. The QUEST results also
indicate ex-vessel releases to be a major area of uncertainty.

The uncertainties in ex-vessel releases begin with uncertainties
in the 1initial conditions for core-concrete attack. The
fractions of initial core inventory of the volatile fission
products remaining with the melt, the oxidation state of the
melt, the mass of molten material and the initial temperature
of the melt can each have a major influence on the subsequent
release.

The mechanics of core-concrete attack also affect the predicted
release. The time-temperature history of the core debris is
particularly important to the release of the less volatile
species. Uncertainties about the rate of concrete attack, mass
flow rate of sparging gases, degree of separation of oxidic and
metallic layers, and the freezing behavior of the melt are
large. State-of-the-art computer codes have had very limited
success in predicting the details of core-concrete attack as
simulated in experimental programs at sandia and at KfK in West
Germany. Indeed, there are significant discrepancies in the
observed quantities of aerosols produced in core-concrete
experiments at the Ltwo laboratories that have not Dbeen

complet :ly resolved.

Finally, the chemical kinetics of the reactions occurring among
the wide variety of elements in the molten pool cannot be
predicted accurately. i1n addition to determining the concen-
trations of important species in the pool, it is also important
to predict the transport of these species into the bubbles

passing through the pool.

R.5.e Health and Economic Consequences - Modeling of Emergency
Response

For accidents in which significant offsite releases of fission
products occur, emergency response will largely determine the
early consequences. Current treatments of this issue are
generally conservative, and some progress could be achieved in
this area:; however, our ability to model emergency response is
limited due to the complex institutional and social \issues

24



involved. Prediction, for example, of evacuation times depends
on the decision-making process, the response of the population
to the evacuation instructions, and other factors, such as

weather and road conditions. This issue is also affected by
Issues R.6.a: Equipment Issues - Detection and Monitoring
Systems and R.B8A.C: Operator Training and Performance.

Clearly, assumptions regarding the adequacy of information
available to the operator and his abilily to properly interpret
that information and report appropriately to decisionmakers
will influence the emergency response modeling.

R.6.a Equipment Issues - Detection and Monitoring Systems

The accident at Thrce Mile 1Island indicated the sorts of
problems that can arise from failed or misleading monitoring
systems, particularly when dealing with off-normal situations.
For accidents that have progressed to core damage or beyond,
the operator will be dealing with information and instrument
readings not normally observed and, possibly, with failed or
misleading instrumentation. Proper termination of a severe
accident and emergency response instructions will depend on the
operator's ability to obtain appropriate data concerning the
state of the plant. Many severe accidents will result in plant
environments more severe than considered as a design basis.

The functionability of this equipment in such environments is
largely unknown. Additionally, the overall response of
monitoring systems is important. There 1is uncertainty in how
the operator can or should correlate the information from a
variety of sources, any one or all of which may be suspect.

R.6.c¢ Equipment Issues - Essential Equipment Performance
During Severe Accidents

The functionability of safety grade equipment in environments
which exceed the qualification environment and of non safety
grade equipment during severe accident conditions is largely
unknown. The lack of this information creates two problems.
First, probabilistic risk assessments (PRAs) currently assume
such equipment will function properly, which could lead to
nonconservative predictions of risk. Second, accident
management and emergency response procedures to mitigate the
consequences and minimize the risk of a severe accident cannot
be devised with any degree of certainty.

The equipment considered in this issue is that equipment neceded
to mitigate and respond to an accident that has proceeded to
core damage or beyond. This equipment will be contained in
systems to provide containment heat removal, containment
isolation, power, control room environment, etc. A variety of
pressure, temperature, humid, and corrosive environments may be
encountered during severe accidents. Phenomena affecting the
environment include hydrogen burns, diffusion flames, high




temperature steam, direct heating and debris and aerosol
collection. These phenomena can readily produce environments
more severe than those normally considered as a design basis.

R.7.f Containment Performance - Response to Static Overpressur-
ization and Increased Temperatures

The containment is the final engineered barrier preventing the
off-site release of fission products during a severe accident.
The point at which containment integrity is compromised, the
amount of leakage before failure, and the failure mechanism are
very important in determining the off-site consequences. Our
current understanding of these issues is very limited. Con-
tainments are designed to the American Society of Mechanical
Engineers (ASME) code and the American Concrete Institute (ACIl)
code. These codes are based on essentially elastic models,
precluding extrapolation to determine the containment ultimate
capacity. A limited set of experiments has been performed to
examine these issues, but the data base is very small at this
time.

The response of concrete contalnments is different from the

response of free-standing steel containments. 1t is possible
that cracks can propagate *“hrough the shell in steel contain-
ments, resulting in very large leak paths. For very rapid
decompression of containment, resuspension of fission products
inside containment may be important. Also of importance are
the responses of containment structures and penetrations to
high pressures accompanied by high temperatures. Computer
codes exist that can examine the response of structures to
various loadings; however, there are no codes that can

adequately factor in the response of all containment penetra-
tions and provide a complete analysis of the response to all
possible environments. some uncertainties will always remain
in this area, particularly with regard to the quality of
construction and leak testing.

R.8A.c Operations - Operator Training and Pertormance

Operator performance is a significant contributor to risk and a
key ingredient of accident and emergency management during
severe accidents. Currently operators receive little training
in how to handle severe accident mitigation. Mitigation 1is
complicated by ouc¢ current uncertainty in scenario progression,
but simplified by the time available to take action and the
relatively few number of actions which can be taken. 1In addi-
tion to potential 1in-plant mitigation of the accident, the
operator is important to cffsite response, including evacuation.
The operator should be able to correctly determine conditions
within the plant and, if possible, be caognizant of the possible
outcomes ot the accident.
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SYSTEMS RELATED ISSUES

3.1 Overview of Tables in Appendix A

Appendix A contains a list of issues dealing with the system
unavailabilily portion of the risk equation for light water
reactors. The contribution of each issue Lo the uncertainty in
total core melt frequency is subjectively evaluated and pre-
sented in Tables A 1, A 2, A 3, and A 4. As can be seen in the
tables, the resoluticn of an issue may reduce the total
uncertainty in core melt frequency, and furthermore may either
raise or lower our estimate of the core melt frequency.

Each table consists of six columns:

1. The first column lists the issues that impact
uncertainty in core melt frequency.

2. In the second column, the effect that an issue
can have on the overall uncertainty in core melt
frequency is rated as large, medium, or small.
This effect was assessed by estimating the
maximum impact that the issue could have on the
ucper and lower core melt frequency bounds.
(See Section 3.2 for a more detailed
description.)

3. 1In the third column, the potential for research
resolving this issue is rated as large, medium,
or small. For example, for issues receiving a
large rating, it is believed that further
research has a large or significant potential
for reducing the uncertainty currently
associated with the issue.

4. In the fourth column, the potential for each
issue¢ to decrease the core melt frequency is

rated as large, medium, small, or none. The
impact on the lower bound of core melt frequency
was used to assess this potential. (See Section

3.2 for a more detailed description.)*

$. In the fifth column, the potential for each
issue to increase the core melt freguency is

rated as large, medium, small, or none. The
impact on the upper bound of core melt frequency
was used to assess this potential. (See Section

3.2 for a more detailed description.)*

* It should be noted that the expected value of the core-melt
frequency or any other best estimate value may not change

necessarily when the lower or upper bounds change.
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6. The sixth column includes comments and dis-
cussion. In this column, the rationale for
assigning large, medium, small, or none in
Columns 2., 3, and 4 is given. Also, if clari-
fication of an issue is needed, it is provided
in this column- -usually by use of an example.

Ratings were assigned on the basis of engineering judgment,
past experience, and information provided by the PRA catalog
developed by NRC's Accident Sequence Evaluation Program
(ASEP). The ASEP PRA catalog was used to compile a list of
sequences from past PRAs to help identify issues that were
important to the uncertainty in core melt frequency causad by
internal events. This list is presented in Appendix C.

Although all judgements were subjective, the analysts attempted
to assign "large" to those uncertainties that could affect
either core melt frequeucy bound by greater than an order of

magnitude, "medium" to those uncertainties that could affect
either bound by a factor less than an order of magnitude, but
greater than a factor of two, and "small" to those

uncertainties which could affect either bound by less than a
factor of two.

It must be stressed that these tables represent the perspective
of a small group of analysts. Not all perspectives on risk are
included. Any user of these tables may want to consider other
sources of information that approach solutions to the risk
problem from other perspectives.

3.7? Discussion of Uncertainty Definitions

This section describes what the ratings in columns 2, 4, and 5
of the Appendix A tables represent.

The effect an issue can have on the uncertainty in core melt
frequency is the effect that the issue is believed to have on
the upper bound or lower bound which is associated with the
core melt frequency. A systematic, quantitative measure of the
effect is obtained by taking the maximum of the issue's
believed impact on the upper bound and lower bound for the core

melt frequency.

Let U and L be the upper bound and lower bound, respectiyely.
for the core melt frequency with the issue unresolved (1.e.,

with the uncertainty for that issue included). Let Uy, and
Lo be the upper and lower bounds with the 1ssue completely
resolved (i.e., no uncertainty due to that issue). In terms of

ratio changes, the effect (E) of the issue on the core melt
frequency is then:




where "max" denotes the maximum .s to be taken. The ratios are
defined such that they are greater than 1 if the issue
increases the upper bound or decreases the lower bound. An
illustration of the above measure is shown below:

Uncertainty range on the
core melt frequency with [' ]
the issue recsolved L

o C

Uncertainty range on
the core melt frequency
with the issue unresolved [ =

i
=] .

Effect of L

flu. "o
this issue \ Uo
The above definition of the effect on an issue is quite general
and is applicable to any type of situation. For example, if
the issue can only increase the core melt frequency then both

the upper bound and lower bound will be increased. This trans-
lation of the uncertainty range is shown below:

In this translation case, Lo/L will be less than 1 since L > L,.

The above measure 1is not tied to any specific statistical
framework. It is applicable to either a Bayesian or classical
interpretation.* For the present, the effects will be estimated
as being "small," "medium," or "large," depending upon the

—

*For example, a Bayesian viewpoint may interpret (L, U) and
(Lo, Ug) as approximate 5 percent and 95 percent bounds.

A classical viewpoint may interpret (L, U) and (Lg, Uy) as
end points of plausible core-melt frequency ranges.
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sizes of the ralio changes. The numerical interpretation for
these categories was discussed in Section 3.1.

To provide more information on the impacts of an issue, the
separate ratios U/Uy and Lg/L are also given. The upside
ratio U/Ugy (column 5) is the potential for 1increasing the
core-melt frequency. The downside ratio Lg/L is the
potential for decreasing the core melt frequency. These
potentiais are given as "smail," "medium," or "large." 1f
there is no increase in the ratio (such a4s in the downside
ratio in the translation case), then "none" is given.
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1t

(2nd Column)

(4th Column)

(5th Column)

Table 3-1 Summary of Uncertainty Definitions

Effect an issue can have
on the uncertainty in
core melt frequency

Potential for this issue
to decrease the core melt
frequency

Potential for this issue
to increase the core melt
frequency

Maximum of the impacts on
the upper and lower bounds
for the core melt frequency

The impact on the lower
bound for the core melt
frequency

The impact on the upper
bound for the core melt
frequency



4. CONTAINMENT AND CONSEQUENCE-RELATED ISSUES

As stated earlier, this assessment has been divided into
research topics associated with the "“front end" and the "back
end" of probabilistic risk assessment (PRA). Front end topics
relate to the likelihood and definition of accident sequences,
and back end topics refer to the subseguent in-plant accident
progression and ex-plant consequences with the dividing line
being the onset of core degradation. This section describes
approach used to assess issues related to back end analyses. It
should be noted that in the division that has been made between
front end and back end analyses, success criteria are consid-
ered as front end issues. Thus, many issues related to the
effectiveness of emergency core cooling systems are evaluated
as front end issues (see Appendix A). The issues identified as
being containment and consequence-related are listed in
Appendix B.

The assessment of containment/consequence issues is based on
insights developed in various NRC and incustry programs. It
should be recognized, however, that the assessments are
sub sctive and that they do not necessarily represent a

———

cons us of a articular group.

The first step in the assessment was to develop a list of
issues to w=valuate and to categorize the list appropriately.
An attemp: was made to categorize the issues according to the

followi.ug research areas:
R.1. 1In-Vessel Issues - Accident Progressicn
R.2. Ex-Vessel lssues - Containment Loads

R.3. Fission Product and Aerosol Release from Fuel and
Transport in Primary System

R.4. Fission Product and Aerosol Generation and Transport
Ex-Vessel

R.5. Health and Economic Consequences

R.6 Equipment Functionability and Vulnerability under
severe Accident Conditions

K.7. Containment Performance
R.8. Accident Management
R.9. Sever: Accident Analysis Tools

R.10. Safety, Risk, and Application Studies.
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Under each heading a number of issues are listed. The starting
point for developing a list of issues was the NRC/IDCOR list of
Severe Accident 1Issues, which has been the focus tor dis-
cussions between the NRC and IDCOR. This list was augmented to
provide »etter coverage of the issues. Even at this level of
detail, many of the 1issues that are identified are quite
general and may more appropriately be considered research areas
than specific issues. Typically, in order to identify specific
issues, it is necessary to go to another level of detail, which
was not practical for this exercise. Notes that identify some
of the considerations underlying the ratings have teen provided
in Appendix B for each issue area. These notes often indicate
the specific 1issues that were of principal concern in the
rating of an issue area, but in no way should be considered a
comprehensive or consistent treatment of the issues. When
going thrcugh the results, tne reader wi'l note that all issues
have not been broken down to a consistent level, i.e., some
issues are much broader in scope that others. It was not
possible in the time available (and not necessarily desirable)
to achieve across-the-board consistency.

In developing an approach to rating the issues it was
recognized that a number of different attributes would be of
interest to NRC decision-makers. Further, the attributes
should be a function of the nature of the research area and
would probably differ from the attributes used in the evalu-
ation of front end issues. In all cases the attributes were
assessed on the basis of a three-level rating scheme: large
(L), medium (M), and small ($). These ratings are subjective;
no precise algorithm was constructed for assigning ratings. 1In
some cases, several issues are interrelated, with some issues

providing boundary conditions affecting other 1issues. For
example, direct heating and steam explosions are affected by
several different 1in-vessel issues. Generally, we have not

rated issues which are "links in a chain" as being as important
as the dominant question unless these issues are links in
several important chains or are exceptionally critical to a
particular chain of events. These interrelationships are very
important, however, and groups of issues will rise and fall in
importance together as the dominant question rises and falls in
importance. With the above guidelines in mind, we have defined
the ranking levels for each attribute as discussed below.

The first five areas involve phenomenology, which, with some
exceptions, could impact the consequences of almost any severe
accident sequence. These issues were rated according to the
following three attributes:

Attribute 1: To what extent do the uncertainties in this

area contribute to the overal! uncertainty in
risk based on conventional wisdom?
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Large:

Medium:

Small:

Attribute

Large:

Medium:

Small:

Attribute

 § &

| G &

These issues contribute significantly
(potentially an order of magnitude or more)

to the uncertainty in risk. Generally, these
issues involve early containment failure and/or
high fission product releases.

These issues are also important contributors to
the uncertainty in risk, but are not as
dominant as those rated "large". 1If an issue
does not affect early fission product releases
or massive resuspension of fission products for
late releases, its maximum rating is medium.

These issues are not major contributors to the
uncertainty in risk (for example, less than a
factor of 2).

What is the likelihood that near-term research
in this area could be successful in reducing
the associated uncertainty significantly?

Near-term research is defined as covering a
time frame of 2 to 3 years and is not
restricted to projects currently planned.
However, the research effort required has to be
of reasonable scope.

There is a significant potential for reducing
the uncertainty associated with this issue with
near term research. A large rating dces not
necessarily imply a significant effect on the
uncertainty in overall risk, but merely that
the uncertainty related to this issue can be
reduced.

Some knowledge can be gained regarding this
issue, but easy research may have already been
completed, and/or uncertainties are likely to
remain.

The remaining research is very complex and/or
unlikely to substantially reduce the
uncertainty.

1s there a potential that the resolution of
this issue could result in a large increase in
estimated risk?

This attribute is particularly important to the

risk averse decision-maker. It focuses on the
upside of the uncertainty in risk.
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Large: If conventional wisdom is incorrect, current
central estimates of risk may prove to be
significantly nonconservative.

Medium: Current estimates of risk could be
nonconservative due to these issues, but the
upward potential is not as large as for those
issues rated "large". 1If an issue does not
affect early fission product releases or
massive resuspension of fission products for
late releases, its maximum rating is medium.

Small: These issues could not increase current risk
estimates significantly. In some cases this is
an issue which we are currently treating
conservatively.

Research areas R.6 and R.7 are somewhat different than the
first five areas. Research area R.6, dealing with equipment,
includes phenomenology, but also includes such concerns as
design adequacy, qualification, installation, and maintenance.
Both research areas R.6 and R.7 include many issues that are
more sequence dependent. For example, the importance of the
containment response to tornado-generated missiles is dependent
on the probability that a tornado will occur. With the above
differences in mind, research areas R.6 and R.7 were evaluated
according to the same three attributes as research areas R.1
through R.S5.

Research area R.8 is divided into two parts: R.B8A) Operations,
which deals with current perceptions of information needs,
procedures, and operator performance and R.8B) Accident
Management, which deals with research to address the problems
of R.8A and thereby reduce risk. Area R.BA 1is evaluated
according to the previous three attributes. The 1issues up
through R.8A are similar in that they generally impact risk
directly. All of these issues were evaluated according to the

Attributes 1 through 1I1. The remaining 1issues deal with
methods for understanding risk or actions to reduce risk and
were evaluated according to different attributes. Only the

issues through R.BA were coneidered for inclusion in Chapter 2.

Research area R.8B, accident management, is primarily motivated
by the intent to respond to severe accidents and directly
reduce risk. For this reason, R.8B was evaluated according to
Attribute 11 and the following fourth attribute.

Attribute 1V: What is the likelihood that the product of

research when implemented would result in a
significant reduction in risk?
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Note that while the first three attributes deal
with improved understanding of risk, this
attribute deals with an actual change in risk
(at least as perceived by the assessment team).

Large: Risk could be significantly reduced due to
actions taken. For example, containment
failure could be prevented or a population
could be safely evacuated before the off-site
release.

Medium: Reductions in risk are possible. For example,
operation of containment systems could reduce
the fission product release or prevent late
containment failures.

Small: No significant risk reduction envisioned.

Although there is a parallel research area to the accident
manacement area which would develop and evaluate improved
hardware, e.g., vent-filter systems, and core catchers, this
area was intentionally omitted. These needs are important but
cannot be adequately addressed until more information 1is
available and additiona) research is completed in the other
areas.

Research area R.9 covers integrated computer codes being
developed for the analysis of severe accident sequences. Here,
"integrated" implies that several phenomena or systems are
modeled by the same code. The needs for detailed models for a
particular phenomena or system are addressed with each
individual research \issue. The integrated codes generally
consist of a framework for combining the individual models.
The attribute considered here is:

Attribute V: How much additional code development is
required to permit a practical ana adequate
quantification of risk and its associated
uncertainty?

In evaluating what is meant by "required",
consideration was given to the ultimate needs
of NRC-NRR, accuracy goals in predicting severe
accident behavior, and inherent irreducible
uncertainties in the prediction of severe
accident behavior and risk. 1In some cases
additional model development is needed, for
example for direct heating in containment, but
a basic framework will exist for incorporating
such models when they are completed. A small
rating should not be terpreted as indicating
that continued maintenance and upgrading of
these codes is not required.




Large: A practical framework for performing integrated
analysis does not exist.

Medium: A framework exists which permits certain
analyses, but additional models need to be
incorporated intc the framework and/or the code
or group of codes is not very practical to use.

Small: An adequate integrated framework exists for
performing these analyses.

Research area R.10, safety, risk and application studies, was
also felt to require a separate criterion. This 1is the
research area in which the results of the other research are
integrated and interpreted. The groducts of this area provide

the input to regulatory implementation. The attribute
concidercd is:

Attribute VI: To what extent is additional work required to
support the mission of the NRC to protect the
public from severe accidents?

Large: There are a large number of outstanding issues
that need to be addressed. Also, there is a
need to reassess issues as particular areas of
research are completed.

Medium: A great deal has already been accomplished;
however, a significant amount of analysis
remains.

Small: The work is largely complete or the reduction

in uncertainty is already as much as can be
reasonably achieved.
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S. GENERIC SAFETY 1SSUES AND TOP RISK ISSUES

The table presented below indicates relationships between the
top risk issues identified 1in Chapter 2 and the issues
identified in Table 11 of NUREG-0933 (7). For the purposes of
this report, all of the issues in Tables II and III of
NUREG-0933 are referred to as "Generic Safety Issues." The
identifiers for the Generic Safety Issues are mostly those
used in NUREG-0933; however, the Task Action Plan items are
identified by "TAP" and the New Generic Issues are identified
by "NGI". Table 111 of NUREG-0933 identifies 506 generic
safety issues. Only 237 were used for the cross cut with the
risk issues. They include the issues in the columns labeled
1, USI, HIGH, MEDIUM, Note 4 and Note 5. The remaining 269
issues were not considered because they are in various stages
of resolution, are covered in the other issues, or are ranked
as low or drop. No details concerning the particular
relationships are presented; we merely show that the issues
are related and that the resolution of certain risk issues
could impacc the resolution of related generic safety issues.
Complete tables containing all of the risk issues identified
in Appendices A and B are presented in Appendix D.

It is particularly important to note that the lists of risk
issues and generic safety issues were developed from different
perspectives. The perspective for the development of risk
issues was discussed in the first four chapters, while the
generic safety issues were developed from a variety of
perspectives, which deal with such things as operations,
worker safety and licensing, as well as risk. Also, the
reader should recognize that both lists of issues contain
issues of varying breadth. The interrelationships between a
few broad issues, e.g., TAP A-45, can be just as important or
more important than the interrelationships between large
numbers of more narrowly defined issues.
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Table 5-1. Generic Safety Issues Related to
Top Risk Issues

RISK ISSUES FROM NUREG-0933
ISSUES

Intecna vent

I1.A it.7.0., 11.€.2, X1.C.2. 11.C.4, 11.D.1, 11.R.§.3,
11.F.5, 11,K.3, TAP A-3, TAP A-4, TAP A-5, TAP A-30,
TAP A-42, TAP B-55, TAP C-11, NGI-23, NGI-70

I11.A I.A.1.}, 1.A.1.2, 1.A.1.3, I.M.2.1(1). 1.h.2.1(2).
I1.A.2.1(3), 1.A.2.2, 1.A.2.3, I.A.2.6(1),
I1.A.2.6(4), 1.A.2.7, I.A.3.1, 1.K.3.3, I1.A.3.4,
1.A.4.2(1). I.A.4.2(4). 1.B.1.1(1)., 1.B.1.1(2),
1.B.1.1(3). 1.B.1.1(4), 1.8.1.1(S). I.B.1.1(6),
B:B.3.0(7), 3.€C.14%), 1.C.1(2), 1.C.1(3), 1.C.2,
1.€.%, 1.C.4, 1.C.S5, 1.C.7, 1.C.% 1.D:3, 1.D0.8,
1.0.3, 1.D.4, 1.D.5(5), 1.B.2.2, 1.B.3.1, 1.G.1,
1.6.2, 11.c.1, 11.C.2, 11.C.4, II.K.1(4), II.K.1(6),
I1.K.1(7), I1.K.3, I11.A.1.1(1), ITI.A.1.1(2),
IIT1.A.1.2(1), TII.A.1.2(2), III A.1.2(3), TAP B-17

I111.B .., %1.C.1, 1i1.C.2, 1Ii1.C.4, 11.,P.5, TAP A-},

TAP A-4, TAP A-5, TAP A-9, TAP A-10, TAP A-11,
NGI-51, NGI-61, NGI-65, NGI-68

IVv.C 11.C.1. 13.C.2; 11.C.4%, 11:R.1:1, TAR A-9

1V.D 11.€.1, 11.C.2, 11.E.1.1, TAP A-9, TAP A-30, TAP A-44

V.A I11.¢.1, 11.C.2, TAP A-3, TAP A-4, TAP A-5

L Y f1.¢c.1, 11.c.2, 11.C.4, 11.E.4.2, 11.k.3, TAP A-1,
TAP A-2, TAP A-3, TAP A-30, TAP A-31, TAP A-43,
TAP A-44, TAP A-47, TAP B-55, NGI-12, NGI-70

Fire

. Y18 TAP A-40, TAP A-41, TAP A-45, TAP A-46, NGI-57,
NGI1- 77

rF.Vi.1 1.D.4, TAP A-24, TAP A-29, TAP A-45, NGI-57

F.VIL.ii 1.D.), 1.D.4, 11.B.5.3, 11.B.3.3, RL.7.5, TAP A-17,
TAP A-29, TAP A-30, TAP A-45, TAP A-47, NGI-83
F.VIL.iv TAP A-40, TAP A-41, TAP A-46, NGI-57, NGI-77

Seismic

S.1.A 11.€.1, 11.C. 2, 11.C.3, 11.B.1.1, 11.B.2.1,
11.E.3.3, 11.B.3.4, 11.7.5,; 11.G.1, IT.K.1(5).
TAP A-17, TAP A-24, TAP A-30, TAP A-31, TAP A-40,
TAP A 41, TAP A 44, TAP A-45, TAP A-46, TAP A-47,
TAP B-4, TAP B-24, TAP B-56, TAP B-57, NGI-55

$.1.D 11.C. 1, 11.C.2, 11.B.1.1, 11.8.2.1, 11.E.3.3,
11.E.3.4, TAP A-12, TAP A-18, TAP A-22, TAP A-40,
TAP A-41, TAP A-45, TAP A-46, TAP B-4, TAP B-5,

TAP B-6, TAP B-50, TAP B-51
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Table 5-1. Generic Safety Issues Related to
Top Risk Issues (Continued)

RISK ISSUES FROM NUREG-0933
ISSUES

Seismic (Continued)

$.1.G 11.Cc.}, 1i.c.2, 11.C.3, 1i.D.2, 1I.E.l.1, 11.B.2.1,
11.B.3.3, 11.B.3.4, LE.F.9, 11.G.1, 11.K.1(5).
TAP A-17, TAP A-24, TAP A-30, TAP A-31, TAP A-40,
TAP A- 41, TAP A 44, TAP A-45, TAP A-46, TAP A-47,
TAP B-4, TAP B-24, TAP B-52, TAP B-56, TAP B-57,
NGI- 29

S.1.H 11.¢.1, 11.c.2, 11.c.3, 11.D.2, 11.B.1.1, 1l1.EB.2.1,
11.8.3.3, 11.B.3.4, 11.0.5, 11.G.1, 1I1.K.1(5).
TAP A-17, TAP A-21, TAP A-24, TAP A-30, TAP A-31,
TAP A 40, TAP A 41, TAP A-44, TAP A-45, TAP A-46,
TAP A-47, TAP B-4, TAP B-24, TAP B-55, TAP B-56,
TAP B-57, NGL1-29, NGI-S55, NGI-70

S.IV.A 1.C. 1, 11.C.2. I1.E.1.1, 11.B.3.3, I1.BE.3.4,
TAP A-12, TAP A-31, TAP A-40, TAP A-41, TAP A-45,
TAP B-4, TAP B-52

Containment/Consequence

R.1.A 11.8.1%

R.1.D. 11.B.5(2)

R.1.F [1.B.1, 11.B.5(2), TAP A-1

R.1.G 11.B.5(1), 11.B.5(2)

R.1.H 11.B.5(2), TAP A-11

R.2.¥ 11.B.5(3), 11.B.7, 11.B.8, TAP A-48

R.2.M 11.8.1, 11.B.%(2)

B.3:.h 11.B.5(2), 11.B.7

R.3.C I11.B.5(2)

R.2.D 11.B.1, 11.B.5(3), 11.B.7, 11.B.8, TAP A-48, TAP B-14

R.3.D 11.A.1, 11.B.5(1), I1.B.8, 1I.H.3

R.3.6G I11.A.1, I1.B.5(1), 11.B.8, 1I.H.3

R.4.C 11.A.1, 11.B.5(2), 11.B.8

R.5.E I1.A, 111.A, IV.E.5, NGI-88

R.6.A TAP A-2, TAP A 8, TAP A-24, TAP A-30, TAP A-34,
TAP A 48, TAP B 50, TAP B-76, TAP B-85, TAP B-87,
TAP B-91, TAP B-93, 11.B.2, 11.D.3, 11.B.1.2,
11.P.1, 11.6.1

R.6.C TAP A-2, TAP A 8, TAP A-24, TAP A-30, TAP A-48,
TAP B-32, TAP B-50, TAP B-56, TAP B-58, TAP B-21,
“AP B 41, TAP B-49, TAP B 55, TAP B-70, TAP B-71,
11.8.2, 11.E.3.1

R.7.¥ TAP A-23, TAP B -5, TAP B-°, TAP B-10, TAP B-26,

TAP B-54

40




Generic Safety Issues Related to

Top Risk Issues (Continued)

ISSUES FROM NUREG-0933

Table 5-1.

RISK
ISSUES

I.A.2.2,
I.A.2.6(4),
1:.A.8.23(1).

1.B.1.1(3),
HF.01.5.1

1.A.2.1(3),
1.A.2.6(3),
I1.B.1.2(1),.
11.B.4, IV.B.S5,
r.01.1.5. HFr.01.2.1.

Hr.ol.3.2,

HF.01.4.2,

1.A.2.1(2),
.A.3.3, 1.A.3.4,
1.B.1.1(2).
1.B.1.1(7).
1.E.8,

0
Wr.01.3.1,

R.8A.C

41



6. DESCRIPTION OF THE RANKING TECHNIQUE

To obtain an overall ranking for each risk issue, the scores or
ratings for each issue were combined in a linear, weighted
fashion with respect to defined criteria. The criteria are the
sizes of uncertainties associated with the issues and the
potential for research solving the issues (the column headings
of the tables in Appendices A and B).

For each risk issue, the scores under the different criteria
are combined to arrive at an overall score for the risk issue.
The overall score for the risk issue is obtained by linearly
weighting the individual scores for the different criteria.

The Lightyear program is a commercially available program for
the IBM personal computer that implements this technique.
Other programs could also be used to perform this analysis. To
use Lightyear, four basic steps are taken:

1. Alternatives are defined which are to be ranked.
The alternatives here are the risk issues.

2. Criteria are defined which are to be used for the
prioritization. For the present application, the
criteria can include any of the column headings on
the issue uncertainties and the research potential.

3. Weights are assigned to the criteria to indicate
their relative importance. The weights which were
assigned are described in Chapter 7.

4. The alternatives are then ranked according to each
criterion.

For a given criterion, the scoring of the alternatives can be
done in various ways. For a criterion measuring a quantitative
output, the score 1is the output value associated with an
alternative. The output is measured on a linear scale from a
defined minimum value (representing O percent) to a defined
maximum value (representing 100 percent of the potential).

The scoring can also be done in a graphical manner with the
gscore represented by a point chosen on a line from 0 to 100
percent. The relative position of the point indicates the
relative score for the criterion.
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The scoring is done in a categorical manner. For a given
criterion, categories such as "small," "medium," and "large"
can be used with a category assigned to each alternative. Each
category is then translated to relative value from O to 100
percent. The relative values of the alternatives are then the
scores of the alternatives for the given criterion. The
relative values assigned to the categories are described in
Chapter 7.

As part of the criteria, rules can also be defined which serve
as goals or constraints. A goal rule defines a goal value for
the score under a given criterion. If an alternative satisfies
the goal, it is given the extra weight assigned to the goal.
The constraint rules define minimum or maximum acceptable
scores for a given criterion. Alternatives are eliminated if
they do not satisfy the constraints.

The rules are thus quite useful for refining the criteria.
Constraint rules are applied to the risk issues to sort out
those which do not have at least "medium" category scores under
the criteria. The rules which were applied are more fully
described in the next section.
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7. RESULTS OF THE ANALYSIS

The information in the tables in Appendices A and B was entered

into the Lightyear computer program. Two separate computer
files were made, one for the systems issues and one for the
containment and consequence issues. The results of these

analyses are discussed below.

7.1 Systems Analysis Issues for Research Prioritization

The analysis of the systems issues 1is discussed 1in this
section. The alternatives are the issues themselves. In the
figures that follow, the issue numbers are shown and not the
issue names. The criteria correspond to Columns 2 through 5 in
the tables in Appendix A.

For research prioritization, it is important to identify those
issues that contribute significantly to the uncertainty in
risk. l1ssues that can cause the risk to increase are also
important. One of the goals of research 1is to reduce
uncertainty. Research can also help us to better understand
the source of the uncertainties. Various uncertainty
contributors are candidates for resolution through research
involving new experiments or the development of new analysis
techniques. Other issues are best addressed through regulatory
or enforcement actions.

Another important aspect of 1identifying 1issues that are
important for research is the "researchability" of the issue.
This corresponds to Column 3 in the tables in Appendix A. A
"large" researchability does not imply that the research
necessarily needs to be performed by the Office of Research, as
opposed to other organizations either inside or outside NRC.

These two criteria, along with the other two columns, were
input into the computer. The weights of the criteria that were
assigned are shown in Figure 7-1. Research potential was
weighted highest because this is a research prioritization
effort. Contribution to overall uncertainty was assigned the
next highest weight. Increase potential of the uncertainty was
assigned the lowest weight because it is correlated with the
uncertainty criterion. Decrease potential was assigned a
weight of 2zero for consistency with the containment and

consequence issues analysis.

The screening rules used for this initial identification of the
important issues are shown in Figure 7-2, and they correspond
to elimination rules. This means that if a criterion
corresponding to an issue violates the rule, the 1issue 1is
flagged. These issues are shown in the figures by the nonsolid
lines. 1Issues that do not violate any screening rules are shown
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by the solid bar. The results of this initial analysis using
the first two rules and the first two criteria are shown in
Figure 7-3. Notice that the first issue that violates a rule
is ranked 24th in the figure. Also notice that 14 issues have
a total score equal to the maximum possible.

A third rule was added for the increase potential of the
uncertainty. This is shown in Figure 7-4. The same weights
for the criteria were used so that the rankings would remain
the same. Notice in Figure 7-5 that the first issue to violate
a rule is now ranked lé6th. Adding the additional rule can help
in cutting d>wn the number of issues to be considered. Issues
with total scores greater than or equal to 175 and that passed
the screening rvles were selected for discussion in Section
2.1,

Sensitivity studies were performed by changing the values of
the weights and varying the rules. The results were all very
consistent with those shown in Figure 7-5. For example, when
the weights of the four criteria are set equal to 100 and using
the rules in Figure 7-4, the 1% issues identified in Figure 7-5
were in the top 29. When the weight of the decrease potential
criterion is changed from 100 to 50, the 19 issues are in the
top 25 issues in the sensitivity study. Additional analyses
were performed with similar results. The 19 issues identified
correspond to those that have large in all three criteria or
two large and a medium in one (increase potential). If the
issues were binned according ¢to their rankings for the
criteria, the same issues would have been identified.

7.2 Containment and Consequence Issues Important for Research
from a Risk Prospective

The containment and consequence issues were analyzed in the
same manner as the systems issues. The same three criteria
from Figure 7-1 were used and were given the same weights. The
initial analysis considered only the uncertainty and research
potential criteria which were coded as screening rules shown in
Figure 7-2. The results are shown in Figure 7-6.

A second analysis was performed with the inclusion of a third

rule for increase potential as shown in Figure 7-4. Adding
this rule eliminates additional issues since they violate the
new rule. The results of this analysis are shown in Figure

7-7. Issues 1-14 and 17-20 had scores greater than or equal to
135 and did not violate any of the screening rules and, thus,
were selected for discussion in Section 2.2.
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