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ABSTRACT

This document has been prepared to support the initial phase of the Atomic Energy Control
Board's program to review and evaluate Probabilistic Safety Assessment (PSA) studies conducted
by nuclear generating station designers and licensees. The document provides (1) a review of
current and prospective applications of PSA technology in the Canadian nuclear power industry;
(2) an assessment of existing practices and techniques for the review or risk and hazard
identification studies in the international nuclear power sector and other technological sectors,
and (3) proposed analytical framework in which to develop systematic techniques for the scrutiny
and evaluation of a PSA model. These frameworks are based on consideration of the
mathematical structure of a PSA model and are intended to facilitate the development of methods
to evaluate a model relative to intended end-uses.

RÉSUMÉ

Ce document vise à appuyer la phase initiale du programme de la Commission de contrôle de
l'énergie atomique qui porte sur l'examen et l'évaluation des études d'analyse probabiliste de
la sûreté (APS) effectuées par les concepteurs de centrales nucléaires et les titulaires de permis.
Le document présente (1) un examen des applications actuelles et éventuelles de la technologie
d'APS dans l'industrie électronucléaire du Canada, (2) une évaluation des pratiques et des
techniques actuelles d'examen du risque et des études de définition des dangers dans le secteur
électronucléaire international et d'autres secteurs technologiques, et (3) des cadres analytiques
proposés pour élaborer des techniques systématiques d'examen et d'évaluation d'un modèle
d'APS. Ces cadres sont fondés sur l'analyse de la structure mathématique d'un modèle d'APS
et visent à faciliter l'élaboration de méthodes d'évaluation d'un modèle par rapport aux
utilisations réelles prévues.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the statements made
or opinions expressed in this publication and neither the Board nor the author assumes liability
with respect to any damage or loss incurred as a result of the use made of the information
contained in this publication.
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PREFACE

Growing use of probabilistic safety assessment (PSA) technology in the Canadian nuclear
power industry is evident. The Darlington Probabilistic Safety Evaluation (DPSE),
conducted by Ontario Hydro, is the first full-scale PSA of a Canadian nuclear generating
station. Ontario Hydro's PSA activities continue through the updating of the DPSE and
the conduct of comparable studies of the Pickering and Bruce NGSs. AECL's ongoing
program of design evaluation for the CANDU 3 incorporates PSA techniques
extensively.

As the role of PSA technology expands, it is inevitable that safety information made
available to plant management and safety regulators will be cast increasingly in the
format and terminology of PSA. Submission of the DPSE as part of Ontario Hydro's
Darlington licensing application to the AECB is a reflection of this trend.

The appropriate role of PSA in reactor regulation is currently under evaluation by the
AECB. While the appeal of managing system safety through consideration and
manipulation of quantitative risk is obvious, it is commonly appreciated that a PSA
model is an imperfect representation of risk. An incomplete knowledge of potential
accident conditions or a lack of understanding of plant response to those conditions will
not be rectified through the application of PSA methods. However, the ordered and
systematic process of analysis associated with a PSA and the requisite scrutiny of plant
design and operations can produce a broad base of safety information and insights on
the subject plant.

To date, the AECB's licensing process has not relied on the conduct of PSAs. If the
information base generated by PSA techniques is to support the AECB's decision-making
processes, then an understanding of the robustness and quality of that information by
the Board is essential. Key questions to be addressed by the AECB in determination of
PSA's role in licensing include:

By what criteria is the validity of a PSA study's insights and results to be
evaluated?

In what way should these criteria reflect the specific end-uses of the PSA?

By what process should compliance with the criteria be demonstrated to
the AECB?

The AECB is currently developing a technical program to address such issues. This
report supports the initial phase of the AECB's PSA Validation Program. It is a
discussion document intended to provide the following:
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Chapter 1: An overview of the current and intended roles of PSA in the
Canadian nuclear power industry. This information is based on
discussions with AECB, Ontario Hydro, and AECL personnel. The
relationship between the fundamental, technical elements of a PSA
model and the form of safety insights derivable from the model are
discussed. Conclusions are drawn regarding the basis for narrowing
AECB PSA validation objectives to reflect the specific base of PSA
applications foreseen by the Canadian nuclear power community.

Chapter 2: A survey of documented techniques for the review and evaluation
of PSA studies. A discussion of the notion of "validation" in the
context of PSA review is also presented in this chapter. Conclusions
are drawn regarding limitations in current PSA review techniques
and their potential role in the AECB PSA Validation Program.

Chapter 3: A proposed framework for establishment by the AECB of PSA
validation criteria and of a process for the demonstration of
compliance. This framework constitutes a classification of technical
issues to be addressed in assessing the validity of a PSA study.
Objectives and guidelines for the development of validation
methods are suggested.

Finally, technical direction for Phase 2 of the AECB PSA Validation Program is
recommended.
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I. PSA IN THE CANADIAN NUCLEAR POWER INDUSTRY

Chapter 1 is structured as follows. Section 1.1 reports the current and prospective roles
of PSA identified by participants in the Canadian nuclear power industry. Section 1.2
describes the technical mechanisms by which safety information is drawn from a PSA
and relates these mechanisms to PSA applications. Finally, in Section 1.3, conclusions are
drawn regarding the appropriate technical scope of PSA validation objectives intended
to focus on PSA uses foreseen by the Canadian nuclear power industry.

1.1 Current/Prospective PSA Applications in Canada

Current and prospective uses of PSA in the Canadian nuclear power sector are outlined
in this section. This discussion is intended to provide the background against which the
objectives and requirements of a PSA validation process will be formed. The PSA
applications identified are based on discussions with representatives of the AECB,
Ontario Hydro, and AECL. The prospective applications described do not necessarily
reflect current organizational policy or programmatic direction, but rather, delineate a
spectrum of potential benefits derivable from the conduct of PSA, as identified by each
organization. The technical commentary following each "bolded" application area reflects
the author's interpretation of key discussion points.

1.1.1 The Atomic Energy Control Board

Five potential areas of PSA application are currently identified by the AECB:

1. Demonstration by the licensee of compliance with Consultative
Document C-6 requirements.

The proposed regulatory guide described in Consultative Document C-6 [Ref. 1]
constitutes an interim set of requirements for the performance of safety analyses
intended to demonstrate that the subject plant will not pose an unacceptable risk to the
public. PSA technology appears to be well-suited to the generation of the type of safety
information sought by the analysis mandated in C-6.

C-6 requirements relate to PSA technology at two levels. First, certain C-6 requirements
can be met systematically through the conduct of a PSA. In particular, the identification
of serious process deviations and mitigative system failures, as required in Section 3.2(a),
is a fundamental element of the PSA process. Table 1 of C-6 prescribes a series of
"events" that need to be considered in the safety analysis. The systematic approach to
accident delineation prescribed by PSA methods may be an appropriate tool by which
to screen Table 1 efficiently to identify events of relevance to the subject plant, and to
identify events combinations of potential risk significance not included in Table 1.
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Another requirement in C-6 that is readily identifiable as having the potential to be met
by PSA analysis is described in Section 4.9(b). This section requires that account be taken
of initiating event mechanisms, common cause effects, cross-link effects, operator errors,
and equipment unavailability in the delineation of credible event sequences. A PSA
formalism can provide the structured analytical framework in which to address each of
these factors systematically.

The second level of relationship between C-6 requirements and PSA technology takes
the form of a commonality in data requirements: the information base and analytical
requirements dictated by certain sections of C-6 are shared by the PSA process. In
particular the evaluation of event consequences (e.g., Sections 3.2 and 4.0) and event
frequencies (Section 4.9(a)) required by C-6 can also be viewed as elements of the PSA
process. PSA technology may therefore provide a vehicle by which to undertake and
integrate the analyses mandated by C-6.

Other prospective PSA applications identified by the AECB are:

2. Identification of plant equipment that plays a dominant role in
governing the safety profile of the plant, and determination of the
implications to risk of degraded or improved performance in that
equipment.

3. Identification of operator actions and associated operating procedures
that predominantly influence plant risk, thereby providing a basis for
the development of operator response guidance and operator training.

4. Determination of the effect on plant risk of modifications to plant
design and operations.

Areas 2-4 mirror the core of international PSA applications experience. Section 1.2
outlines the technical mechanisms for deriving insights relative to these applications.

5. Acquisition by utility personnel of an in-depth understanding of plant
design and operations relative to the potential for process deviations and
severe accidents.

The conduct of a PSA involves the development of an extensive plant performance data
bases, the systematic, detailed analysis of plant design and operations, and ultimately,
the generation of new safety-related information. In undertaking such a project, it is
inevitable that an in-depth appreciation of the subject plant's accident potential will be
gained by those involved. Benefits and safety-perspectives achievable by a utility
through the PSA performance process is often a key motivation for the conduct of a
study. The U.S. NRC's request for the performance by all U.S. nuclear power plant
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licensees of Individual Plant Examinations (PSA-based plant analyses) exemplifies this
emphasis in motivation [Ref. 2 and 3. See also Section 2.3.4].

1.1.2 Ontario Hydro

The principal objectives of the DPSE are stated as follows [Ref. 4]:

1. To provide a thorough safety design verification of the Darlington NGS
using probabilistic methods.

Design verification is identified as the "primary objective" of the DPSE. This process is
defined at two levels:

(a) Assessment of conceptual plant design. This involves identification of those systems
and operator actions that are critical considerations in the evaluation of accident
frequencies and consequences. Typical among the high-level insights identified in the
DPSE is that sequences involving failure of emergency coolant injection following a loss
of coolant accident are not significant contributors to accident frequency due to the
diversity of heat removal mechanisms.

(b) Evaluation of detailed design. It is reported that during the conduct of the DPSE, 98
design problems were identified and corrected. These problems were associated
principally with process control.

2. To identify those initiating events and accident sequences that dominate
public risk and economic risk to the utility.

3. To provide a comprehensive and realistic information base for the
preparation of commissioning and operating procedures and for the
training of operating personnel in handling accident situations.

Objective 2 addresses the risk-prioritization of accident initiating events. Objective 3
includes evaluation of post-initiator operator actions to support Operator Response
Guidelines (ORGs) development and operator training.

4. To provide those system reliability and event sequence assessments
required as part of the licensing process.

Objective 4 addresses compliance with the accident delineation/evaluation requirements
established in Consultative Document C-6. It also encompasses demonstration of
compliance with special safety system availability targets established by regulatory
policy and with requirements for the performance of reliability analysis of safety-related
systems. To date, reliability models of the 4 special safety systems at Darlington, based
on the DPSE fault tree analyses, have been submitted to the AECB.
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A secondary objective of the DPSE is identified as:

5. To acquire within Ontario Hydro expertise and experience in the
application of risk assessment methods such that the}' can be readily
supplied in the future work program.

The DPSE is currently evolving to address design and operational modifications to the
plant to improve the scrutability of the study, and tc enhance its usability by plant
personnel. Ontario Hydro expects the role of the DPSE in utility decision-making to
grow steadily. Currently, unavailability models of the 4 special safety systems at
Darlington and 6 additional major mitigating systems (shutdown cooling, steam
generator emergency cooling, emergency service water, standby Class III power, standby
emergency power, and auxiliary boiler feedwater) have been encoded as a PC-based
query system entitled the Risk Reliability Model Interrogation Code (RRMIC). One
Pickering special safety system has been encoded in RRMIC format. RRMIC is providing
the basis for programs of operational reliability at the Darlington and Pickering NGSs.

RRMIC permits alteration of component unavailability assumptions and determines the
effect of these alterations on system unavailability. Since component unavailability is
expressible as a combination of plant operational parameters such as test intervals,
outage durations, and hardware failure rates, RRMIC can facilitate operational
optimization exercises. Such exercises can form a quantitative framework for the
evaluation and establishment of operating practices as well as the evaluation and
management of abnormal plant configurations such as forced outages and deferred
equipment testing.

Example applications referenced by Ontario Hydro include

a. the assessment of optimal testing period requirements on components that
provide redundancy to a component currently on maintenance outage,

b. determination of maximal permissible outage time for a given component
consistent with system unavailability goals, and

c. determination of permissible deferment of component testing consistent with
system unavailability goals.

Ontario Hydro reports use of RRMIC at Darlington to support daily decision-making in
a growing program of operational reliability monitoring.
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1.1.3 Atomic Energy of Canada Limited

AECL has reported the use of PSA as a design aid since the Bruce A NGS design
program. Currently, assessment of the CANDU 3 "standard design product" is AECL's
principal PSA application program. To date AECL has completed the preliminary phases
of a multi-phase PSA program addressing CANDU 3.

The preliminary phases have resulted in the CANDU 3 Conceptual PSA [CPSA, Ref. 5].
This analysis is based on the CANDU 3 conceptual design. The degree of design
definition addressed in the CPSA is limited. It is defined principally in terms of major
process systems, safety-related systems and their support systems. Therefore the role of
the detailed systems analyses techniques typically associated with PSA (e.g. fault tree
analysis) is limited in the CPSA.

Applications of the CPSA identified by AECL are:

1. Development of design targets for system availability.

AECL personnel report that a principal focus of the preliminary phases of the CANDU
3 PSA program was the establishment of consistent, quantitative design targets in terms
of accident sequence frequencies and system unavailabilities. As working risk targets,
the following were adopted:

Any individual sequence leading to a reactor core with no heat sink shall be less
than 10'6 per year.

Any individual sequence leading to the moderator having to act as a heat sink
with fuel channel integrity likely to remain intact shall be less than 10"4 per year.

Any individual sequence leading to the moderator having to act as a heat sink
with uncertainty about fuel channel integrity shall be less than 10"* per year.

By defining accident sequences as paths through a safety system event tree, AECL
reports to have apportioned the sequence frequency targets among the safety systems
modeled. (It is unclear how the degree of event resolution in the event tree was selected
to support a unique definition of the sequence frequency targets.)

2. Input to Control Room Design.

Alarm and indication assumptions made in the CPSA are being conveyed to control
room designers to facilitate compliance with the established system availability targets.
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3. Input to Environmental Qualification (EQ).

Anticipated environmental exposure of safety systems (i.e., steam, high temperature, etc.)
in accident sequences identified in the CPSA is reported to be providing a basis for the
establishment of EQ requirements.

The phase of CANDU 3 analysis presently underway and planned for completion in
early 1992 is the Generic PSA. This study will be based on detailed, component-level
design information (excluding balance of plant). Specific uses of the Generic PSA
identified by AECL are as follows:

4. Demonstration of Compliance with Design Targets

Among the principal objectives of the Generic PSA will be to ensure that system
availability targets established by the CPSA are met. In addition, design resolution to
component level will permit determination of equipment cross-link effects on the
relationship between sequence frequency targets and safety system availability targets.

5. Input to Test and Maintenance Procedures

Study insights are expected to guide the development of Operating Policies and
Principles for CANDU 3.

6. Input to Emergency Operating Procedures

Study insights are anticipated to guide the development of Operator Response
Guidelines.

7. Layout Design Reviews

Assessment of layout with respect to the potential for internal flooding of plant buildings
and the consequent effects on mitigating systems.

The final phase of the CANDU 3 PSA program will involve plant-specific studies on
behalf of clients incorporating models of balance of plant for the subject sites.

1.2 PSA: Modes of Use

While cited applications of PSA methods are diverse and numerous, the underlying
technical modes in which a PSA can be utilized are relatively few. In this section, the
technical attributes of a PSA model are related to prospective study end-uses. First, the
basic mechanisms for the extraction of safety perspectives from a PSA study are
delineated (Section 1.2.1). PSA applications identified in Section 1.1 provide the focus for
this discussion. Section 1.2.2 extends this discussion to address the principal sources of
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variability in PSA models (such as scope and degree of modeling detail) relative to
intended modes of use.

Section 1.2.3 provides the context for the technical modes of PSA utilization discussed
in Section 1.2.2 by describing the typical motivation for the conduct of a PSA and the
roles played by the resultant studies. In Section 1.3, prospective and planned Canadian
applications of PSA are compared to the international experience base and general
conclusions drawn regarding appropriate objectives for the AECB PSA Validation
Program.

1.2.1 Basic Mechanisms for PSA Insights

While the PSA process and its supporting considerations are complex, the nature of the
resultant model from a structural and mathematical perspective is relatively
straightforward. In this section, the mechanisms by which a PSA model provides safety
insights are discussed. For definiteness, attention is focused on the variety of PSA model
that is cast ultimately in the form of event "cut-sets" (which are defined later). While
there exist variant approaches to representing plant accident logic, the models thereby
generated convey information that is equivalent to that provided by cut-sets. The cut-set
approach is the most broadly used (e.g., the DPSE and the CANDU 3 Generic PSA as
currently planned).

(As a point of interest, note that unlike more standard approaches to
system modeling, the DPSE extends the cut-set representation of accident
logic beyond the point of fuel damage to include containment building
performance. In the more standard approaches, containment performance
is evaluated relative to homogenized groups of fuel damage cut-sets, i.e.,
plant damage states. In contrast, Ontario Hydro reports a process in which
pre-fuel damage and post-fuel damage accident logic is merged to acquire
containment failure cut-sets. This can serve to render more uniform the
representation of accident logic.)

A PSA model has two components:

qualitative structure, and

associated quantitative information.

Each can support the generation of risk information.

1. Qualitative Structure

A series of minimal cut-sets define the structure of a PSA model. Each minimal cut-set
contains a combination of events. These events are defined at the greatest degree of
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modeling resolution (regarding hardware definition, operator actions, and failure modes)
adopted in the PSA. Realization of the event combination comprising a minimal cut-set
would result in occurrence of the adverse "top-event" with respect to which the cut-sets
are defined. A top-event may be defined at various levels, e.g., unavailability of a
specific safety system, occurrence of a given accident sequence, onset of a specific level
of fuel damage, or a mode of containment building breach. Numerous minimal cut-sets
are generally associated with a single top event. The qualifier "minimal" implies that
removal of any one component event from the cut-set would obviate the occurrence of
the top-event. (For brevity, the qualifier "minimal" will be excluded henceforth.)

A cut-set generally has the following form:

"accident initiator AND event 1 AND event 2"

This example is a three-element cut-set. Events included in a cut-set are typically of the
forms:

"component X fails on demand due to hardware failure",
"component X unavailable due to outage", and
"operator fails to recognize need to actuate system Y".

Inspection of cut-sets derived from a PSA can yield various insights on plant design and
operations. Since all events in a cut-set must be realized to produce the top-event, the
smaller the cut-set (i.e., the lesser the number of component events), the lesser the
protection against occurrence of the adverse top-event. (Note that the probabilistic
quantification of events provides additional insight into the degree of a potential
vulnerability.)

The robustness of insights associated with the size of a cut-set is closely related to the
degree of event resolution, i.e., the level of modeling detail. Increased modeling detail
often can result in the reduction of cut-set size. Such a reduction would reflect the
existence of plant cross-links. For example, consider the following accident sequence cut-
set.

Initiating event X occurs AND
Process system 1 failure AND
Safety system 2 unavailable.

This cut-set would arise from an analysis involving minimal modeling detail since it
addresses only system-level events. Further resolution of the system failure events may
reveal that both systems 1 and 2 could fail due to the unavailability of a single
component. In this case, the following cut-set would result:
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Initiating event X occurs AND
Component 1 unavailable.

Note that by increasing the level of modeling detail, a lower-order cut-set (i.e.,
containing fewer events) is generated. A more extreme cross-link would correspond to
the situation that "Initiating event X occurs" causes both system failures. This would
result in the generation of a single element cut-set, i.e., "a singleton". (The analysis of the
Zion plant for the NRC NUREG-1150 study identifies an accident sequence in which the
rupture of piping in the component cooling water system results in loss of seal cooling
to the reactor coolant pumps as well as the ECCS pumps. The result is an unmitigated
LOCA*) In this way, the cut-set formalism constitutes a structured framework in which
to relate the degree of modeling detail to the capability of the study to identify design
cross-links.

The inspection of cut-sets can also provide qualitative safety perspectives on plant
operations. This requires that plant system models be resolved to a level that
accommodates information on operational practices. Consider the following accident cut-
set:

Initiating event X occurs AND
Component 1 in test outage AND
Component 2 in test outage.

Inspection of this cut-set provides a qualitative impression of the way in which the
planned outages of Components 1 and 2 contribute to the potential for the subject
accident sequence. As in the evaluation of plant design, capability to identify operational
aoss-links is sensitive to the degree of modeling detail. Consider further resolution of
this cut-set. This may reveal that both components 1 and 2 are subject to the same
specific test, Test Y say. Analysis at this level of resolution would therefore identify the
following 2-element cut-set:

Initiating event occurs AND
Test Y underway.

Cast in terms of cut-sets, a species of operational or design cross-link could be defined
therefore as a plant attribute that reduces the order of affected cut-sets as model
resolution increases. (Such a definition may help guide the selection of appropriate
criteria for compliance with C-6 provisions on cross-link identification.) Since cut-sets
define specific adverse events, this perspective renders explicit a notion that cross-links
are defined relative only to specified adverse events such as a given accident sequence
or safety system unavailability.

The review of accident sequence cut-sets can help identify broader forms of design and
operational dependences than those associated with direct equipment and operational

* LOCA : Loss of Coolant Accident



-12-

cross-links. In this broader sense, a dependence may be viewed as any plant attribute
that could render the probabilities of individual events in a cut-set non-independent. For
example, if the equipment represented by multiple elements of a cut-set share the same
spatial domain, then that equipment has the potential to be subjected to a common
hazardous environment, e.g., internal flooding, fire, projectiles, or seismic excitation.
Similarly, a cut-set containing several redundant components of similar design would
spur consideration of the potential for common cause failures. (Common cause failures
are discussed further in Section 1.2.2).

The potential for dependences associated with human actions may also be identified
through inspection of accident sequence cut-sets. For example, a cut-set containing
multiple component failures, each due to maintenance errors (e.g., incorrect valve line-
out following test or repair) would reveal the potential for plant vulnerabilities
associated with uniformly poor quality of operational practices. Note that such a
dependence could be explicitly identified only if the degree of fault tree resolution
allows specific component unavailability modes to be addressed.

As a further example of dependences associated with human factors, consider a cut-set
involving multiple operator errors following accident initiation. These errors would be
associated typically with failure to properly implement emergency response procedures.
The operator performance profile established by the initial error would indicate that the
conditional likelihood of subsequent errors is high. Therefore, the presence of operator
errors in a cut-set, even if that cut-set is of a high order (i.e., it contains numerous
events), indicates that the accident sequence thereby defined may be a significant safety
concern.

2. Quantitative Information

Two sets of quantitative information are associated with a PSA model: probabilistic and
consequence-related. The probability/consequence doublet then provides the basis for
risk characterization. Since the plant design basis and operational practices generally
focus on accident prevention, the parameters associated with safety system failure
probabilities form the principal basis for insights on the safety-performance of plant
design and operations.

The frequency of occurrence of the event combination comprising a cut-set is equal to
the frequency of the initiating event contained therein, multiplied by the conditional
probabilities of the other constituent events. The parameters that determine the
probability (or frequency) of each event in a cut-set generally reflect elements of plant
operational practice and hardware reliability. For example, the unavailability of a
component is directly expressible in terms of test and maintenance intervals, test
durations, repair times, and component failure rates.
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Three bases for the extraction of risk insights from the quantitative elements of a PSA
model can be identified:

variation of operational parameters,
event importance analysis, and
comparison to safety targets.

Variation of operational parameters. Safety insights on plant operations may be gained
through the variation of values attached to risk model input parameters and assessment
of the effect on various output risk indices such as safety system availabilities and
accident sequence frequencies. This form of sensitivity analysis can provide a basis for
optimizing operating practices. However, the capability to perform such analyses and
the accuracy of insights achievable are constrained by:

a. the degree of detail reflected in the formulae for estimating component
unavailabilities, and

b. the degree of modeling resolution in the underlying cut-sets.

With respect to factor (a), there exist alternative approaches to estimating the
unavailability of a given component:

use of a simple "failure-on-demand" estimate which is generally adopted
from a generic data base, or

use of a formula that accommodates plant-specific failure rate data, and
test and maintenance data.

Since the former approach is not based on use of a relationship between plant
operational practices and component unavailability estimates, it provides no basis by
which to determine the risk-impact of modifications to operations. The latter approach
provides such a basis.

As an example reflecting factor (b), the accuracy of insights gained from variation of the
recurrence interval for a given test depends on the modeling resolution of the test in the
affected accident cut-sets. Referring to an earlier example, contrast the following two cut-
sets:

Initiating event X occurs AND
Component 1 in planned outage AND
Component 2 in planned outage.

and



-14-

Initiating event X occurs AND
Test Y underway.

Each models the unavailability of the 2 subject components due to Test Y (note that both
components are involved in the test). In the first, less-resolved cut-set, the component
outages would likely be treated as independent events during the probability
quantification process. However, if the models are resolved to the level of specific tests
mandated by operational procedures, then the outages become completely dependent
(or at least that contribution to outage associated with Test Y). Outage resolution only
to the level reflected in the first cut-set would not only result in underestimation of Test
Y's contribution to risk, but would also distort the effects on risk of varying the test
frequency and duration parameters.

Event importance analysis. Quantitative sensitivity analysis can provide additional
mechanisms for acquiring risk insights. So-called "importance measures" are a key source
of safety information. An importance measure is based on determination of the degree
of change in a top-event frequency resulting from variation in the probability of a
selected event (generally an event defined in a cut-set, or a so-called "primary event").
By setting the probability of a primary event to an extreme value (0 or 1 for conditional
probabilities and 0 for initiating event frequencies), and assessing the impact of this
change on specified risk indices, the importance characteristics of that primary event can
be defined.

Depending on the nature of primary events addressed in such analyses, this process can
help order items of equipment, causes of outage and operator actions relative to their
importance to risk. These ordered lists can then provide a basis for allocating resources
through the prioritization of activities, e.g., equipment inspection, operator training, and
plant modifications.

Safety target comparisons. The absolute quantitative values of risk generated by a PSA
may be of interest. For example, design decisions may be affected by the need to comply
with specific numerical safety targets on, for example, system availabilities and accident
frequencies. While the so-called "bottom line" risk prediction of a PSA is generally
considered to be among the least robust of its results (due mainly to the issue of the
completeness of initiators and modes of plant response considered), PSA provides a
systematic framework for the generation of "best estimates" of risk.

Finally, although distinction has been made here between the insights gained from
qualitative and quantitative aspects of a PSA model, inherent in the PSA process are
analytical interactions that preclude the identification of a sharp boundary between
insight sources. In particular, the cut-sets generated from fault tree analysis are generally
a subset of all theoretical cut-sets identifiable from the subject fault tree. Event truncation
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using probabilistic screening criteria is a practical necessity in the reduction of large fault
trees. Therefore, probabilistic considerations are inherent in the process by which design
and operational insights are derived from the model cut-sets.

1.2.2 PSA Approach versus Use

Numerous variable factors characterize the technical approach selected in any given PSA
study. In this section, these variables are related to intended applications of the PSA.
What follows is not intended to provide an overview of the modeling attributes of a PSA
but, rather, to highlight the principal areas of variability between approaches. The
detailed correspondence between PSA content and intended PSA applications will be
addressed in subsequent phases of the AECB PSA Validation Program. The following
outlines this correspondence in broad terms.

Principal variables in the analytical tack of a PSA are:

1. Basic methodological structure

Large vs. small event tree techniques
Definition of model interfaces and analysis integration
Treatment of uncertainties

2. Consequence modeling

Type of consequences modeled
Detail of accident phenomena models (thermal-hydraulic conditions,
reactor core degradation, containment performance, source term)
Detail of economic, offsite health consequence models

3. Scope of study

Systems addressed
Initiating events addressed
Phases of accident progression addressed (to fuel damage, to
containment failure, to offsite effects)
Contributor types addressed

4. Detail of accident/system models

Degree of component resolution
Degree of failure mode/cause resolution
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1. Basic methodological structure

Two standard approaches to accident model development exist: the small event
tree/large fault tree approach (e.g., DPSE and all NRC-funded PSA studies), and the
large event tree/small fault tree approach (e.g., some U.S. utility-funded PSA studies).
These approaches differ principally in the distribution of analytical efforts between
accident sequence definition and system logic resolution. While arguments regarding
result scrutability and computational convenience have been made about the relative
merits of the two approaches, they are each capable of accommodating the same
information on plant design and operations, and providing equivalent risk insights.

The overall structure of a PSA model and the associated analytic interfaces determine
the way in which information is transferred between elements of the analysis. For
example, such interfaces determine

a. how information on potential fuel damage conditions and system failure
combinations is transferred to that portion of the analysis addressing accident
phenomena, containment performance, and the source term to the environment,
and

b. the way in which likelihood and consequence information is merged to
characterize health and economic risk indices.

A principal element of variation in model integration is the coarseness of the categories
into which sequences and accident conditions are collected in order to provide boundary
conditions for other analysis phases. Coarser sequence categorization reduces
computational costs, while more refined categorization will generally increase the
precision of overall risk estimates. Since plant design and operational insights are
derived principally from scrutiny of individual accident sequences and the associated
operational data, the issue of model integration is generally of limited importance. There
exist PSA applications in which the integration issue may be significant, however. These
are applications that rely in some detail on the predictions of in-plant and ex-plant
consequence models since the PSA interfaces generally facilitate the merging of
probability and consequence information. Consequence analysis is discussed in the next
section.

The treatment of analytical uncertainties varies significantly among PSA studies. Current
uncertainty modeling capability is limited. That capability is largely confined to
characterizing the uncertainty in PSA input parameter levels, such as initiating event
frequencies and component failure rates. This form of uncertainty analysis is generally
effected through the replacement of single input parameter values by probability
distributions spanning the range of possible parameter values. Probabilistic propagation
of these distributions through the plant models then yields distributions that characterize
uncertainty in the output risk indices. Although some studies have sought to extend the
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scope of uncertainty analysis to address uncertainties in the validity of the underlying
physical /engineering models [Ref. 6], there exist no standard approaches to the
treatment of modeling uncertainties and no consensus exists within the technical
community regarding the merits of existing techniques.

In practical terms, the role of uncertainty analysis is confined currently to assessing the
robustness of the numerical predictions of a PSA under varied input quantification
assumptions. Some form of uncertainty analysis or input sensitivity studies are a
prerequisite to the acquisition of insights on numerical robustness. PSA applications with
the greatest potential to benefit from detailed uncertainty analysis are those involving
the ultimate comparison of risk estimates with quantitative targets. However, an attitude
that appears to be prevalent in much of the PSA community is that PSA should be
viewed as a "best estimate" tool and that uncertainty analysis has a limited role to play
in PSA-based decision-making.

2. Consequence Modeling

Variables associated with consequence analysis are the scope and detail of the models
used. The principal alternatives for consequence scope are: in-plant consequences only
versus inclusion of offsite impact, and health effects only versus inclusion of economic
impact. The appropriate scope and consequence modeling detail are dictated by the
intended end-uses of the study. If the emphasis is evaluation of plant design and
operational practices relative to accident prevention then the consequence modeling
requirements may be limited. In other applications, particularly where risk insights are
sensitive to the details of the consequence predictions, refined consequence calculations
would be appropriate. Examples of such applications are:

a. Identification and evaluation of in-plant accident management strategies
addressing accident phases following the onset of severe fuel damage. This use
of PSA is formative [Ref. 7].

b. Support of emergency preparedness: optimization of offsite emergency
management plans.

c. Use of quantitative risk estimates (health or economic) in decision-making, e.g.,
comparison of risk estimates with numerical safety goals, cost/benefit analysis of
plant modifications incorporating offsite risk measures, or use of offsite risk as a
criterion for the optimization of plant design and operations.
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3. Scope of study

There exist four principal variables in PSA scope:

accident phases addressed,
initiating events considered, and
systems modeled
contributor types modeled.

Accident phases addressed. The usual options for the scope of the accident phases
modeled are: (1) to the point of fuel damage (so-called Level 1 PSA), (2) to the point of
containment failure (Level 2 PSA), and (3) to the point of offsite impacts (Level 3 PSA).
The relationship between selected scope and intended applications of a PSA is generally
clear. For example, the evaluation of emergency operating procedures that are focused
on the prevention of fuel damage can be supported generally by a Level 1 analysis.
However, note that if "bottom line" offsite risk is one criterion against which alternative
operating procedures are to be assessed, then a form of Level 3 PSA would be required.

Initiating events considered. Accident initiators can be grouped into two main categories:
internal events and external events. The former category encompasses events that are
intrinsic to the plant such as pipe breach or support system failure. (Note that loss of
offsite power is invariably classified as an internal initiator unless caused by specific
external events such as an earthquake.) The latter category encompasses hazards that are
extrinsic to the plant such as seismic events, high winds, aircraft impact and flooding
from external sources. (The categorization of internal floods varies between studies).
Within each category, there is scope variability in the range of initiators considered.
From the perspective of numerical risk prediction, it is clear that the broader the base
of initiators selected, the greater will be the risk estimates produced. If the intention of
the study is to demonstrate compliance with numerical risk criteria, then the initiator
base must be appropriately selected to match that associated with the criteria.

Based on the earlier observation (Section 1.2.1) that plant cross-links and dependences
are defined most naturally relative to specific accident sequences, it can be deduced that
expansion of the initiator base modeled in a PSA increases the prospect of uncovering
design and operational cross-links and dependences. For example, an analysis of
flooding potential may identify a series of redundant components as prone to a common
flooding environment.

Consideration of a diverse base of initiators can result in the identification of design
issues reflecting subtle interactions between initiators. For example, the degree of piping
rigidity in a given system may influence the likelihood of sequences stemming from
different initiators in opposite senses: increased piping rigidity could decrease the
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frequency of accidents initiated by piping overpressure, but at the same time increase
the frequency of sequences initiated by seismically induced pipe cracking. A risk-based
trade-off analysis might provide the basis to resolve such an issue.

Systems modeled. There is generally some scope for variability in the range of systems
addressed in the process of delineating potential accident sequences. The representation
of safety systems (as designated in the design basis) and their support systems is a
minimal requirement in modeling accident mitigative features. However, a more realistic
and encompassing evaluation of accident mitigation strategies may demand the
modeling of additional systems.

For example, candidate accident mitigation actions may involve the use of non-safety
grade coolant sources (such as fire water) or power. While the inclusion of non-safety
systems has been a standard practice in U.S. industry-sponsored PSAs, the NUREG-1150
study [Ref. 6] is the first major NRC-funded PSA effort to take this approach. By
expanding the base of systems modeled, the potential is created to identify cross-links
and dependences involving the systems introduced. That is, while additional credit for
accident mitigation can be taken by increasing the scope of systems considered, this
credit can be tempered by the system dependences thereby identified. If the objective of
a PSA is to achieve realism in the accident sequences identified and the best achievable
estimate of quantitative risk, then inclusion of a broad range of anticipated mitigative
strategies is appropriate.

In general, non-safety-related systems would not be addressed in the test and
maintenance requirements established in operating policies and principles (OP&Ps). If
the motivation for a PSA study is the optimization of T&M procedures through
sensitivity studies, then the basis for including systems excluded from the OP&Ps is
reduced.

Contributor types modeled. In the conduct of a fault tree analysis, rules regarding the
"types" of events included are generally established at the outset. These types
conventionally encompass the following as a minimum: the unavailability or failure of
active components (e.g., pumps, valves, circuit breakers), and operator actions associated
with failure to implement established practices and procedures. A factor determining the
scope of a PSA model is what additional event types are included. These types can serve
either to reduce or increase risk estimates. For example, credit may be given for
beneficial operator actions that are not prescribed by procedure. Such actions are
generally associated with recovery from accident conditions. It has been common
practice in U.S. utility-sponsored PSA studies to take credit for non-procedural actions
while NRC-sponsored studies do not generally take such credit. Conversely, inclusion
of operator "errors of commission" is an option that would serve to increase risk
estimates. One class of such errors involves the misdiagnosis of accident conditions and
the subsequent implementation of actions appropriate to the diagnosis. Inability to
systematically identify and model errors of commission has led to the general exclusion
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of such errors from PSA models.

There exists also scope for variability in the hardware contributor types included in a
PSA model. In particular, the option exists of including the failure of passive
components in the Boolean resolution process. While passive component failures are
generally addressed as accident initiating events (principally pipe rupture), their explicit
inclusion as modes of subsequent safety system failure is an uncommon practice. The
usual rationale for exclusion of passive component failures is probabilistic. Such failure
would include pipework failure, vessel rupture/leakage, and cable failure. The NRC is
currently initiating efforts to address the modeling of passive component failures,
particularly in the context of the effect of plant aging on structural integrity.

4. Level of detail in accident/system models

In Section 1.2.1, the relationship between PSA model structure, model detail, and insights
achievable from a PSA was discussed. In this section, the discussion is expanded to
address the selection of appropriate levels of modeling detail relative to basic types of
PSA applications. Tables 1.1 to 1.3 summarize a suggested relationship between
modeling detail and PSA end-uses.

The detail in a sequence model can be characterized by two factors:

hardware resolution, and
unavailability mode resolution.

Hardware resolution. The degree of resolution of plant equipment into its component
elements dictates the capability of the study to identify hardware cross-links and other
inter-hardware dependences. Table 1.1 summarizes alternative levels of hardware
resolution. Detailed component definition generally implies detailed definition of
operator actions. For example, equipment recovery actions are usually defined at a level
that matches the resolution of hardware failure definition.

The finer the modeling resolution, the greater the opportunity to identify commonality
between systems associated with hardware dependence or susceptibility to external
influences such as a hazardous environment. If the objective of a study is detailed design
review, then a high degree of hardware resolution with respect to the subject review
area (i.e., mechanical components, electrical and/or I&C equipment) is appropriate.

In a study intended to focus on the evaluation of plant operations, a lesser degree of
hardware resolution may be acceptable. The appropriate degree of detail would be
dictated by the hardware level at which operational procedures are effected or to which
the details of recovery actions are sensitive. For example, to model post-initiator operator
actions undertaken at the equipment train level, resolution of the subject train to
component level may not be warranted. However, the modeling of recovery actions may
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require the detailed resolution of certain equipment failures (e.g., valve actuation signal
failure versus mechanical failure) to support assessment of recovery potential.

As a general point, it should be noted that reduction in the degree of hardware
resolution inevitably compromises the accuracy of numerical estimates of accident
frequency. This results from limiting the capability of the model to accommodate plant-
specific data, and failure to account for dependences and cross-links that would be
identified only through the development of more detailed models.

Unavailability mode resolution. Component unavailability may be associated with

operational activity: planned or unplanned outages,

failure of component hardware, or human error.

Typical levels of unavailability resolution are shown in Table 1.2. Bounding the spectrum
of approaches to unavailability resolution is one in which all failure modes of a
component (hardware, human and outage) are lumped into a single event. In this
approach, the failure probability is not generally derived from plant-specific experience
but rather a single generic failure-on-demand statistic is adopted. This approach is
sometimes taken with selected plant systems; specifically, systems assessed a priori to
be of limited importance to risk. This philosophy was adopted in the NUREG-1150
studies [Ref. 6].

Motivation for the resolution of component failures into contributing unavailability
modes is

a. to establish a framework for the use of plant-specific operational data and thereby
enhance the quality of the numerical risk estimates generated,

b. to enhance capability to identify operational cross-links and dependences,

c. to enable determination of the importance of individual operational, hardware
and human error contributors to plant risk, and

d. to permit evaluation of the risk implications of various outage configurations and
provide a basis for the optimization of operations with respect to risk.

First addressing operational outage, such may be the result of:

scheduled testing or preventative maintenance,
repair of failure discovered in test (within or beyond allowed outage time),
outage following repair completion.
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Explicit modeling of unavailability modes associated with specific operational practices
provides a basis for determining the sensitivity of selected risk indices (e.g., safety
system unavailability or fuel damage frequency) to plant operational characteristics. Key
parameters addressed in such studies include surveillance intervals (which affect
hardware reliability as well as outage unavailability) and allowed outage times [e.g., Ref.
8].

Where outage contributors to unavailability are modeled explicitly, there is some scope
for variability in the associated degree of modeling detail. One approach is to resolve
individual component unavailabilities into various outage categories, i.e., unavailability
is apportioned between maintenance, test, repair, etc. To capture operational cross-links
and provide a more realistic basis for optimization of test/maintenance practices,
modeling detail can extend further to represent specific tests and maintenance
procedures mandated by operating policy [e.g., Ref. 9]. Where such tests involve
multiple components, then the interdependence of individual outage unavailabilities is
captured.

Modes of component unavailability unassociated with operational activity are the result
of hardware failures or human errors such as:

failure of component to start on demand,

failure of component to run for mission duration,

• , error in equipment configuration (e.g., actuation settings, valve line-out)
following test or maintenance, and

failure to return critical component to service from test following accident
initiation.

The resolution of component unavailability into specific human error and hardware
failure modes enhances the basis for discerning and assessing the importance of
individual contributors to plant risk. It also facilitates the identification and
characterization of operator recovery actions. For example, if a component is unavailable
due to misconfiguration following maintenance (such as a valve misalignment), the
recovery opportunity is greater than that associated with a hardware failure (such as a
stuck-closed valve gate). As a basis for the development of operator response guidelines
or an aid to operator training, the value of a PSA is generally enhanced by increased
levels of unavailability mode resolution.

Considerations underlying the treatment of common cause failure as a mode of
component unavailability are distinctive. A common cause failure in this context refers
to the event that a group of similar components fails due to a common, unidentified
cause. Common cause failures are intended to capture the quantitative impact of
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common failure causes not identified explicitly in the study. In general, an increment in
unavailability resolution increases the potential to identify operational cross-links
associated with the common reliance of diverse systems and components on single
operational events (e.g., a specific test). While the explicit treatment of common cause
failures shares this feature, the basis for defining a cross-link in this case is not the
identification of specific factors influencing the affected components, but the observation
that the components are structurally similar and are prone therefore to the same failure
causes. Despite the fact that these failure causes are not identified, their potential risk
impact is significant since they would typically fail redundant components. Various
parametric methods such as the beta factor approach have been adopted to quantify the
impact of common cause failures on risk [Ref. 10].

Given the "black box" nature of a common cause failure event, its inclusion in a PSA
model is sometimes viewed as inconsistent with the intent of deductive analysis, which
is conducted to facilitate the identification of specific accident causes. The insensitivity
of common cause failure to plant operational assumptions could therefore justify the
exclusion of such unavailability modes from a PSA which is intended to support the
optimization of plant operational practices. Nevertheless, the exclusion of common cause
failures has the potential to distort the numerical risk insights gained from the variation
of plant operational parameters.

Table 1.3 summarizes the broad relationship between selected levels of modeling detail
and PSA end-uses.

1.2.3 The Roles of PSA

By describing typical motivation for the conduct of PSAs and the roles played by the
completed studies, this section is intended to provide context for the technical
considerations and basic types of PSA application described in the previous section.
Much of the information presented is drawn from Ref. 11 which reports the results of
a survey of U.S. utility and NRC personnel on experience in the "practical application
of PRA". In what follows, current PSA applications are emphasized. Prospective PSA
uses proposed by various technical bodies are numerous however. (For example, Ref.
12 reports the recommendations of a U.S. DOE-sponsored panel convened to address the
future uses of PSA in the design and operation of advanced light water reactors.)

Risk Estimation: Demonstration that risk levels posed by the operation of a plant are
acceptably low has motivated the conduct of several PSA studies. For example, a
primary objective of the Zion Probabilistic Safety Study, conducted by the parent utility,
was to demonstrate to regulators that the plant posed low risk despite its high
population locale.

Relief from Regulatory Requirements: PSA-based arguments are routinely used in the
U.S. to support applications for relief from technical specifications (i.e., pre-established
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operating practices). Such applications involve, for example, requests to extend system
outages or defer scheduled tests. PSA analyses have also successfully supported requests
to the NRC for relief from specific plant backfit requirements (design modifications) in
favor of more cost-effective options.

General Support of Interactions with Regulators: Apart from support of interactions with
regulators on specific technical issues, a more general motivation for the conduct of a
PSA by a utility has been to enhance corporate credibility with regulators through the
demonstration of commitment to safety. One rationale for PSA conduct by U.S. utilities
has been to provide a basis for technical defense against conclusions drawn from NRC-
funded studies of the utility's plant.

Support of New Plant Design Process: PSA is being viewed increasingly as a central
element of the reactor plant design process. The Sizewell B station in the United
Kingdom exemplifies the use of PSA techniques throughout plant design, including the
establishment of risk/availability targets and the evaluation of design alternatives
relative to the targets. Further examples of PSA as a design aid are afforded by the U.S.
DOE new production reactor and the Siemens/KWU LWR design programs.

Identification and Evaluation of Plant Design Modifications: PSA studies provide the
basis in several utilities for the identification and risk-based prioritization of design
modifications. For example, Northeast Utilities, which was among the first of the U.S.
utilities to acquire substantial in-house PSA capabilities, regularly employs PSA as a
design control tool.

Optimization of Plant Operational Practices: With various degrees of programmatic
formality, PSA methods are broadly used by utilities to evaluate and control operational
practices through, for example, outage planning and maintenance management.
Rochester Gas and Electric is one utility at which a major program of risk-based
maintenance management (so-called "reliability-centered maintenance") is currently in
place.

Development of Operator Response Procedures and Operator Training: It is reported that
PSA models are used routinely in support of operations department activities in U.S.
utilities. These activities include operator training and the review/modification of
emergency operating procedures.

A related, more general area is that of accident management. Numerous accident
management research and evaluation programs are currently underway at various
organizations including utilities (e.g., Commonwealth Edison), international
organizations (e.g., in Japan and Europe), and the NRC. These programs, which are
supported by existing and ongoing PSA studies, encompass the objective of extending
emergency operator guidance beyond its conventional domain of accident prevention
into the arena of post-core damage accident mitigation [e.g., Ref. 13]. The development
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of accident management plans is viewed by the NRC as a key application of the
Individual Plant Examinations (PSA-based analyses) currently underway at all U.S.
utilities [Ref. 2]. The IPE program is discussed further in Section 2.3.4.

Basis for Nuclear Plant Inspection Prioritization: PSA models provide one basis to the
NRC for nuclear power plant inspection planning. A series of risk-based inspection
guides are available to regional NRC inspectors. Each guide addresses a specific system
at a specific plant (e.g., Ref. 14 addresses the auxiliary feedwater system at Diablo
Canyon Unit 1). The risk-based prioritization of system components is based on (1) the
review of numerous PSA studies to draw generic insights on the risk-importance of
various components of the subject system type, and (2) the evaluation of plant-specific
operational data and system descriptions to identify dominant component failure
mechanisms and screen generic importance information relative to the subject plant.

Methods Development and Identification/Prioritization of Research Needs: Among the
principal motivations for the majority of NRC-funded PSA studies have been to provide
a basis for PSA methods development and to identify and prioritize research needs. The
five PSA studies supporting the NUREG-1150 document [Ref. 6] reflect the NRC's most
recent major PSA effort. The methodological area emphasized in this program was the
characterization of uncertainties associated with the physical and chemical
phenomenology of severe accidents. One key objective of the NUREG-1150 program was
to identify those severe accident uncertainties that predominantly govern the uncertainty
in risk for the five subject plants. NUREG-1150 insights have since provided technical
focus for the NRC's Severe Accident Research Program.

Mechanism for Gaining Familiarity with Plant: The extensive information requirements
associated with the conduct of a PSA generally ensures that the analysts involved gain
an in-depth appreciation of the subject plant relative to its accident potential. This is
among the key objectives of the NRC's request for each U.S. utility to perform an
Individual Plant Examination of its operating plants [Ref. 2].

1.3 Conclusions

Variations in national regulatory environments and individual utility objectives have led
to numerous and diverse roles for PSA in decision-making. The distinctive technical
mechanisms by which a PSA can produce plant design and operational insights are more
limited in number, however. Associated with these mechanisms are a series of basic PSA
application types. These are:

Design evaluation

Assessment and optimization of operational practices
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Identification and evaluation of operator response alternatives in accident
conditions

Demonstration of compliance with numerical risk/unavailability criteria.

These application types are exhaustive in the following sense: in aggregate, they
incorporate the spectrum of basic mechanisms by which a PSA model yields safety
information on plant design and operations. Based on discussions with AECB, Ontario
Hydro, and AECL personnel, it is evident that each of these application types is
encompassed by the current and prospective base of PSA applications in Canada. No
basis is identified, therefore, by which to narrow the range of modeling issues that will
require consideration in the validation of PSA models intended to meet Canadian
objectives.
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LEVEL OF HARDWARE
RESOLUTION

HARDWARE AT BASIC
EVENT LEVEL

Train Level ECCS train A

Segment level Pump X and

associated valving

Macro-component

level

Pump X (including

electrical &

actuation support)

Micro-component

level

Circuit breaker X

Relay Y

Bearing Z

Table 1.1 : Levels of hardware modeling resolution.

Typical items of equipment modeled at basic event level



MODE OF COMPONENT UNAVAILABILITY

-Unspecified

Increasing resolution

-Hardware failure

-Failure to start*
-Failure to run
-Common cause

-Human error

-Failure to
implement
procedure X

-Failure to recognize
need for action

-Failure to implement
step Y of procedure

-Operational outage

-In Test
-Maintenance
-Repair

-Test X
-Failure to return
from test

-Repair within
allowed outage

-Repair beyond
allowed outage

-Post-repair
outage

Table 1.2: Levels of Unavailability Mode Resolution

Typical unavailability modes modeled at basic event level

to
CO

•Hardware unavailability mode defined relative to selected degree of hardware resolution
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PSA
Application Type

(w/ typical use)

Design evaluation

•cross-link l.d

•dependence l.d

Operations evaJ.

-configuration

management

•T4M

optimization

Accident response

planning

-emergency procedure

evaluation

-operator training

Quantitative risk

estimation

•comparison to

safety targets

Hardware
Resolution

X

X

X

Unavailability

Hardware/Human
factors

X

X

Resolution

Operational
factors

X

X

Table 1.3: PSA Application Versus Modeling Resolution

The scope and strength of insights gained In the subject application are driven principally
by the degree of resolution in the area indicated by an 'X"



-30-

2. SURVEY OF EXISTING PSA REVIEW TECHNIQUES

2.1 Introduction and Findings

Inherent in an analysis of hypothetical, low-likelihood events are limitations in the
capability to validate that analysis. In general, scientific notions of model validation and
falsification based on comparison of prediction to experiment are not portable into the
PSA arena. Indeed, sparseness of the accident experience base in a given plant can not
only create the need for PSA methods to identify potential accident scenarios, but also
prevents ultimate validation of the PSA against experience. Nevertheless, there is a broad
appreciation in industry sectors employing PSA methods that some form of analysis
evaluation and quality assurance is a pre-requisite to the use of PSA studies in decision-
making.

In this section, insights and results from a survey of current approaches to the systematic
evaluation of PSA studies are described. (Here, the term "PSA" will be used to
encompass any study that seeks to characterize system risk in a quantitative way.) The
conclusions presented here draw on the review of documented methods as well as an
informal survey of numerous analysts involved in the conduct and evaluation of PSA
studies. The individuals surveyed represent various international, U.S. government, and
industry sectors. Both PSA practitioners and safety regulators were included in the
survey.

Attention was focused on the commercial nuclear power industry, the chemical process
industry, and the aerospace industry. It is from these industry sectors, in which PSA
techniques have played the most significant role in decision-making, that much of the
impetus for the development of PSA review techniques has arisen.

The principal findings of the survey are:

1. The commercial nuclear power community (U.S. and international) has addressed
the most attention to the development of systematic PSA review techniques. Three
principal documents were identified, each prescribing PSA review techniques.

2. The review techniques identified in the survey focus on determining whether a
given PSA process has been appropriately implemented, rather than directly
assessing result validity against the subject plant. That is, the general approach
is to focus on the PSA process and, in varying degrees of detail, check that this
process has been properly conducted relative to current standards, practices and
conventional wisdom. It is not coincidental, therefore, that the industry in which
the PSA process has been the most standardized (i.e., the nuclear power industry),
is that in which the most attention has been addressed to the development of
systematic PSA review techniques.
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3. While the identified review method documents acknowledge that the nature of
a review should be sensitive to the intended applications of the study, no
guidance is provided on what form that sensitivity should take. For example,
specific end-use versus study content requirements are not provided.

4. Within the nuclear power industry, methodological developments were identified
with the potential to provide a basis for enhanced PSA review techniques. Such
techniques are not reliant on evaluation of the PSA process, but, rather, focus on
the product of the process, i.e., the PSA model. These methods involve the
conversion of PSA results into a format that facilitates inspection by reviewers
with limited knowledge of PSA techniques. By expanding the candidature for
review of the study to include, for example, plant systems engineers and
operations personnel, the likelihood of uncovering deficiencies in the analysis is
increased. The conversion process intended to enhance the scrutability of the PSA
involves so-called "success space" representations of the risk models. Such
representations identify equipment performance and operator actions that would
prevent the progression of an accident.

To date, systematic application of this type of approach to PSA review has been
limited and no public documentation has been identified.

In Section 2.2 review terminology is established and a classification scheme for PSA
review techniques is suggested. In Section 2.3 approaches to the systematic review of
PSA developed within the nuclear power community are described. Section 2.4
summarizes PSA review philosophies and experience in the chemical process and
aerospace industries.

In Section 2.5 the formative review and evaluation techniques referred to under Finding
4 are described. In Section 2.6 conclusions are drawn regarding implications of the
survey findings for the AECB PSA Validation Program.

2.2 Terminology and Review Classification

The survey identifies several distinct approaches to the review of a PSA study. The
principal elements of variation in these approaches are the depth and detail of review.
Four classes of review are defined here. Terminology is based partially on the PSA
review literature, and partially on adaptation of concepts from other QA-related arenas
(e.g., computer software review). Four types of PSA review are identified:

• Check
• Detailed evaluation
• Verification
• Validation.
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The first three classes encapsulate all standardized approaches to PSA review identified
in the current survey. Each of these three classes focuses on scrutiny of the process
underlying the PSA. In ascending degree of detail, these three approaches seek to
confirm that the PSA process has been properly implemented relative to current
standards of practice. Note that while these three approaches are represented as discrete,
they more accurately represent demarcation points in a continuum of approaches
reflecting evaluations of increasing detail.

The fourth class, "validation", is qualitatively distinct. It is intended to encompass
approaches to PSA review that extend beyond consideration of the PSA process itself,
and that in some sense seek to assess the "value" of the study products as
representations of the subject system.

Each of these classes is discussed. It should be noted that the review of a given PSA
study typically involves some combination of these approaches. For example, a "spot-
check" approach to PSA review may involve the detailed evaluation of portions of the
study with a more cursory assessment of the remainder. For descriptive purposes,
examples will be drawn from nuclear power plant applications.

2.2.1 Check

The "check" is the least detailed and least resource-intensive form of PSA review. It is
generally based on two principles:

evaluation of a PSA against an existing study of a similar plant, and

the performance of "sanity checks".

Without detailed scrutiny of the models and quantification assumptions of the subject
study, a check is intended to determine that "conventional wisdoms" on PSA modeling
have been respected and that key technical issues, as identified for plants of similar
design and operational characteristics, have been addressed. For example, common
reliance of reactor coolant pump seal cooling and ECCS pump seal cooling on a single
component cooling water system (CCWS) has been identified as a potential vulnerability
in plants with such a feature. The vulnerability is associated with accident sequences in
which loss of the CCWS results in both degradation of the reactor coolant system
boundary and loss of the main mitigating system. Insurance that the PSA of a plant with
such dependences addresses sequences initiated by loss of the CCWS would be an
element of a "check" review.
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The type of questions typically addressed in a check review include

Does the overall PSA methodology, as described in the study
documentation, conform to current standards. If not, are there obvious
deficiencies in the approach used?

Are the models capable, in principle, of supporting the intended
applications of the study?

Is the rationale for grouping together accident initiators reasonable in that
minimal variation would be expected in plant response to each member of
the group?

Have all appropriate mitigative functions and systems been considered in
the delineation of potential accident sequences?

Is a specific quantification assumption reasonable? If it deviates
significantly from generic data, has justification been provided?

Insights and wisdoms gained from previous PSA studies are generally supplemented by
basic, logical considerations in the performance of a check review. Such "sanity checks"
determine whether the PSA model, assumptions, and results are consistent and rational.
For example, if source term calculations for a severe accident involving loss of reactor
vessel integrity predicts environmental releases that are less than those associated with
the accident at Three Mile Island, then there is cause to question either the source term
model or the calculational process.

In general, the review check is a high-level evaluation involving minimal scrutiny of
specific models or calculations. While it can identify shortcomings of a PSA and confirm
that the general approach adopted is appropriate, in general it cannot provide positive
confirmation of the study's accuracy and completeness.

2.2.2 Detailed Evaluation

Detailed evaluations of portions of a PSA study are often prompted by potential
problems identified in a review check. Unlike the simple check, detailed evaluation
usually involves close scrutiny of the technical process and assumptions underlying the
PSA. This can include, among other tasks,

detailed examination of plant models, such as system fault trees, relative
to plant process flow and instrumentation diagrams and system
descriptions,
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review of the process by which plant-specific data are collected/
interpreted, and used in the development of component unavailability
estimates and characterization of dependent failures,

assessment of computer input decks for a severe accident model relative
to accident conditions identified in the PSA.

Since the ability to conduct detailed evaluation is highly dependent on the quality and
scope of study documentation, paper reviews need often to be supplemented by a series
of meetings with the PSA project team to help clarify the PSA process and assumptions,
as well as elements of plant operations and design.

2.2.3 Verification

Detailed evaluation, if conducted by individuals with a good understanding of PSA
methods and the subject plant, can efficiently uncover shortcomings in the analysis.
However, such evaluations generally provide little assurance that the assumptions and
methods have been properly implemented in the manipulation of the plant models and
the generation of numerical results. The process of PSA "verification" is an extension to
the form of detailed evaluation described in the previous section. In a verification
exercise, the analytical steps of the study are reproduced and the numerical outputs
regenerated. The objective of this exercise is to confirm that what has been claimed to
have been done in the PSA has actually been done.

The verification process also enhances the identification and review of analysis
assumptions, particularly those that are embedded in the calculational process. For
example, while the documented approach to the development of individual human error
probabilities may seem appropriate, scrutiny of the calculational process may reveal that
multiple operator errors within a single accident sequence have been treated effectively
as being independent, thus underestimating the aggregate error probability.

Study verification can be conducted in various levels of detail and scope, including:

the performance of hand calculations to check specific sequence frequency
results based on stated assumptions and plant models,

the independent development of input files to the systems codes
(fault/event tree) employed in the study, and implementation of the codes
in an attempt to reproduce frequency/importance results for a given class
of accident sequences

the use of alternative systems codes, with which the reviewers are more
familiar, to reproduce the PSA results. This can also provide a quality
check on the PSA software itself.
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Verification can be a highly resource-intensive approach to review. Depending on the
scope of the verification effort, the level of effort required can be commensurate with
that for the PSA study itself. In general, this approach also demands provision by the
PSA project team of a substantial amount of information excluded from the PSA
documentation.

2.2.4 Validation

The notion of analytical validity in scientific and engineering disciplines has fairly well-
defined meaning. A system model, provided that it is based on appropriate
scientific/engineering principles, is valid if its predictions conform to the properties and
behavior of the subject physical system. Unlike the concept of process "verification",
which focuses on the content of a calculational process, the concept of model validation
is not easily imported into the PSA arena.

Application of these concepts in computer software review exemplifies the distinction
between the objective of validation and that of verification. Consider a computer code
that models the behavior of a physical system. The validity of the underlying model is
a measure of the degree to which it represents the underlying physical system and
associated phenomena, and to which it can predict system behavior with sufficient
accuracy. In contrast, the process of software verification involves assessment of the
software coding to determine if the selected models are properly implemented.
Verification therefore addresses the correctness of the calculational process.

Probabilistic models of system behavior introduce special considerations in defining
model validity. In this case, the consistency of experimental observation with analysis
prediction is generally stated with some numerical level of confidence. The degree of
confidence with which the validity of a probabilistic model can be determined is
therefore explicitly constrained by the availability of relevant physical data. The potential
to directly validate a PSA model against physical data is limited as the following
example illustrates:

While the absolute frequency of core damage is generally identified as a
PSA product with limited potential for direct application, it often
represents a standard with respect to which other, more usable PSA results
are defined (e.g., component risk-importance measures). Comparison of
predicted core damage frequencies with physical experience provides one
measure of PSA model validity.

Consider a nuclear power plant with 30 years of operational experience.
Knowledge that no severe accident has occurred in 30 operating years
permits the inference of a statistical upper 95 percent confidence bound on
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the core severe accident frequency of 0.1 per reactor year (this assumes that
accidents are Poisson-distributed in time and that the design/operational
characteristics of the plant have remained unaltered over its lifetime).

Clearly, this upper bound is so high as to be of no value in screening the
validity of a PSA prediction in which the core damage frequency is
typically between 2 and 5 orders of magnitude lower. Use of the
information that no severe accidents have occurred in a broader population
of similar plants is questionable since inferences regarding the subject plant
would rely on the assumption each plant in the population is "equivalent".
This assumption would likely be contrary to the rationale for having
performed the PSA.

(Note that more limited efforts to validate quantitative PSA predictions
have been undertaken in the USNRC's Accident Sequence Precursor
Studies [Ref. 15]. These have sought to compare predictions of the
frequencies of various event combinations comprising partial accident
sequences to operational experience recorded in Licensee Event Reports.
This exercise is plant-generic and is not intended to uncover specific PSA
modeling deficiencies.)

The observation that validation of physical and engineering models need not necessarily
be based on comparisons to experiment justifies a broader assessment of potential
approaches to PSA validation. For example, some degree of validity may be assigned to
an engineering analysis based on the consistency of its results with those stemming from
"independent" analyses. In general, the consistency of results stemming from two
separate analyses based on disparate principles would tend to lend validity to both sets
of analyses. An adaptation of this principle in the PSA arena might lead to the
conclusion that, if the predictions of a PSA are consistent with plant insights gained from
the application of disparate principles (i.e., not based on PSA methods), then the
proposition that the PSA is "valid" is, to some degree, supported. In Section 2.5 the
discussion of PSA validation is continued in the context of specific, potential approaches.

2.3 PSA Review in the Nuclear Power Industry

Of the industries surveyed, the nuclear power sector has addressed the most attention
to the development of techniques for systematic PSA review. Three key documents
prescribing review techniques were identified. These are:

1. An Intensive Peer Review for Probabilistic Risk Assessment. A Tool for Project
Management and Staff, NSAC/67, March 1984, published by the Electric Power
Research Institute [Ref. 16]
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2. PRA Review Manual, NUREG/CR-3485, September 1985, published by the U.S.
Nuclear Regulatory Commission [Ref. 17], and

3. Procedures for Conducting Independent Peer Review of Probabilistic Safety
Assessment, IAEA-TECDOC-543, January 1990, published by the International
Atomic Energy Agency [Ref. 18].

In Sections 2.3.1 to 2.3.3 the techniques described in these documents are outlined and
characterized in terms of the review classification scheme introduced in Section 2.2.
Applications experience is summarized.

The U.S. NRC has requested each nuclear power plant licensee in the U.S. to conduct an
"Individual Plant Examination" (a PSA-based analysis) of its operating plants [Ref. 2]. In
Section 2.3.4 the anticipated approach to PSA review to be adopted by the NRC in this
major review effort is described.

2.3.1 Intensive Peer Review - EPRI

The U.S. electric utility-sponsored Electric Power Research Institute (EPRI) has played
a key support role to the U.S. nuclear power industry in the development of PSA
methods and their pilot applications. Against a background of expanding awareness,
conduct, and application of PSA technology in the early 1980s, EPRI funded the
development of systematic methods for the review and evaluation of PSA studies. The
methods resulting from this effort are succinctly reported in the EPRI Report NSAC/67
[Ref. 16].

In the terminology introduced in Section 2.2, the EPRI methods are based on "detailed
evaluation."

The review itself, excluding preparation time, is conducted by a multidisciplinary team
over a 1 - 2 week period. The team of about 6 members is selected to have "hands-on"
PSA experience. The total level of effort is about 12 person-weeks. At the end of the 1 -
2 week period, a document is produced reporting the findings and recommendations

of the team.

The short time-scale of the review process and the objective of detailed evaluation of the
subject PSA results in the need for an efficient, systematized approach. The system is
based on the development of a so-called "review matrix". Row titles in the matrix
correspond to technical areas constituting the PSA process. Table 2.1 reproduces the
technical areas identified in Ref. 16. Each column describes a question-type, of which
there are two: high-level questions and technical-level questions. A high-level question
is intended to address the following:
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Can the type of conclusions reported in the PSA be logically supported by
the scope and general nature of the analyses undertaken?

A technical-level question addresses:

Are the specific conclusions of the PSA adequately supported by the
specific analyses undertaken?

The types of questions are partitioned further to systematically address issues associated
with the

inputs (input parameter levels, uncertainties, compatibility of upstream
models...),

methods (models, completeness, uncertainties...), and

results (sensitivity to inputs/models, relationship to PSA applications...).

The review matrix therefore has 6 columns — that is, high level versus technical level
questions each addressing inputs, methods, and results. Entries in the matrix are specific
questions as developed by the reviewers.

Table 2.2 (reproduced from Ref. 16) displays the general form of questions constituting
the matrix entries. The technical core of the review process then involves acquisition by
the reviewers of answers to each question in the matrix. This process is based on
documentation review, formal presentations by the PSA project team, and follow-on
discussion with selected PSA team members.

The proprietary nature of reviews conducted in accordance with the EPRI guidance has
precluded detailed evaluation of applications experience. An informal survey of reviewer
participants produced positive reports of the efficiency of the method in uncovering
shortcomings in the subject PSA. However, the reviewer comments also indicated that
the short time-scale of the review demands that each reviewer have intimate familiarity
with the methods used and their mode of application. One potential shortcoming of the
EPRI approach, therefore, is that it may have limited efficiency when applied to a PSA
that employs non-standard methods or differs significantly from existing PSAs in its
implementation of methods.

2.3.2 PRA Review Manual - U.S. NRC

The U.S. NRC's PRA Review Manual [Ref. 17], like the EPRI guidance document, was
developed against a background of emerging awareness within both the nuclear industry
and the NRC of the potential roles of PSA in support of decision-making. Within the
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NRC, this awareness extended to the need to establish the value and conformance to
acceptable PSA practices of analyses submitted to support licensing actions.

Compared to the EPRI review procedures, the approach to review prescribed in the PRA
Review Manual is highly resource-intensive. The review technique, which addresses only
Level-1 PSA, is projected to require up to 40 person-months of effort; this figure is
reduced by about 30 percent if external initiating events (seismic, fire..) are excluded
from the scope. The approach to review described in the Manual is one of "verification"
(see Section 2.2); i.e., it calls for the extensive reproduction of PSA results by the review
team. The approach focuses on documentation review rather than direct interaction with
the PSA analysts, although the detailed data requirements of the process can demand
the provision of supplementary information by the PSA project team. The methods
comprise of a phased approach to the review of the subject PSA:

Phase 1: A screening review is undertaken to determine the scrutability of the
documentation and identify any distinctive aspects of the data or methods
used.

Phase 2: This is a qualitative examination of the subject study in which potential
concerns and issues relating to methodology and its application are
identified. Additionally, the qualitative aspects of the PSA are evaluated
in detail including the accident sequence event trees and system fault trees.

Phase 3: Based on the technical areas highlighted in the previous phases,
evaluations of quantitative aspects of the PSA are conducted. This involves
detailed evaluation of the use of data and reproduction of various
calculational processes.

Reference 17 provides detailed guidance on the steps comprising the review. This
guidance is structured in terms of the steps involved in the performance of a PSA.
Provided in the guidance are a series of questions to be addressed in ensuring that the
analytical steps of the PSA were properly implemented. The manual therefore focuses
explicitly on evaluation of the PSA process.

While the NRC and its contractors have to date reviewed 16 Level-1 to Level-3 PSAs,
only one review was based in detail on the methods prescribed in Ref. 17. This review
is reported in Ref. 19. (Other NRC reviews were not based on documented techniques.)
The approach to PSA review involving PSA verification has been more extensively
applied, however. Review of the Zion Probabilistic Safety Study by U.S. NRC contractors
represents one example of a detailed verification exercise [Ref. 20]. This review identifies
significant technical shortcomings in the subject study. These shortcomings resulted both
in failure to identify key plant vulnerabilities (system cross-links), and in the prediction
of a mean core damage frequency estimated by the reviewers to be an order of
magnitude too low.
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2.3.3 Procedures for Independent Peer Reviews - IAEA

In January 1990; the International Atomic Energy Authority (IAEA) published guidelines
for the review of probabilistic safety assessments [Ref. 18]. These guidelines, which are
currently being revised to accommodate application insights to date, were developed to
support the IAEA's International Peer Review Service (IPERS) Program.

In the terminology introduced in Section 2.2, the review service provided by IPERS is
based on "detailed evaluation".

Like the EPRI approach, IPERS methods involve the formation of an expert review team
comprising of experienced PSA practitioners. The team is composed typically of 4 to 6
members of whom at least one has a good knowledge of the plant design. In common
with the approach to review prescribed in the NRC PRA Review Manual, the IPERS
review is largely one of documentation, although formal discussions with the PSA
project team (i.e., the developers of the PSA) following the generation of review
comments is an element of the process.

The early development of so-called "issue sheets" (see Table 2.3) provides technical focus
for the review. The steps of the review process are:

1. Review of PSA documentation. Generally, each member of the review team
focuses on specific technical areas (e.g., event tree analysis, data analysis...). Each
team member then initiates a series of issue sheets based on the format shown in
Table 2.3. One sheet is completed for each technical issue identified. Typically,
100-200 issue sheets are generated. The entries on the review sheet completed at
this stage are:

a. Background. To what technical area does the issue relate?

b. Question/Reason for Question. What is the question to the project team
and why is this question important?

These questions are then forwarded to the PSA Project Team.

2. Visit by the review team to the host IAEA member state to receive and discuss
responses to the questions, obtain information from plant personnel, and, if
deemed necessary, visit the plant. At this stage, additional issue sheets are
initiated, if appropriate. The issue sheets are completed at this stage to
incorporate:

a. Response of the analysts.

b. Conclusions. Re-evaluation of the issue based on analyst response.
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c. Resolution. Based on re-evaluation of the issue, a resolution regarding the
appropriateness of treatment in the PSA of the technical area addressed by
the issue.

d. Recommendations. Recommended follow-on analyses and PSA revisions.

A draft IPERS report is then prepared and made available to the PSA Project
Team for review. The report incorporates the completed issue sheets.

3. The findings of the review team are discussed with the PSA Project Team and the
review report is finalized.

Table 2.4 shows the typical table of contents of an IPERS review report.

The IPERS review guidance document [Ref. 18] delineates, in broad terms, technical
areas to be addressed in a review. These areas, which correspond to the technical phases
of the PSA process, are reproduced in Table 2.5.

To date, the IPERS process has been applied to 4 PSAs and, at the time of writing this
report, is underway for a fifth. While the reports that emerged from these reviews are
of a proprietary nature, the interviews of individuals involved in IPERS reviews resulted
in positive reports of the effectiveness of the process in uncovering shortcomings in the
subject PSAs.

2.3.4 Review of IPE Submittals

In November 1988, the NRC issued a request to each U.S. nuclear power plant licensee
to perform an Individual Plant Examination (IPE) of its operating plants. The objective
of the IPE is to uncover potential vulnerabilities to severe accidents [Ref. 2]. All licensees
have elected to perform a PSA to at least Level-2 in response to this request. Guidelines
for the performance of a PSA were provided in the original request and in a subsequent
NRC issuance [Ref. 3].

The deadline provided by the NRC for IPE submission is September 1,1992. The NRC's
intended approach to IPE review is summarized briefly in Ref. 3, and more detailed
guidance to reviewers (NRC staff and contractors) is currently in preparation. The
approach to review currently envisioned by the NRC is composed of two steps. In terms
of the review classification scheme in Section 2.2, the first step will be a "check". If
warranted by the identification of potential problem areas, a second step will be
undertaken which constitutes a "detailed rtview" of those areas.

A review team will be composed of 4 NRC staff members: (1) a team leader and
coordinator with a PSA background, (2) a systems analyst, (3) a containment
performance analyst, and (4) an individual with expertise in a specific analytical area,
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such as human reliability analysis. The team will be supported by contractors,
particularly if the need arises to implement Step 2 of the review.

The principal focus of the review will be to ensure that the specific requirements of the
IPE request (as detailed in Refs. 2 and 3) have been met. While these requirements
encapsulate the general pre-requisites of "good PSA", they also highlight specific
technical areas of current regulatory concern. These areas include the shutdown decay
heat removal issue as it pertains to the subject plant, and certain key severe accident
issues such as the potential for direct heating of the containment atmosphere by core
debris (in PWRs) in accident sequences involving breach of the reactor vessel at high
pressure.

The emphasis of the IPE requirement is that the process of systematic evaluation be
undertaken by the licensee, rather than that specific results should be available for
review. The NRC philosophy is that in the conduct of an IPE, the licensee will gain a
more complete understanding of its plant's potential response to accident conditions.
This philosophy is complemented by an approach to PSA review that focuses on
determining whether the process, as prescribed in Refs. 2 and 3, has been properly
implemented.

The "check" (i.e., Step 1) approach to review may be sufficient to determine that all
appropriate analyses have been performed. Details of the NRC approach to IPE review
will mature and stabilize as early submittals are received and evaluated.

2.4 PSA Review in Other (Non-Nuclear) Industry Sectors

The systematic evaluation of hazards and risk is a cornerstone of safety regulation in
numerous industry sectors. The current survey extended to two industry sectors (in
addition to commercial nuclear power) in which risk evaluation techniques are playing
increasing roles: the chemical process industry and the aerospace industry. In the
aerospace sector, attention was focused on the National Aeronautics and Space
Administration (NASA), in which agency policy is continuing to expand and refine the
role of risk assessment technology.

2.4.1 Chemical Process Industry

Over the past decade, systematic hazard identification techniques such as HAZOP
(Hazard and Op_erability) studies and "What If?" studies have been playing a central role
in the operational safety management of chemical process facilities. In response to
increasing international experience of major industrial accidents, there have been
numerous regulatory initiatives to require the performance of systematic safety analyses
of potentially hazardous facilities.
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For example, the European Community issued a policy statement on operational safety
under the so-called Seveso Directive [Ref. 21]. This policy is currently being implemented
by individual member states through legislation. In the United States, laws have been
enacted by three states (New Jersey, California, and Delaware) specifying requirements
for the conduct of hazard and risk assessments [e.g., Ref. 22]. In addition, a proposed
U.S. federal regulation addressing process risk and safety management has been issued
for comment by the Occupational Safety and Health Administration (OSHA) [Ref. 23].

Accompanying this expansion in awareness and implementation of risk assessment
techniques has been the need to institute programs of quality assurance and analysis
review, both by regulators and facility owners.

While methods for the systematic evaluation of hazard and operational problems are
standard analytical techniques in the industry, the use of quantitative risk assessment
methods is a relatively new development, with some isolated exceptions. Indeed, much
of the PSA engineering knowledge base in the chemical industry has been imported
from the nuclear power generation industry. PSA as applied to chemical facilities
remains a comparatively non-standardized technique. An additional factor that has
prevented PSA standardization in this industry is the broad diversity in facility designs
and operations when compared to the nuclear power industry.

This lack of methods standardization has prevented the development of prescriptive
review methods. Guidance for the review of systematic safety analyses in the chemical
sector is typified by that provided by the Center for Chemical Process Safety of the
American Institute of Chemical Engineers [Ref. 24]. This guidance, which delineates the
objectives of independent review, draws on quality assurance goals developed in the
nuclear power industry. These goals address analysis completeness, comprehensiveness,
consistency, traceability, and documentation. Such reliance on nuclear industry standards
reflects the formative nature of quantitative risk assessment methods in the chemical
sector.

The current survey failed to identify documented guidance on the systematic review of
chemical plant hazard identification and risk studies. The typical process for review of
submittals to regulating state governments, for example, involves independent evaluation
of the study by a contractor. The contractor is generally provided with minimal or no
guidance on the review process to be adopted. There is no indication that review
techniques implemented to date in the chemical process industry fall outside the first
three review categories introduced in Section 2.2 (check, detailed evaluation, and
verification) -- i.e., those categories confined to addressing the question of whether a risk
assessment process has been appropriately implemented.
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2.4.2 National Aeronautics and Space Administration

Some of the earliest applications of modern reliability analysis were to aerospace
systems. Loss of the space shuttle Challenger was a critical factor in establishing NASA's
current, broad program of risk management.

NASA's Office of the Associate Administrator for Safety, Reliability, Maintainability, and
Quality Assurance has agency-wide responsibility for overseeing NASA's Risk
Management Program. This involves review and evaluation of mission risk assessments
performed by NASA, principally in the Office of Space Flight Evaluation. An overview
of NASA's Risk Management Program is provided in Ref. 25.

Under a presidential directive, missions with potential for the release of radiological
material into the Earth's environment are among those subjected to the most extensive
risk evaluation and review. To support the request for presidential launch approval of
a mission carrying significant quantities of radioactive material, a comprehensive mission
risk assessment is conducted by NASA and the Department of Energy program offices.
(By statutory requirement, the DOE is responsible for the safety of nuclear systems). This
analysis addresses both the likelihood and the radiological consequences to the public
of a spectrum of launch vehicle accidents.

To provide independent evaluation and review of risk for a planned mission, an
Interagency Nuclear Safety Review Panel (INSRP) is formed. The panel consists of
personnel from the Department of Defense, the Department of Energy, and NASA. The
INSRP process was initiated in the mid-1960s. It currently encompasses the review of
ongoing risk studies at various stages of completion and, based on data generated by the
subject studies, the verification of risk estimates produced. The INSRP process is a
protracted one extending over the lifetime of the mission analyses (e.g., about 10 years
for the NASA Galileo Mission). The INSRP consists of about 3 coordinators supported
by a series of expert subpanels, each focusing on a specific technical area. In aggregate,
the expert subpanels can be comprised of up to about 50 members.

In terms of the review classification scheme introduced in Section 2.2, the INSRP review
process can be characterized as "verification." No documented guidance for systematic
review was identified either in relationship to the INSRP process or other risk analysis
review activities within NASA.

2.5 Formative Validation Techniques

In Section 2.2, the notion of PSA study "validation" was discussed. From that discussion,
the following conclusions could be drawn:

1. Existing PSA review techniques in the nuclear power industry are
generally process-oriented. That is, they seek to determine whether the
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appropriate analytical steps of standardized PSA processes have been
properly implemented.

2. Generally accepted scientific and engineering notions of model validation
involving the comparison of prediction to experiment are not easily
imported into the PSA arena. However, a broader definition of validation,
based on analysis evaluation relative to insights provided by alternative
"independent" models, may be a basis for addressing PSA validation.

This section constitutes a discussion of the potential for incorporating alternative
modeling approaches (i.e., non-standard with respect to PSA) into the PSA validation
process. Relevant experience is outlined.

2.5.1 PSA Models

The mathematical structure of a plant risk model is essentially one of Boolean (i.e.
binary) logic. While a series of mechanistic, physical analyses are generally required to
support development of the logic models (e.g., thermal-hydraulic studies supporting
system success criteria, and calculations of accident consequences) it is ultimately the
structure and scope of those logic models that reflect the design and operational
characteristics of the plant relative to its accident potential.

Boolean mathematics and the principles of binary logic on which it is based are intrinsic
to current approaches to accident delineation. That is, the definition of accident
sequences in terms of combinations of "yes/no" or "failure/success" outcomes relative
to specific initiating events, modes of hardware operation and human actions is common
to all current risk methods. (Note that the development of system logic models by fault
tree analysis can make use of logical operations that are supplemental to the basic
"AND/OR" connectives of Boolean logic. Examples of such operations are the
"EXCLUSIVE OR" connective and the "2 OUT OF 3" operation. While these supplemental
operations simplify the modeling process, they are ultimately expressible as
combinations of the basic "AND/OR" connectives. The logical expression generated from
a fault tree, either by hand or with use of a computer code, is based purely on the
Boolean AND/OR connectives.) It appears unrealistic therefore to target the
identification of a risk methodology that is substantially independent of standard PSA
methods. However, within the Boolean framework there is scope for variation in the
details of approach.

In the context of PSA validation objectives, one goal might be that through adopting a
variant approach to the modeling and representation of plant logic, the associated modes
of thought would differ sufficiently from those involved in the conduct of the PSA that
new insights on plant design and operations would be gained.
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That the insights achievable from logic model development can be sensitive to the details
of implementation is evidenced by current PSA practices. For example, while inductive
reasoning based on event tree analysis is generally used to support the identification of
accident sequences, deductive reasoning using fault tree analysis forms the basis for
developing the failure logic of individual plant systems.

In the former case, the question addressed is as follows: given the occurrence of an
accident initiating event what alternative sequences of ensuing events, particularly with
respect to the operation of mitigating systems, are possible? The event tree approach
facilitates the modeling of scenario logic which is dependent on the time-ordering of
event occurrence. For example, the successful actuation of one emergency coolant source
by a given juncture in a sequence may preclude the need to consider the operability of
other sources as the scenario evolves.

In the latter case, i.e., fault tree modeling, the starting point of the analysis is that a given
safety system has failed. Deductive reasoning then permits the successive resolution of
the system failure into more elemental events and event combinations. Event timing is
not generally a significant consideration in fault tree analysis. While the underlying
structure of both fault tree models and event tree models is Boolean, the distinctive
diagrammatic representations of the logic and the thought processes involved in their
development differ substantially.

In addition to the variability in thought processes that support the development of
alternative representations of plant logic, a further potential distinction between
approaches lies in the scrutability of the product. Through enhancing the
"understandability" of the logic model ultimately generated, the potential effectiveness
and efficiency of independent review may be increased.

Scope for variation in the development and representation of Boolean models is limited.
One fundamental basis for alteration of the modeling process is associated with the
Boolean transformation of logical "complementation": rather than develop a plant logic
model based on the delineation of event sequences involving combinations of hardware
and operator failures, the model can be derived from the systematic identification of
hardware successes and operator actions necessary to prevent the adverse consequences
of interest. In the context of PSA review, there exist various modes of use of such
"success space" models. These include:

a. Reanalysis and Comparison. This would involve reanalysis of plant logic based
on "success space" modeling. At completion, Boolean manipulation would allow
complementation of the success sequences (so-called "success paths" or "path-
sets") to acquire accident sequences and system failure scenarios (so-called "cut-
sets"). The basis would thereby be provided for comparison of results with those
of the original PSA study.
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b. Conversion and Evaluation. This approach involves the conversion of failure-
oriented results from the subject PSA to success-oriented representations of plant
logic. These representations would then be the focus of independent review. The
conversion would be intended to enhance the scrutability of the model by systems
engineers and plant operations personnel, whose evaluation processes are more
likely to be based on success-oriented considerations such as equipment design
criteria and plant operating procedures.

In the remainder of Section 2.5, success-oriented approaches to the development and
representation of systems logic models are outlined. Based on a survey of analysts with
extensive experience of using success-space logic models, the potential value of such
models in the two aforementioned modes of use is discussed. The limited experience
base of success-space-based PSA review is outlined.

2.5.2 Success-Oriented Representations of Systems Logic

Reliability Block Diagrams

The ieliability block diagram is a basic tool of reliability engineering [e.g., Ref. 26]. Two
fundamental configurations provide the elements of a reliability block diagram: series
configurations and parallel configurations, corresponding in terms of failure logic to OR
and AND connectives respectively. In success terms, reliability block diagrams may be
viewed as representations of potential "paths" to achieving system success. In Figure 2.1,
an available success path along which to transmit a "success signal" from the system
input to the system output (potential success paths being denoted by arrows) results in
system success. In this analogy, the signal can be transmitted only through components
that are in a success state. To exemplify the relationship between fault tree and reliability
block diagram representations of system logic, Figure 2.2 shows a fault tree reflecting
the same logic as Figure 2.1. (Note that this fault tree does not uniquely correspond to
the block diagram. Alternative modes of fault resolution for the system would be
represented by the same block diagram.)

In addressing the availability of a system, the simple and direct correspondence between
hardware components and reliability block elements is generally lost. In this case, the
block diagram becomes event-oriented rather than hardware-oriented. For example, the
event that a component is available requires that the component not be on an outage,
and that the component is successful on demand. This condition would be represented
as two event blocks in series. While the one-to-one correspondence between hardware
and reliability blocks is lost, the success-space orientation of the representation is
retained.

Comparison of accident sequences generated by block-diagrammatic methods with PSA-
generated sequences may be effected at the cut-set level. The representation of a cut-set
in terms of a block diagram is straightforward: it is a cut across the diagram that
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intersects (and thereby fails) component events in such a way that the "success signal"
cannot reach the system output. Figure 2.1 shows a block-diagrammatic representation
of 2 cut-sets. A minimal cut-set is one for which the constituent component failures do
not encompass the constituent component failures of another cut-set. For example, in
Figure 2.1 cut-set 1 is minimal while cut-set 2 is not (since the component failures in the
latter encompass the component failures in the former).

While a reliability block diagram can resemble a schematic of hardware configuration,
it should be noted that the topological structure of such a diagram does not in general
correspond to that of the underlying hardware configuration. For example, the success
of two parallel pump trains may be required to achieve the required injection rate into
a vessel. In this case, the reliability block diagram would require that the trains be
represented in series, indicating that they must both operate to meet the success
criterion. It is sometimes argued that close correspondence between a diagrammatic
representation of system logic and the actual configuration of equipment in the subject
system can increase the efficiency of the model development process, and enhance the
scrutability of the final product [for example, see Ref. 27]. Based on this premise,
variations on the block-diagrammatic representation of system logic seeking to preserve
the topological structure of the subject system configuration have been developed [for
example, Ref. 28]. Among these is the GO diagram and associated methodology [Ref. 27].

GO methods are based on a highly stylized, diagrammatic representation of system logic.
Such diagrams form the basis for the development of input to a family of computer
codes designed to process the system logic. In Ref. 27, GO methods are described in
detail. A brief overview of GO techniques follows.

GO Methodology

In a GO diagram, a series of so-called GO operators representing the engineering
function of each system component replaces the simple box representation of
components. The operators are connected in a way that reflects process flow and are not
confined to representing only the failure or success of system components. Rather, they
may represent more general relationships between component input and output signals.
Therefore, while the basic Boolean OR and AND connectives are represented in the list
of the standard 17 GO operators, other operators defining more complex input/output
relationships are also represented.

Each of the interlinked operators in a GO diagram contains three numbers [see Figure
2.3]. These numbers reflect:

1. The reference number for the specific operator. This cross-references to a
data base defining the component type. It also dictates the order in which
the operators are processed by the GO computer codes.
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2. The type of operator (from the list of 17 types), defining the component's
engineering function in terms of the relationship between input and output
signals, and

3. A "kind" number that cross-references a data base containing the
probability data associated with the operator.

Having encoded a GO diagram as input to the GO suite of computer programs and
having developed the associated data bases, implementation of the program suite
permits both determination of the likelihood of various system output characteristics,
and identification of the system minimal cut-sets relative to some definition of system
failure.

Figure 2.3 provides an example of a GO diagram. It shows a schematic of a subsystem
composed of an electrical input signal, a normally open relay (de-energized open), a
second electrical input signal which serves to energize the relay coil, and the relay coil
itself. Also shown is the GO diagram of the system with the following elements:

1. Operator number 1, representing the first input, is of Type 5 which defines a
signal generator.

2. Operator number 2, representing the second input (to energize the relay coil), is
of Type 5 which defines a signal generator.

3. Operator number 3, representing the relay coil, is of Type 3 which defines a
triggered generator.

4. Operator number 4, representing the normally open relay switch, is of Type 6
which defines a component requiring actuation to pass a signal.

With each Type 5 operator is associated a data base, referenced by the "kind" number.
This data base reflects the probability of signal generation within various discreh'zed
time frames. For example, the time frames may be defined as "premature signal", "at
accident initiation", and "no signal generated", to each of which a probability is assigned.
Hence, the kind numbers 7 and 8 in Figure 2.3 each reference probability/time
correlation data. The kind numbers associated with Operator 3 (the coil) and Operator
4 (the relay switch) are 9 and 10, respectively. These numbers reference data bases which
dictate the probabilities of premature operation, success on demand, and failure on
demand of the coil and relay switch respectively.

Based on the logic dictated by the GO diagram, the suite of GO programs would
characterize the output from this subsystem in terms of the probability of generating an
output signal at the pre-defined discretized time intervals, i.e., prematurely, at accident
initiation, and no signal arrival.
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Minimal cut-sets can also be generated with respect to specified subsystem outputs, e.g.,
the event of "no signal arrival". Such cut-sets would reveal the irreducible combinations
of component events that lead to the specified output signal. For example, specification
of "no output signal" as the failure of interest in the current example would result in four
single element cut-sets:

1. No input from signal generator 1
2. No input from signal generator 2
3. Coil fails to energize
4. Contact fails to close.

In Ref. 29, a more detailed example of system cut-set generation based on GO methods
is provided.

The literature describes various applications of GO methods [Ref. 29], and derivative
methods [e.g., Ref. 30]. Since the introduction of GO in 1968, its application to nuclear
power plant risk analysis has been limited. This may be due to the highly stylized and
intricate nature of GO methods compared to, for example, more basic Boolean methods
relying explicitly on simple AND/OR logical manipulations. Furthermore, the ability of
GO to provide compact representations of systems logic can be compromised by the
need to model events that are not directly related to hardware performance, such as
component unavailability associated with the plant's operational characteristics (e.g.,
outages), and human factors. Prospective advantages and disadvantages of incorporating
GO techniques into the AECB approach to PSA validation are discussed in Section 3.3.2.

2.5.3 Applications Experience

Motivation for the development of success-oriented approaches to systems analysis did
not arise from PSA review requirements. These approaches are self-contained
frameworks in which to evaluate the risk and reliability performance of complex
systems. Viewed as tools for the assessment of existing PSA models, the approaches are
formative, and applications experience is limited.

In this section, experience in the application of success-space techniques is outlined. The
insights are based on an informal survey of analysts with applications experience in both
standard event/fault tree methods and success-oriented techniques such as block-
diagrammatic methods. Those surveyed include regulators (NRC), their contractors, and
utility analysts.

Regarding the contention that the use of success-oriented methods may result in system
insights that standard failure-oriented methods would not, the consensus view of those
surveyed was as follows: it is unlikely that a group of experienced analysts performing
a system study, first with the use of fault/event tree methods, and then with the use of
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an alternative, success-oriented approach, would generate differing results. The "differing
modes-of-thought" argument was therefore rejected, at least as it applies to failure-
versus success-space approaches to plant logic modeling. Providing the analysts have
a firm understanding of Boolean modeling concepts, the consensus view was that model
omissions and inaccuracies would more likely reflect the analysts' limited knowledge of
the subject plant than the form of Boolean analysis selected.

References 28 and 31 provide examples of analyses in which success-oriented block-
diagrammatic methods were used to re-analyze plant logic for a plant that had
previously been the subject of a PSA. Although both of these studies relied to some
degree on information generated by the original PSA, the results of the analyses serve
to support the contention that new insights are not generally gained through success-
based reanalysis.

The second question posed to those surveyed was that of whether the scrutability of PSA
models (to individuals without PSA experience) was apparently enhanced by success-
oriented presentation. The consensus response was that the scrutability and
understandability of the models are enhanced substantially. The implications of this
finding are clear from the perspective of PSA reviewability by those with the greatest
knowledge of plant operations, i.e., plant systems engineers and operations personnel.

Despite the potential benefits of failure-to-success conversion in support of the review
function, exploration of this approach has apparently been minimal. To date, experience
of the formalized implementation of such review techniques may be limited to one
program: the internal review and QA audit procedures established as part of the
ongoing PSA of the Romanian Cernavoda CANDU 6 plant. Available information on this
program is currently anecdotical however and there exists no public information base
on the methods used and applications insights to date.

The process is reported to involve the computer-based conversion of accident sequence
cut-sets into success-oriented diagrams. The GO formalism is employed. These diagrams
are presented for review to plant operations personnel and systems engineers. While the
principal objective of this exercise is to support accident management planning by the
utility, it serves also to provide an independent evaluation of the accuracy and
completeness of the PSA models.

The Romanian review process is reported to have uncovered numerous inaccuracies in
the PSA systems models to date. For example, instances were identified of inappropriate
credit taken in the PSA for operator actions that were not part of the emergency
operating procedures. Another modeling inaccuracy identified was failure to take credit
for the automatic actuation feature of a safety system.

While available information on the Romanian approach is limited, the reported results
are promising. To what degree the successful record of the approach can be attributed
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to the relative inexperience of the PSA project team is unclear. Further exploration of the
Romanian experience is recommended.

2.6 Conclusions

The principal findings of the current survey of PSA review methods are provided in
Section 2.1. While the nuclear power community has made significant progress towards
the systematization of PSA review, approaches currently available focus largely on the
determination of whether the PSA process, as conventionally practiced, has been
appropriately implemented. Therefore, effective PSA review in the conventional sense
requires the selection of reviewers with expert knowledge of PSA methods.

Potential exists for expanding the "process-check" approach to PSA review. By rendering
the results of a PSA accessible to those without specialized knowledge of PSA
techniques, a broader base of expertise may be capitalized upon in the review process.
This resource base could include plant systems engineers and operations personnel.
Based on limited experience to date, "failure-to-success-space" conversion techniques
show promise as one mechanism for providing the enhanced scrutability required to
support broad-based PSA review.

The guiding criteria, objectives, and technical considerations in developing the AECB's
PSA validation methods have yet to be formulated in detail. It is likely, however, that
both review of the PSA process and techniques that facilitate a broader evaluation of
study insights will be essential elements of a comprehensive validation program.
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TABLE 2.1

PSA TECHNICAL AREAS
IDENTIFIED IN EPRI PSA PEER REVIEW GUIDANCE

1. Initiating Event Identification and Grouping

2. Accident Sequence (Event Tree) Analysis

3. System (Fault Tree) Analysis

4. Analysis of Dependent Failures

5. Human Reliability Analysis

6. Data Base Development

7. Accident Sequence Quantification

8. Physical Processes of Core Melt Accident

9. Radionuclide Release and Transport

10. Environmental Transport and Consequence Analysis

11. Seismic Risk Analysis

12. Fire Risk Analysis

13. Flood Risk Analysis

14. Other External Event Analysis

15. Uncertainty Analysis

16. Development and Interpretation of Results
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TABLE 2.2

GENERAL FORM OF REVIEW QUESTIONS AS PROVIDED IN EPRI PSA
PEER REVIEW GUIDANCE

High-Level Review Technical-Level Review

INPUT

What input is required?

What is the source of the input?

How is the source of the input
characterized?

—generated by other tasks
—taken from plant design and environs

description
—inferred from operating history
-determined by assumption
-taken from experimental results
-taken from analytical results
-other

Is the methodology clearly outlined?
How do you characterize your methods?
-consistent with the PRA Procedures

Guide
—confirmed by experiment (or

otherwise validated or verified)
-new (to PRA)
-other

METHODS

RESULTS

What are the nature of the results?
How do they compare with the results
of similar analyses?

To what specific input are the objectives
sensitive?
What arc the important input data? (If
appropriate, what are the specific values of that
data?)
What is the specific source of each? (e.g., what
experimental results?)
What is the nature of the uncertainty associated
with the specific input?

-applicability of sources to requirements
(e.g., release from fuel data: small-mass
experiments versus large-mass actual case)

—variability (e.g. manufactured rebar
strength varies even for the same grade)

—lack of experience
-uncertainty in the results of other analyses

What are the inherent limitations?
What modeling assumptions are made?
How would you characterize the uncertainty in
in the methods?
-completeness (inclusion of relevant

factors)
-accuracy (correct depiction of the logical

relationships between the factors)
What is the impact of the uncertainties
associated with the results of this task?
What is done to reduce the uncertainties
associated with the model completeness or
accuracy?

What are the specific results of this task?
To which specific results are the objectives of this
task and thereby the (postulated) conclusions
sensitive?
Reconstruct (in summary form) these specific
important results
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TABLE 2.3

ISSUE SHEET
FOR USE IN AN IAEA IPERS REVIEW

Background to Issue

Questions/Reasons for Questions

Response of the Analysts

Conclusions

Resolution of Issue

Recommenda tions
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TABLE 2.4

TYPICAL TABLE OF CONTENTS (ANNOTATED)
OF IAEA IPERS REVIEW DOCUMENT

Sections

1. Abstract

Reasons for Review (IAEA request)

Response of PSA analysts to report (Note: report otherwise unchanged
from preceding version)

2. Summary and Recommendations

Summary of IPERS panel findings and recommendations for PSA revision

3. Technical Findings

Each subsection reflects one of the technical areas identified in the IAEA
PSA Review Procedures document [Ref. 5] and shown in Table 2.5.
Findings on the treatment of each area are described.

Appendices

A. Benefits attainable from PSA

General discussion of benefits attainable from the conduct and application
of PSA

B. Alternative assumptions

Results of sensitivity analyses performed by IPERS panel to determine
impact on results of modeling assumptions that differ from those used in
the subject PSA

C. Technical Document IAEA-TECDOC-543

Reproduction of IAEA PSA Review Procedures document [Ref. 5].
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TABLE 2.4 (CONT'D)

TYPICAL TABLE OF CONTENTS (ANNOTATED)
OF IAEA IPERS REVIEW DOCUMENT

Appendices (Confd)

D. Conduct of IPERS

Description of the IPERS process: objectives, schedule, staffing

E. Resumes of IPERS panel members

F. Completed Issue Sheets
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TABLE 2.5

IAEA IPERS REVIEW:
SPECIFIC AREAS IDENTIFIED FOR REVIEW

1. Initiating events

2. Event trees

3. Dependent failure analysis

4. Human reliability analysis

5. Component data analysis

6. (Accident) Sequence quantification

7. External event analysis

Optional review areas identified:

8. Plant design and operating procedures: PSA assumptions vs. plant as operated.

9. Internal QA process instituted as part of PSA to "validate" analyses and results.

10. Extent of liaison between plant personnel and PSA team and of plant personnel
contributions to PSA.

11. Liaisons between PSA team and regulatory personnel.
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3. PROSPECTIVE DIRECTIONS FOR THE AECB PSA VALIDATION
PROGRAM

3.1 Preliminary Comments

Three key questions to be addressed in the AECB PSA Validation Program are outlined
in the preface to this report. They are:

By what criteria is the validity of a PSA study's insights and results to be
evaluated?

In what way should these criteria reflect the specific end-uses of the PSA?

By what process should compliance with the criteria be demonstrated to
the AECB?

To support the development of answers to these questions, the first two chapters of this
report document the results of

1. a review of current and prospective applications of PSA in the design, operation
and regulation of nuclear power generating stations in Canada, and

2. a survey of current techniques for the review and evaluation of risk studies in
various industry sectors.

The following remarks reflect the general insights gained relative to the three key
questions:

a. The notion of "model validation" is not easily imported into the PSA arena.
The typical approach towards review and evaluation of a PSA study focusses
on ensuring that the PSA process has been appropriately implemented given
current standards, practices and conventional wisdom. In effect, evaluation of
the PSA process surrogates the evaluation of the product of that process, i.e.,
the PSA model. Such an approach is motivated by the inability to directly
validate the predictions of a PSA model against experience.

This "process-oriented" approach has two shortcomings:

1. It demands expertise in PSA techniques on the part of the review team,
thereby reducing the candidature for that team. Consequently, the ability
to draw on expertise from plant personnel in plant design and operations
can be compromised.
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2. By tracing the steps and thought processes of the original analysis, the
potential exists to overlook the same factors as those overlooked by the
PSA analysts.

For these reasons a "product-oriented" approach to the review of a PSA study, in which
the PSA model is evaluated directly, would be preferable. No such techniques have been
publicly documented to date.

b. While there is general acknowledgement within the international PSA
community that the end-uses of a PSA model dictate the appropriate content
of the model, none of the PSA review techniques surveyed relate end-uses to
evaluation criteria or procedures. In effect, consideration of the sufficiency of
a PSA for particular end-uses is incorporated implicitly into the reviewers'
evaluation of the PSA.

Various factors contribute to the vagueness of the relationship between PSA model
content and model applications:

1. Generally, a PSA study constitutes an adjunct to the information base that
supports decision-making: the PSA is one of numerous information
sources. Imprecision of the interface between PSA models and the process
of establishing decision preferences prevents the development of a
prescriptive algorithm for determining the sufficiency of a PSA model for
specific applications.

2. Analysis of PSA uses to date indicates that any realistic descriptive
framework for characterizing the application of a PSA model in decision-
making would incorporate a representation of purely subjective,
judgmental factors. It should be noted, however, that to require a well-
defined descriptive algorithm for the use of a PSA model in decision-
making may be to place greater demands on PSA technology than on other
engineering/scientific disciplines. For example, the rationale for judging
the adequacy of a thermal-hydraulic model for evaluation of specific
reactor accident conditions is not generally encoded as a series of precise
sufficiency criteria.

3. The range of model uses falling under the rubric of a single PSA
"application" is generally broad. This makes identification of model
requirements for various prospective PSA uses problematic. For example,
"provision of a basis for operator training" is frequently cited as a "PSA
application". The vagueness of this description precludes the establishment
of detailed modeling requirements.
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The general conclusion drawn from the surveys is that limited effort appears to have
been devoted to addressing explicitly the types of questions established in the current
program. Based on insights gained from the surveys reported in the first two chapters,
this chapter provides technical guidance and prospective analytical frameworks for the
development of detailed PSA evaluation procedures.

The remainder of Chapter 3 is structured as follows. PSA validation issues are delineated
in Section 3.2. Section 3.3 introduces a candidate framework for the evaluation of a PSA
model. In Section 3.4, the prospect for the systematic establishment of relationships
between appropriate PSA model content and model applications is discussed. Finally,
Section 3.5 provides recommendations for activities under Phase 2 of the AECB PSA
Validation Program.

3.2 PSA Model Validation Issues

Given the shortcomings of "process-oriented" approaches to PSA review described in the
previous section, the discussions to follow are guided by the assumption that a "product-
oriented" approach is sought. Therefore, a natural point of departure is identification of
the rudimentary elements of the PSA study product, i.e., the model.

The information content of a PSA model may be expressed as a triplet of elements:

(A, L, Q] (3.1)

which in combination define the scope, resolution, structure and quantitative aspects of
the model. The elements of the triplet are now defined.

1. Set of primary events: A is a set of events,

A = {a,}. (3.2)

It is the set of all primary events {aj in the PSA model. This set essentially defines
the scope and level of modeling resolution in the PSA model. Typical elements
of A would include initiating events and component failures via specific modes.

2. Model logic: L is a set of subsets of the universal set U, where each element of U,
Uj, is a unique combination of primary event outcomes. For example, if A consists
of only two events, a, and a2, then U has 4 elements:

a,a2

a,'a2

a,a2'
a/a2'
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where "a"1 is the complement of "a" (i.e., NOT a), and "a,a2" means that a, AND
a2 occurs. Therefore, the set U contains all possible event combinations. In general,
if A has n elements then U has 2n elements. L is now defined as the set

L = {1,} (3.3)

where each element lj is a subset of U. Each element 1, corresponds to a particular
"top event" addressed by the PSA. Examples of such top events are "the event of
containment failure", "the event of fuel damage", "the occurrence of accident
sequence X", and "the failure on demand of system Y". The subset of U associated
with a given \ defines the event combinations that result in the corresponding top
event. Returning to the simple example, if top event X occurs if and only if
primary event a, occurs, then the element of L, 1, corresponding to top event X
is the subset ( a ^ a ^ ' ) of U. L defines the logical structure of the plant models.

3. Model quantification: Q is a mapping. It defines the way in which the PSA model
is quantified. If all primary events in a PSA model were considered to be
probabilistically independent, then the domain of Q could be chosen as the set A.
The range of the mapping is the set of real numbers R. The mapping then
associates each primary event with a number, i.e., the frequency or probability of
the event. (Note that if the PSA includes probabilistic uncertainty analysis, then
the range would more accurately be represented as a space of probability
distributions.) The assumption of independence of primary events is not generally
valid however. For example, the treatment of multiple operator errors in a single
accident sequence as independent would generally be a poor assumption. To
allow the imposition of probabilistic dependence in a PSA model, the mapping
Q is generalized such that its domain is the set 2A, where 2A is the set of all
subsets of A, i.e.,

Q: 2A -> R. (3.4)

The notation "2A" is conventional. It derives from the observation that, if a set has
N elements, then the set of its subsets has 2N elements. For the two-element
example of set A introduced previously, the elements of 2A are

a,a2

0

where 0 is the empty set. Note that by selecting 2A as the domain of the
quantification mapping, it allows the probability assignment to a primary event
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combination a,a2 to differ from the product of the probability assignments to a,
and a2. In this way, conditional probabilities can be represented by the mapping
Q.

In summary, A,L,Q represent the scope/resolution, logical structure, and quantification
of the PSA model, respectively. (In a PSA addressing offsite risk, the model triplet
[A,L,Q] could be extended to address consequence quantification. The current focus is
in-plant modeling however.) While the model triplet is not a unique representation of
a PSA, it provides one exhaustive representation of model content. Therefore, it can be
expected to facilitate the ordered identification of PSA evaluation issues in terms of the
model. Issues associated with determination of the "validity" of the each element of the
model triplet are:

A - The set of primary events:

Al. Do the events encompass a sufficiently broad base of accident initiating events,
plant systems, and modes of equipment and operator performance to support the
intended application of the study?

A2. Do the events reflect a level of modeling resolution sufficiently high to support
the intended application of the study?

A3. Are the events complete with respect to the scope and level of modeling
resolution intended and/or implied by the set A?

L - The logic of the model:

LI. Is the logic model an appropriate representation of the subject plant to within the
scope and modeling resolution implied by the set A?

Q - Quantification of the model:

Ql. Are the algorithms for the use of plant-specific and generic plant performance
data appropriate and properly applied?

Q2. Are the deterministic/probabilistic models that support other aspects of model
quantification appropriate and properly applied, e.g. human reliability analysis
models?

Q3. Have probabilistic dependences been properly treated?

Note that the third set of issues (model quantification) is distinct from the first two sets
in the following sense: the issues identified relative to Q relate not to the product Q itself
but to the process by which Q was generated. That is, it is suggested that the evaluation
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of Q must be process-oriented. This reflects inability to "validate" predictions of low-
frequency events with a reasonable measure of statistical confidence (see Section 2.2.4).
By identifying Q as one PSA model element, that aspect of a PSA model that is
inaccessible to conventional notions of model validation has to some degree been
isolated.

Inspection of these issues reveals a close relationship with the key questions to be
addressed in the Validation Program (see Section 3.1). To paraphrase, the programmatic
questions are: by what criteria should a PSA model be evaluated, and, how should these
criteria reflect end-uses. (The third question is that of how compliance with these criteria
should be demonstrated to the AECB. It is reasonable to postpone consideration of this
question until the basic framework for model review is established.) The three sets of
issues constitute, in effect, high-level versions of the criteria referred to in the key
programmatic questions. These issues can be regrouped to achieve a more direct
correspondence with the program questions:

Issue 1 (A3, LI): To within the stated or implicit scope and level of modeling
resolution of a PSA model, is the logic of the model accurate and
complete?

Issue 2 (Al, A2): Does the scope and level of modeling resolution adequately support
the intended end-uses of the model?

In addition to these issues, a third issue (Issue 3) addresses model quantification. Having
established the completeness, accuracy and adequacy of the underlying logic models,
quantification issues address the statistical treatment of data, the use of supporting
quantification models (e.g., human reliability models), and the treatment of dependences
that are not explicitly modeled in the plant logic. As noted earlier, the evaluation of such
issues would be largely process-oriented. Precedent for process-oriented PSA review is
extensive (see Chapter 2). The remainder of this chapter will focus on Issues 1 and 2.
These issues present the greatest potential for resolution by product-oriented review. In
the following two sections, product-oriented frameworks in which to address Issues 1
and 2 are proposed and discussed. Sections 3.3 and 3.4 focus on Issues 1 and 2,
respectively.

3.3 Model Accuracy and Completeness

A framework is now proposed in which to develop detailed procedures for assessment
of the accuracy and completeness of a PSA model. The model evaluation process to be
developed should ideally satisfy several requirements:

1. It is product-oriented. That is, it is based on evaluation of the PSA model rather
than on the process by which the model was developed. The rationale for this
requirement is discussed in Section 3.1.
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2. The process can be conducted by individuals who have minimal knowledge of
PSA techniques. The intention here is to make the process accessible to plant
design and operations personnel.

3. The process is systematic. That is, it has the capability to scrutinize the PSA
model in a sequential, structured way, thereby helping to ensure that the methods
comprising the process are applied exhaustively and uniformly across the
elements of the model.

The first requirement is met by basing the evaluation process on the logical models
generated by the PSA study. Such models would be cast typically in the form of minimal
cut-sets for specified top events.

Survey findings reported in Section 2.5.3 indicate that success-oriented models are
generally more scrutable and understandable by plant personnel (systems engineers,
designers, and operations personnel) than conventional failure-based logic models. This
finding reflects the success-orientation of hardware and operational requirements
typically encoded in plant design/operations specifications such as system specifications
and operator response guidelines. The conclusion is that a process based on the
review/development of success-space representations of plant logic would meet
Requirement 2.

In particular, what is sought ideally is a relationship between a typical PSA plant model
and representations of plant logic that more closely reflect the operational and design
"evaluation modes" of plant personnel. Typical of such evaluation modes is the
identification of plant response characteristics necessary to mitigate specific challenges
to normal operations. The development of plant design/operational specifications such
as engineered protective features and operator response guidelines are both based on
such modes of evaluation.

The restructuring of a PSA model to correspond more directly with the "plant
protective/mitigative" representation of system logic could therefore provide a promising
point of departure for the development of a model evaluation process.

3.3.1 Analytical Framework

Consider some top event T modeled in a PSA. T would typically be a system failure on
demand or the occurrence of a fuel damage sequence. The minimal cut-set representation
of T is

T = u, [n, ftj]. (3.5)

Notation is as follows.
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1. u and n are the set union and intersection symbols/ corresponding to the logical
connectives OR and AND, respectively.

2. The index adjacent to a set-theoretic symbol implies repeated application over
integer values of the index. (This is analogous to a summation symbol.)

3. af is the j'th element of A, the set of all primary events in the PSA model (see
Equation 3.2), and

P(j = af if af appears in the i'th cut-set of T

Pij = U if aj does not appear in the i'th cut-set of T,

where U is the universal set (see Section 3.2).

4. The equality symbol (meaning "if and only if in terms of the corresponding
Boolean logic) is qualified by the observation that the minimal cut-set
representation of T will have been generated following a probability-based
truncation process in which low-probability event combinations are excluded.

Each event ak would generally define either an accident initiating event, or the failure
of a specific item of equipment in a specific mode (see Section 1.2.2). The occurrence of
a primary event can be viewed as characterizing a challenge to the plant. (Note that
certain primary events, such as failure of ECCS actuation, would not occur in isolation
since they represent a plant response to the occurrence of a challenge). The equation for
the top event T can be re-expressed in terms of the primary event ak (relying on the
distributive property of Boolean algebra) as

T = Xk u [ak n YJ (3.6)

where Xk is the union of all minimal cut-sets that exclude a^ and the term ak has been
factored out of the remaining cut-sets. The set Yk can be expressed as

Yk = ui [n, pipj, (3.7)

that is, Yk is the union of all cut-sets containing ak with the factor ak removed from each
of those cut sets. Each term in the square brackets [] of Equation 3.7 may be viewed as
a cut-set of the event Yk. Pijk is given by

Pijk = af if aj appears in the i'th cut-set of Y^ and

Pijk = U if af does not appear in the i'th cut-set of Yk.
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Assume now that event ak occurs: the plant becomes vulnerable to occurrence of the top
event T. Specifically, if the event Yk occurs in addition to ak, then, the top event T occurs.
Conversely, the vulnerability to the top event T brought about by the occurrence of
event ak is protected against by the non-occurrence of event Yk, i.e., by the occurrence
of the complement of Yk, denoted Yk'. An expression for Yk' can be obtained through the
application of de Morgan's theorem to Equation 3.7:

Yk' = n, [Uj pijk']. (3.8)

The more familiar cut-set form of Yk' is more accessible to engineering interpretation
however. Boolean manipulation of Equation 3.8 (using principally the distributive law
of Boolean algebra) provides an expression for Yk' of the following form:

Yk' = u, [Oj yijk]. (3.9)

This expression is now directly analogous to Equation 3.7, i.e., each square bracket
contains a minimal cut-set of the event Yk'. The definition of yijk is analogous to that of

yijk = a- if aj' appears in the i'th cut-set of Yk', and

yijk = U if â  does not appear in the i'th cut-set of Yk'.

Each minimal cut-set of Yk' is referred to as a "minimal path-set" of the original
(uncomplemented) event Yk. The interpretation of a minimal path-set of a top event is
as follows. It is a minimal combination of events that prevents the occurrence of the top
event. Expression 3.9 therefore delineates (via the index i) event combinations that would
prevent the occurrence of the event Yk.

Each path-set of the event Yk may be viewed as a single line of protection against the top
event T given occurrence of the primary event ak. As such, the path-sets of each event
Yk constitute candidates as points of comparison between the PSA model and plant
design/operational specifications. A PSA evaluation procedure based on the comparison
of model path-sets with plant specifications would have several merits. They are:

1. The evaluation would be PSA product-oriented in the sense established in
Requirement 1.

2. The evaluation process would be based on success-oriented (i.e., path-set)
representations of plant logic. This should enhance accessibility of the process by
individuals with limited expertise in PSA methods, and, in particular, plant
design operations personnel. Requirement 2 is thereby met.
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3. Sequential evaluation of primary events and associated path-sets provides the
elements of a systematic basis for interrogation of the plant model. This
contributes to the satisfaction of Requirement 3. Note that such a process would
share certain features with various standardized approaches to safety/hazards
analysis that involve systematic evaluation of engineered systems by individuals
with design and operations expertise. For example, like HAZOPS (hazard and
operability studies), FMEA (failure modes and effects analysis), What If?, and
PHA (preliminary hazards analysis) studies [Ref. 32], this approach would be
based on "bottom-up" considerations. That is, component-level failures are
systematically hypothesized and the effect on the system is then evaluated. This
contrasts to the "top-down" approach of fault tree analysis in which the starting
point is the top event and the primary faults are then deduced. Also, like
HAZOPS and PHA, the approach would seek to systematically identify and
evaluate lines of protection against occurrence of each hypothesized failure.

The objective of such a review process would be to identify inaccuracies or
incompleteness in the PSA model logic. Inaccurate logic or incompleteness in the original
cut-sets of the PSA model (for T) would be manifested as individual path-sets with
inappropriate content or as omitted path-sets. For example, if credit for a given operator
action was overlooked in the PSA model, then path-sets containing the action would be
absent. Comparison of the existing path-sets with emergency procedures has the
potential to reveal those omitted lines of protection.

As a further example, if a mode of failure of a given piece of hardware is not accounted
for in the PSA model (thus resulting in the omission of a series of cut-sets) then related
path-sets would be too small (i.e., contain too few individual events ap or too many in
number (representing lines of protection that do not actually exist). Evaluation of the
existing path-sets relative to plant line drawings and system specifications may reveal
that certain path-sets fail to provide an adequate line of protection against the top event.
That is, some event (or union of events) F would be identified by the reviewers which,
in combination with the event ak (and only in combination with ak), results in the top
event and, yet, which satisfies the relationship

F n Y k ' ^ 0 (3.10)

where 0 is the empty set. Specifically, it would be determined that (referring to
Equation 3.9), for certain values of i, i.e., for certain path-sets of Yk,

A more definite example of such a discovery process is provided by reconstruction
within the current framework of the USNRC review of an accident sequence developed
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in Reference 33 (the Zion Probabilistic Safety Study or ZPSS, a utility-sponsored PSA).
Consider a top event T, labeled "core damage". The ZPSS, in effect, identified the
following doublet cut-sets (one for each value of j) of T:

[CCWS pipe rupture, HPI injection failure (j)].

The first event is

a0 = rupture of the component cooling water system (CCWS) pipework.

This results in loss of cooling to the reactor coolant pump (RCP) seals and, subsequently,
in a small primary system LOCA. The second event in each cut-set is

as = failure of high pressure injection (HPI) system due to j'th cause.

This corresponds to loss of the system that mitigates the LOCA. Cast in the form of
Equation 3.5, the cut-set expression for the top event T is

T = [Uj (a0 n a^] u [Uj (Cut-sets i that exclude a0)] (3.12)

For simplicity, it is assumed that a0 occurs only in the doublet cut-sets identified. Recast
in the form of Equation 3.6, T can be expressed as

T = Xo u [a0 n Yo] (3.13)

where

Xo = u( (Cut-sets i that exclude a0) (3.14)

and

Yo = Uj a,. (3.15)

The path-sets of Yo are now obtained by the application of de Morgan's theorem to
Equation 3.15. The result is

Yo' = Hj [a/]. (3.16)

Note that the simplicity of this expression (specifically, each square bracket [] contains
only a single term) precludes the need for further manipulation to obtain the path-sets
of Yo. A single path-set is identified. It corresponds to the conjunction of all events aj'.
That is, given the occurrence of ao (rupture of CCWS piping), the single line of protection
against the top event T (core damage) is the occurrence of all the events a/. In terms of
plant design requirements, this implies the requirement that an HPI system be available
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to mitigate the loss of the CCWS. (Note, the simplicity of this implied design
requirement reflects the simple nature of the cut-sets chosen in this example. The
appearance of c^ in other cut-sets would have served to increase the number and size
of the path-sets of Yo.)

Based on discussions with plant personnel, NRC reviewers of the ZPSS identified loss
of CCWS as a cause of HPI system failure [Ref. 20]. It was determined that both the
safety injection system and the charging pumps that provide the HPI function rely on
component cooling water. Identification in the ZPSS of the HPI system as a line of
defense against CCWS pipe rupture had therefore been inappropriate. Cast in terms of
Equation 3.10, a scenario F was identified in the review which, in combination with a<j,
results in the top event (core damage) despite realization of the associated path-set. In
fact, since a0 alone results in the top event, then F is simply the universal set and

F n [n, a/] = [n, a{], (3.17)

that is,

F n [Oj a/] * 0 . (3.18)

In effect, the shortcoming of the original model is that it omits the cut-set comprised of
the singleton a0. Given the existence of this cut-set, it can be deduced that certain of the
cut-sets defined in the original model are no longer minimal since they contain
redundant failures. In the current example, the corrected version of the event Yo has no
path-sets (or, more strictly, its path-set is the empty set). This reflects the fact that, in the
corrected model, no lines of protection exist between the occurrence of &$ and the top
event.

3.3.2 Technical Issues

As a general framework for the systematic scrutiny of a PSA model, the sequential
evaluation of "protective path-sets" relative to the challenges represented by various
primary events appears promising. A number of issues require resolution however in
developing the details of a review technique based on this framework. The issues
identified currently are:

Issue 1: Application objectives

Determining the accuracy and completeness of a PSA model can be partitioned into
design/hardware and operational considerations. Issue 1 concerns the way in which the
path-set framework is employed to address each of these areas.

Typically, each primary event a,- will characterize a specific mode of hardware
unavailability. To evaluate the PSA model representation of plant hardware design,
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"condensation" of primary events with respect to different unavailability modes might
be appropriate. That is, various unavailability modes of a single hardware item would
be collected inlo a single event for the purpose of applying the review methods. There
is a caveat however. The collection of unavailability modes into a single event would be
appropriate only where each such mode is equivalent with regard to system logic, i.e.,
each enters the logic expressions in the same way. For example, if "valve X fails to open
on demand due to hardware fault" and "valve X unavailable due to maintenance outage"
appear in the model in identical contexts then, for the purposes of design evaluation,
they may be merged into a single event. In contrast, the events "circuit breaker Y failed
short" and "circuit breaker Y spuriously opened" would likely enter the logic model in
different ways as the following example illustrates.

Consider the case that circuit breaker Y connects to an electrical bus, and
that the top event of interest is "bus not energized". The event "circuit
breaker Y failed short" in isolation de-energizes the bus and therefore
constitutes a singleton cut-set of the top event. If the bus can be energized
via the circuit breaker but alternative power sources exist, then "circuit
breaker Y spuriously opened" would need to occur in conjunction other
events (i.e., failure of the backup power sources) in order to result in the
top event. Therefore, the two events are inequivalent with respect to
system logic.

The event condensation process would need to address such considerations, therefore,
in determining the equivalence of unavailability modes relative to plant design.

Assessment of the PSA model with respect to plant operations would test the model as
a representation of

test and maintenance policy (OP&Ps),

human contributions to hardware unavailability, and

post-initiator operator actions (ORGs).

Having established the adequacy of the model as a representation of plant design,
evaluation of the model with respect to operations might be achieved by systematic
scrutiny of each "condensed" (i.e., hardware-oriented) primary event to confirm that all
operational contributions have been included in the original set of primary events. The
modeling of operational cross-links such as the involvement of multiple components in
a common test could be checked through the correlation of specific operational
specifications (e.g., test and maintenance specs, and emergency procedures) with
equipment unavailability events.
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Issue 2: Representation of path-sets

Having established the protective path-sets for various primary events, Issue 2 is the
question of how that information is presented to reviewers to maximize its
understandability. Two diagrammatic representations of success logic are discussed in
Section 2.5.2: reliability block diagrams (RBDs) and GO diagrams. The advantage of the
GO representation of system logic is that it can closely resemble a hardware schematic
of the subject system thereby enhancing its potential scrutability by systems engineers.
Disadvantages are that

it is a highly stylized representation of system logic that might demand a
substantial degree of training to produce and to interpret.

it is inextricably coupled to the use of the GO suite of computer codes.
This reduces flexibility for the reviewers by increasing the prescriptiveness
of the review specifications.

distinction between the failure modes of an item of equipment in the GO
framework can be at the expense of the direct relationship between the
hardware schematic and the GO diagram.

The limited information currently reported on the Romanian application of GO methods
for utility review of the Cernavoda PSA indicates that, in the conversion of PSA models
into GO data, only a small subset of the family of GO operators are employed.
Specifically, the logical AND and OR operators play a dominant role. This restriction
tends to erode the distinction in concept between GO and RBD representations of system
logic. The validity of this indication would need to be confirmed through the acquisition
of additional information on the Romanian process.

While there is limited direct correspondence between an RBD and a schematic of the
subject hardware, an RBD can be generated in a straightforward way with knowledge
of the system path-sets (i.e., success paths). The success logic provided by path-sets can
be encoded directly in terms of the topology of the RBD (see Section 2.5.2). Furthermore,
since there is wide familiarity with RBDs in numerous technological sectors, training
requirements for their construction and interpretation are likely to be minimal.

Issue 3: The review procedure

Issue 3 addresses the detailed nature of the process by which the protective path-set
information is used in the review. Two alternative types of processes are currently
envisioned:

1. Processes in which the reviewers are presented with path-set information
(probably in a diagrammatic form) from the PSA model and are required to
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evaluate the path-sets for content and completeness relative to relevant plant
design specifications. These specifications would be provided in the form of
design descriptions, design manuals, safety reports and manufacturer's drawings.

2. Processes in which, prior to the generation of path-sets from the PSA model,
design specifications are used by plant personnel to develop logical models of
plant protective features relative to selected plant challenges. Upon completion
of these models, the PSA path-sets are generated and compared to the success
models.

The principal distinction between these approaches is that while the second process
demands independent generation of plant logic models for ultimate comparison with the
PSA, the first process is based directly on evaluation of the PSA models. Approach
number 2 would be more resource intensive, probably involving a level of effort
commensurate with that for the original PSA. A further practical consideration concerns
the AECB's purview in specifying the review requirements to the licensee. (This assumes
that the individuals with the requisite plant expertise are licensee personnel.) Deferment
of the comparison of independent success models with the protective path-sets (as in
approach number 2) may be impractical.

Issue 4: Truncation effects

The cut-sets representing the subject PSA study will have emerged from a truncation
process (incorporated into the fault tree code) in which low-probability cut-sets are
discarded. The effect of discarding cut-sets, in general, is to reduce the size of the
individual path-sets. That is, any one path-set will not necessarily include the events
required to protect against event combinations defined in certain low-probability cut-sets.
Therefore, the potential exists to identify a deficiency (lack of protection against a
primary event) in the path-sets that is a reflection only of the truncation process. The
review procedures to be developed will require a mechanism to account for and report
the effect of truncation assumptions on the review findings.

Issue 5: Scope of primary events

As outlined previously, the current framework would systematize the review through
requiring the sequential evaluation of primary events and their associated path-sets.
Evaluation of the failure effects of hardware or failure modes not included in the original
cut-sets could be compromised in such an approach. Therefore, rather than order the
review by primary events of the PSA model, a preferable framework may be as follows.
Based on the systematic inspection of design drawings, individual items of hardware
and associated failure modes are identified sequentially. This approach would be similar
to HAZOPS/FMEA techniques in which plant design schematics guide the sequential
identification of equipment failure scenarios. The primary events corresponding to each
hardware item, if such events exist, are identified and the path-set evaluation process
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proceeds. If no corresponding primary event appears, the implication is that no
protection against the effects of the hardware failure is necessary to prevent the top
event. The validity of this implication would be assessed in the review.

Another issue related to the selection of primary events for review is as follows. If a top
event is defined at an accident sequence level or a higher level, such as the event "fuel
damage", the review framework as currently defined would identify the prevention of
an initiating event as protection against the failure of a mitigative safety system. Clearly
this has no engineering meaning. If top events are defined at a system failure level
(where time-sequence information plays a lesser role), then the potential for such
situations is reduced. The manual exclusion of such "acausal" path-sets would be
required.

Issue 6: Top event selection

The review process would require the identification of a top event with respect to which
protective path-sets are then defined. There is some freedom regarding the level at which
the top events are selected. Top events defined at a system failure level would help
define the type of expertise required of the review team and limit the complexity of the
path-set models under evaluation. Conversely, defining top events at the sequence level
would enhance the capability of the reviewers to address the modeling of inter-system
cross-links. Review with respect to a series of top-events of differing levels might be
appropriate.

Issue 7: Presentation of findings to the AECB

Implicit in the review framework described is the requirement that the review team be
composed principally of individuals with expert knowledge of plant design and
operations. This requirement would probably result in the identification of plant
personnel as the most suitable team candidates. Issue 7 addresses the participation of the
AECB in the review process and the way in which the results of the process are
ultimately presented to the Board. This issue reflects the third of the key questions to be
addressed in the Validation Program as recapped in Section 3.1.

Direct participation by AECB representatives in the review proceedings would be one
route to ensuring appropriate implementation of the review techniques. If direct AECB
participation is not planned, then appropriate implementation of the process must be
reflected in the selected form of review documentation. Again, the analogy with
HAZOPS/FMEA methods may offer some guidance. The standardized, worksheet-based
documentation of such studies generally helps demonstrate that the review has be
conducted in an appropriate way and is complete to within its specified scope. Table 3.1
shows an example of a worksheet typically used to guide a HAZOPS review. Table 3.2
shows an FMEA worksheet. A worksheet/form developed for the purposes of guiding
the review techniques under current consideration would perhaps require the entry of:
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1. the top event under evaluation

2. the failure modes of the hardware item under consideration, including operational
modes, grouped by their equivalence with respect to protective path-sets

3. the path-sets for each failure mode (possibly referenced to diagrammatic
representations)

4. references to relevant plant specifications and diagrams

5. description of correspondence between the plant specifications and the path-sets,
including inconsistencies

6. action items.

While some progress in resolving the seven preceding issues may be achieved by further
consideration and discussion of options, trial application of a tentative version of the
techniques would the most effective route to identifying/resolving problem areas and
defining the review process in detail. Recommendations for the development of trial
applications are provided in Section 3.5.

3.4 Model Scope/Resolution versus End-Uses

In Section 3.3, a general framework is proposed in which to determine the accuracy and
completeness of a PSA model to within its stated or implicit scope and depth of
modeling resolution. The question remains for a given PSA model of whether that scope
and resolution depth are adequate to support specific applications. A framework in
which to address this question is introduced in this section.

3.4.1 Analytical Framework

Reasons for the vagueness of the interface between a PSA model and the decision-
making process are discussed in Section 3.1. As an adjunct to the safety information
base, a PSA is generally viewed as providing a series of "insights" that support, although
do not necessarily determine, decision preferences. The reported base of historic, ongoing
and prospective PSA applications is broad (see Section 1). Despite extensive applications
experience, analytical evaluation of the interface between a PSA model and the decision
process has been limited. This is evidenced by the lack of promulgation within the
nuclear PSA, regulatory and industry communities of applications-dependent criteria for
measuring the adequacy of a PSA. This is despite a consensus view that modeling
requirements should be sensitive to end-uses.

Both experience and technical consideration support the view that evaluation of a PSA
relative to a specific applications is a judgmental and partially subjective process. Such
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a process generally results in an assessment of the degree of adequacy of a model for
a specific application rather than a yes/no determination. Consider two examples:

1. A prospective use of a PSA model is the risk-prioritization of operator actions
dictated by specific emergency procedures. A PSA model that is resolved down
to the level of individual trains of equipment used in the implementation of the
subject procedures would provide a basis for importance-ranking of that
equipment. This ranking would provide one indication of the importance of
procedures involved in making each equipment train available. Consider now a
more detailed model that distinguishes between operator-related modes and other
modes of unavailability for the same equipment. This model would allow an
importance-ranking relative to operator-related events specifically. The advantage
of the second model is that it would obviate distortions in the rankings associated
with, for example, differing hardware reliability characteristics across the
equipment trains. While both models would provide information that supports
the importance ranking of emergency procedures, i.e., they are both "adequate"
for the application, the second model would be preferable.

2. Another prospective use of a PSA model is the optimization of test and
maintenance activities with respect to risk. Test and maintenance (T&M)
contributions to hardware availability can be incorporated into a model in at least
two ways: (a) specific outage events are included in the PSA logic models, or (b)
outage unavailability is accounted for at the model quantification stage as a
contribution to the overall hardware unavailability estimate. Both approaches can
provide a basis for determination of the effect on various risk indices of variation
in T&M assumptions. However, an advantage of approach 'a' is that it provides
a framework in which to model operational cross-links in which, for example, a
single test affects the availability of multiple items of hardware. As in the
previous example, both approaches are adequate since each provides information
to support the decision process, but one of the approaches is preferable.

As discussed in Section 3.1, another factor contributing to the vagueness in the
relationship between required model attributes and prospective applications is the
imprecision with which applications are generally defined. Use of a PSA to "allocate
equipment reliability", for example, covers a broad gamut of technical applications, each
employing a PSA model in distinctive modes. An analogy is the evaluation of the
adequacy of an automobile design for a vehicle that is to be put to specified uses. If the
uses are stated to the evaluator as "transportation to office buildings" and "transportation
to airports", then the technical basis for establishing evaluation criteria is limited. A
firmer basis for evaluation would be a statement of intended routes to specific office
buildings in terms of distances, ruggedness of terrain, traffic characteristics, etc. This
latter characterization of uses would permit a more direct correspondence to be
established with design features of the car such as comfort level, fragility, and
acceleration capability. While this analogy is imperfect, it highlights the need to define
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"PSA applications" in a way that permits the "model attributes versus applications"
question to be addressed in a technically valid way.

The remainder of this section describes a proposed analytical framework in which to
address the issue of model adequacy for specific applications. Some preliminary
comments on the objectives of such a framework are in order:

1. The subjectivity inherent in determining the adequacy of a PSA model for a
specific application precludes as a realistic goal the development of prescriptive,
objective algorithms for determining model acceptability.

2. A more realistic objective is the development of techniques that, rather than
prescribing a judgmental process, seek to facilitate it. This would be achieved by
helping to ensure that the technical considerations supporting the evaluation of
model adequacy are structured, systematic and comprehensive. The framework
to be proposed is intended to accommodate evaluation techniques with this
objective.

Elements of the framework are introduced at a "generalized" level to establish some
analytical structure. They are given more substance as the discussion evolves.

The set T with elements

T = {t,} (3.19)

is defined such that each element tj characterizes the attributes of a PSA model. Each
element tj will be referred to as an "attribute group." The set T is defined to be
exhaustive such that any single PSA plant model can be characterized in terms of its
scope and depth of modeling resolution by one and only one element of the set T.

The set V with elements

V = {Vj) (3.20)

is defined such that each element Vj is a "PSA application." The Cartesian product of the
sets T and V is the set T®V, where each element is a doublet (t,,Vj). A mapping S is now
defined of which the domain is the product set T®V and the range is the interval of real
numbers [0,1]:

S: T®V -> [0,1]. (3.21)

That is, the mapping S associates a number in the range of 0 to 1 with each doublet (t̂ Vj)
in the set T®V. S will be called the "sufficiency mapping". It characterizes the degree of
adequacy for application Vj of a PSA model with attribute group tj. Note that by defining
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the range of the sufficiency mapping to be the interval 0 to 1, this framework allows the
idea of "degrees of adequacy" to be represented. If the mapping S associates a doublet
(t,,Vj) with the value 0, then the implication is that a PSA model with attribute group t,
is inadequate to be put to application Vj. Note that the range of the sufficiency mapping
S could equally have been defined as a series of alternative, verbal descriptors of model
adequacy such as "inadequate", "sufficient but improvement of model recommended",
etc. While conversion to a formalism involving verbal descriptors would permit closer
correspondence to the customary characterization of PSA model adequacy, retention of
the quantitative formulation simplifies the derivations to follow.

A series of derivative sets are now defined. These are intended to clarify the
correspondence between the current framework and the type of questions typically
addressed in assessing model adequacy. First, some notation is established.

Let o(ti,V|) represent the real number in the range [0,1] that is the image of the point (tj,Vj)
under the sufficiency mapping. That is, o(ti,Vj) is the adequacy level assigned to the
doublet (tj,Vj). A family of sets B(oc) is now defined where different values of the
argument a delineate the family members and

B(cc) = Kt̂ Vj) ; a(t,,v,) > a). (3.22)

That is, B(a) is the subset of the product set T®V consisting of all elements of T®V
satisfying the condition that their image in the interval [0,1] under the sufficiency
mapping is a number no less than a. Two families of sets can now be defined. The first
of these is the family of sets V((a) where different values of the index i and the argument
a delineate members of the family. Vj(a) is the set of applications to which a model with
attribute group tt can be put provided that an adequacy index of level a is acceptable.
Vi(ot) is a subset of V (which is the set of all applications) and can be expressed as

V,(a) = {Vj ; (VVj) e B(a)}. (3.23)

That is, the application v( belongs to the subset Vj(oc) if, and only if, when coupled with
PSA model attribute group tu it is associated by the sufficiency mapping with a value
no less than a.

The second family of sets, a member of which is denoted Tj(oc), is defined as follows.
Tj(a) is the set of alternative attribute groups such that a PSA model characterized by
any one group may be put to application v( provided that an adequacy index of level a
is acceptable. Tf(a) is a subset of T (which is the set of all alternative attribute groups)
and can be expressed as

{tj ; (ti/Vj) e B(a)}. (3.24)
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That is, the attribute group tj belongs to the subset T((a) if, and only if, when coupled
with application vy it is associated by the sufficiency mapping with a value no less than
a.

Both Vi(a) and Tj(a) have a close correspondence to the forms of adequacy questions that
are posed typically:

1. Given the availability of a PSA study, the question to be addressed may be "to
what applications can the study be put?" In effect, the set V,(a) would be
developed to "answer" the question. This formulation renders explicit however the
threshold of model adequacy that is acceptable by the evaluator.

2. Given an intended application, the question to be addressed may be "what are the
sufficient attribute groups of a PSA for this application?" In effect, the set T/a)
would be developed to "answer" the question. Again, this formulation renders
explicit the threshold of model adequacy that is acceptable by the evaluator.

This correspondence between typical issues of model adequacy and the analytical
framework under discussion indicates that the sets Vj(ot) and Tj(cc) could provide one
suitable basis for communicating to decision-makers the judgmental evaluations made
using this framework.

Realization of the sufficiency mapping requires first that several questions be addressed:

1. How is the scope and resolution level of a PSA model to be characterized (i.e.,
how is the set T constructed)?

2. What constitutes a PSA application (i.e., how is the set V constructed)?

3. How can the framework best be structured to facilitate the judgmental process
underlying development of the sufficiency mapping?

Some tentative answers to these questions are now proposed.

Characterization of Model Attributes

The key variables characterizing the attributes of a PSA model are discussed in Section
1.2.2. From the perspective of applications sensitivity, the principal issues identified in
Section 3.2 relate to model scope and depth of resolution.

The set T can be represented as the Cartesian product of series of sets S, and a set I:

T = S, <8> S2 ® ... ® SN ® I (3.25)
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where each element of a set S{ characterizes an alternative depth of modeling resolution
for system i. Each element of the set I is an alternative group of initiating events. Each
element of T (i.e., each alternative group of model attributes) is therefore represented as
an (N+l)-tuple in which the first N elements represent the depth of model resolution for
each plant system (including the possibility "the system is not modeled") and the final
element represents the group of accident initiators included in the model. Explicit in this
representation of T is a characterization of alternatives in modeling scope since it reflects
two key scope issues: initiating events modeled and systems considered. Other scope
issues, specifically those associated with the Boolean resolution process, can be
addressed in the same way as issues relating to resolution depth. These resolution-
related scope issues include, for example, whether passive component failures are
modeled (e.g., piping failure in seismic analysis and cable failure in fire/flood analysis)
and whether operator errors of commission are modeled.

The systematic characterization of resolution depth for a given system is problematic for
the following reason. At each event in a system fault tree, a decision is made as to
whether that event is resolved further. The number of combinations of decision
outcomes is therefore large and, furthermore, not easily accessible to systematic
enumeration. A practical approach to classifying model resolution depth may be one in
which, for a given system, the hardware items and unavailability modes expected to
appear at the defined level of resolution are specified. A level of resolution would then
be characterized as specific classes of mechanical and/or electrical and/or I&C circuitry
hardware with associated modes of unavailability, e.g., "valve macrocomponent
(inclusive of I&C): test outage." In Section 1.2.2, the issue of PSA modeling resolution is
discussed.

Included in this characterization of modeling resolution depth would be a statement of
the classes of events that define the scope of the resolution process. Such a class might
be "operator errors of commission resulting from misdiagnosis of accident conditions."

Characterization of PSA Applications and Development of the Sufficiency Mapping

A PSA model generally constitutes an adjunct to the information base that supports
decision-making. The way in which a PSA is "applied" is not usually accessible to well-
defined technical description. The development of a credible and useful sufficiency
mapping would require PSA applications to be defined in as much technical detail as
is practical. In effect, each application under consideration would be "resolved" in a way
that allows its elemental steps to be related to specific attributes of a PSA model. Each
of these steps would constitute a "rudimentary application" of the PSA, which, in
aggregate, define the "high-level" application. The sufficiency mapping would then be
formulated in a stepwise way: First, model adequacy relative to various rudimentary
applications would be judged (each of which would be a member vf of the applications
set V). Then, through expressing high-level applications (each of which would be a
member of the applications set) as combinations/sequences of the more rudimentary



-84-

applications, a systematic basis would be provided by which to structure the evaluation
process.

As an example, consider the PSA application "basis to support MOV reliability allocation
in plant design." Selection of a more detailed definition of the PSA end-use represented
by this application heading may correspond to the following analytical steps:

a. Those plant systems that play dominant roles in determination of the expected
frequency of fuel damage are identified. More specifically, for each fuel damage
category, the numerical importance of each front-line and support system is
determined. A de minimis importance criterion is established for each fuel
damage category. Those systems that exceed the criterion (i.e., that contribute
significantly) to any one fuel damage category are retained for further analysis.

b. The importance of each MOV (component boundary encompassing mechanical
and control) is established relative to each significant system identified in the
previous step. A de minimis importance criterion is established for each system
or fuel damage category. Those MOVs that exceed the criterion are retained for
further analysis.

c. Design alternatives are delineated for the MOV population. These alternatives
address mechanical factors (valve materials, lube oil specifications, etc.) and I&C
factors (use of solid-state controllers vs. electromagnetic relays, etc.). The impacts
on the fuel damage category frequencies of the design alternatives are established
and compared. The comparison is effected in a multi-objective decision
framework where, for each design alternative, the fuel damage category
frequencies are assessed along with other risk indices of interest (e.g., individual
safety system reliabilities). The resultant risk vectors are compared. The cost
impact associated with each design alternative is also estimated (this would
typically be beyond the scope of the PSA model) and incorporated into the multi-
objective decision framework. Reference 34 describes one such framework.

d. For design alternatives that meet pre-established individual system reliability
criteria, costs for further reliability improvement are determined to be
unwarranted.

For each of these steps, the preferred attributes of a supporting PSA model would be
identified. These attributes would provide a benchmark for evaluating the adequacy of
a given model to support each step. The preferred attributes for steps a-d may be
identified as:

a. Each candidate front-line and support system should be addressed in the model.
This would require that the resolution of each system is sufficient to ensure that
components reliant on the support systems are identified.
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b. This step requires a level of model resolution that ensures the MOV failures
modes are explicitly modeled. The importance evaluation would not necessarily
require the resolution of each MOV failure mode into mechanical and I&C
contributions.

c. Improved resolution of MOV failures would be required in the third step to
enable the effect of specific design improvements to be modeled. The degree of
this resolution would be dependent on the nature of the design alternatives to be
addressed. For example, to model the effect of alternative MOV control circuitry
designs demands that mechanical and control contribution to MOV failure be
distinguished.

d. This step is the comparison of system reliability estimates with pre-established
numerical criteria. The outcome of such "bottom-line" risk comparisons can be
highly sensitive to model scope and resolution. A critical consideration here
would be the precise definition of the safety criteria relative to model scope and
resolution, e.g., are human error contributions to be included in the comparison?
Another critical consideration in assessing the robustness of risk estimates is the
capability of the parent model to identify system dependences and its treatment
of common-cause failures. These can be driving factors in determining risk
estimates. Valid comparison with risk criteria may be assessed to demand that
potential system interactions have been addressed down to a resolution depth of
I&C circuit components, and that common cause failures (as typically modeled
by beta factors) are explicitly included for certain component classes.

This form of applications resolution followed by sequential evaluation may provide a
practical basis for generation of the sufficiency mapping. It is anticipated that certain
rudimentary applications will be identified as elements of numerous high-level
applications. For example, the evaluation of compliance with systems reliability criteria
(step d) may be common to a broad range of design and operational value/impact
applications. This commonality in high-level applications may be expected to reduce the
analytical efforts involved in the evaluation of additional high-level applications as they
become identified.

3.4.2 Realization of the Framework

The "sufficiency mapping" shows promise as a framework in which judgment on the
adequacy of PSA models for specific applications can be exercised systematically.
However, a comprehensive quantification of the mapping would be highly resource-
intensive. Furthermore, it is not clear that the product of such an undertaking would be
necessary to support the AECB's current and prospective PSA review efforts. A more
focussed effort would be appropriate. As a principal subject of current regulatory
interest, this focus could be provided by the DPSE.



-86-

Preliminary efforts to construct the sufficiency mapping might involve:

1. Association of one element of the set of PSA attribute groups, T, with the
attributes of the DPSE.

2. Development of detailed, technical definitions of a limited set of prospective PSA
applications.

3. Resolution of each of these applications into more rudimentary application areas
such as discussed in the previous section.

4. Development of the preferred model attributes to support each rudimentary
application.

5. Aggregation of these attributes to identify preferred model attributes for each
high-level application.

6. Comparison of DPSE attributes with preferred attributes. Comparison could be
effected both at the rudimentary and high-level applications levels.

7. Judgmental formulation of the levels of adequacy (i.e., elements of the sufficiency
mapping) for the DPSE relative to each high-level application. This formulation
could be facilitated by the combination of adequacy measures formulated at the
rudimentary level. Trial quantitative algorithms could be identified for the
combination of adequacy measures.

8. From the preceding steps will emerge the identification of potential improvements
to the DPSE model and measures of the associated increments in model adequacy
for the subject applications.

The practicality of the sufficiency mapping framework as a structured approach to
evaluating model adequacy will be determined most effectively through trial application.

3.5 Discussion and Recommendations for Phase 2

It has been proposed that decomposition of the PSA review process into the
consideration of three issues provides an exhaustive basis for the evaluation of a PSA
model. These issues are:

Issue 1: To within the stated or implicit scope and level of modeling resolution of
a PSA model, is the logic of the model accurate and complete?

Issue 2: Does the scope and level of modeling resolution adequately support the
intended end-uses of the model?
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Issue 3: Has the model been quantified appropriately?

Section 3.2 contains a detailed derivation and discussion of the issues. A survey of
international practices in the review of risk models (see Chapter 2) has revealed that the
approaches used are generally "process-oriented." In these approaches, scrutiny by "PSA
experts" of the process by which a risk model is derived surrogates evaluation of the
product of that process, i.e., the PSA model. The shortcomings of such approaches are
outlined in Section 3.1.

The first two of the aforementioned issues are assessed to have the greatest potential for
resolution through product-oriented review. These issues have been the focus of the
current chapter. For each issue, an analytical framework has been proposed as a guide
for the development of detailed review techniques. These frameworks, which are based
on consideration of the mathematical structure of a PSA model, are introduced in
Sections 3.3 and 3.4, respectively.

The frameworks described are new. Each seeks to impose "algorithmic structure" on the
review process. Development of a realistic review process can be achieved most
effectively through trial application of the frameworks described. To address Issue 1, it
is recommended that trial application of the techniques described in Section 3.3 be
comprised of the following steps:

1. Select two systems analyzed in the DPSE. To maximally test the framework, the
systems should be diverse: one electrical system and one mechanical system, e.g.,
Class IV power distribution and emergency service water.

2. Import the Ontario Hydro DPSE fault tree models for each system. Either AECB
or SAIC fault tree codes would be used depending on the outcome of software
capabilities review. Reproduction of the cut-sets reported in the DPSE would
ensure that the processing of the DPSE fault trees is understood.

3. To focus on systems design, reduce the trees through the grouping of equivalent
(with regard to failure logic) failure modes of single items of hardware.

4. Evaluate the effect on the cut-set population of varying the fault tree truncation
limit. This will provide an indication of the sensitivity of the qualitative model to
quantification assumptions.

5. Develop "protective path-sets" conditioned on a series of system challenges
(corresponding to the occurrence of various primary events). Diagrammatic
representations of the path-sets will be generated. The SAIC RBDA (Reliability
Block Diagram Analysis) code, or equivalent, could be used for this purpose.
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6. Compare the path-sets with system design specifications including design
descriptions, design manuals, safety reports and manufacturer's drawings to
assess the degree and nature of the correspondence. This would include the
identification of potential inconsistencies and the characterization of the cause for
such inconsistencies. Questions addressed would include: are the inconsistencies
systematic and representative of the DPSE modeling approach (e.g., use of
"realistic" versus design basis success criteria)?

7. Based on this comparison, draft and complete a worksheet form that facilitates the
systematic documentation of findings. Such a worksheet would ultimately guide
future applications of the review technique. (A separate worksheet could be
developed to delineate, and evaluate completeness of the operational/human
factor contributions to each hardware failure).

8. Evaluate the ability of the review procedure established to address Issue 1.

Based on current considerations, these steps constitute a realistic approach the trial
application of the review framework; however, some adjustment of the process may be
warranted by insights gained during application.

Regarding Issue 2 (model adequacy for specific applications), a potential approach to the
trial application of the review framework introduced in Section 3.4 is outlined in Section
3.4.2. It is perhaps preferable to focus near-term efforts on Issue 1 however. Familiarity
gained with the DPSE through application of the preceding process should enhance the
basis for developing the details of prospective study applications. This will facilitate the
trial application of methods addressing Issue 2.
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