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ABSTRACT

NUREG-1150 examines the risk to the public from five nuclear power plants. The
NUREG-1150 plant studies are Level I1I probabilistic risk assessments (PRAs) and,
as such, they consist of four analysis components: accident frequency analysis,
accident progression analysis, source term analysis, and consequence analysis.
This volume summarizes the methods utilized in performing the last three
components and the assembly of these analyses into an overall risk assessment.
The NUREG-1150 analysis approach is based on the following ideas: (1) general and
relatively fast-running models for the individual analysis components, (2) well-
defined interfaces between the individual analysis components, (3) use of Monte
Carlo techniques together with an efficient sampling procedure to propagate
uncertainties, (4) use of expert panels to develop distributions for important
phenomenological issues, and (5) automation of the overall analysis. Many
features of the new analysis procedures were adopted to facilitate a
comprehensive treatment of uncertainty in the complete risk analysis.
Uncertainties in the accident frequency, accident progression and source term
analyses were included in the overall uncertainty assessment. The uncertainties
in the consequence analysis were not included in this assessment. A large effort
was devoted to the development of procedures for obtaining expert opinion and the
execution of these procedures to quantify parameters and phenomena for which
there is large uncertainty and divergent opinions in the reactor safety
community.
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1.0 INTRODUCTION

1.1  Background

The U.S. Nuclear Regulatory Commission (NRC) has completed a major study to
provide a current characterization of the risk from severe accidents at light
water reactors (LWRs). This characterization was derived from the analysis of
five nuclear power plants. The summary report of that work, Severe Accident

: : (hereafter referred to
as NUREG-1150'), is based on extensive investigations by Sandia National
Laboratories (SNL) and other NRC contractors. Several series of reports document
in detail these investigations and their results.

The investigations included Level III probabilistic risk assessments' for all
five plants. These risk assessments can be characterized as consisting of four
analysis components, an analysis integration component and an uncertainty
analysis component:

. Accident frequency analysis, which determines the likelihood and
nature of accidents that result in the onset of core damage ;

° Accident progression analysis, which investigates the core damage
process both in and outside the reactor vessel and the resultant
impact on containment;

. Source term analysis, which estimates the radionuclide releases
associated with specific accident conditions;:

. Consequence analysis, which calculates the offsite consequences in
terms of health effects and financial loss;

- Risk integration, which assembles the results of the preceding
analysis components into an overall expression of risk: and

. Uncertainty analysis, which estimates the uncertainty in the risk
results due to uncertainty in the characterization of important
physical and chemical phenomena.

Five plants were analyzed: Surry Unit 1, Peach Bottom Unit 2, Sequoyah Unit 1,
Grand Guic lUait 1, and Zion Unit 1. The first four plants were analyzed by the
staff at SNL while the Zion analyses were completed by Brookhaven National
Laboratory (BNL) and 1daho National Engineering Laboratory (INEL). Figure 1 in

‘The level of a PRA is used to identify the analysis components that are
included in the PRA. A Level I PRA consists of the accident frequency analysis.
A Level I1 PRA consists of the accident frequency, accident progression and
source term analyses. A Level III PRA consists of the accident frequency,
accident progression, source term, and consequence analyses. In a Level 111 PRA
the analysis components are combined and an expression for risk developed. The
term Level II/III analysis, however, only refers to the accident progression,
source term, and consequence analyses.
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the foreword shows the principal documents describing the NUREG-1150 study and
supporting analyses and their relationships to each other. The methods used to
conduct the systems analyses for the four plants are described in the first
volume of the NUREG/CR-4550 series. Other volumes describe the results of the
systems analyses for all five plants. Two of the plant studies, for Surry and
Peach Bottom, include external events as accident initiators (earthquakes, fires,
floods, etc.) while the other three studies were limited to internal events as
initiators.

This report is the first of seven volumes of the NUREG/CR-4551 series that
describe the last five analysis components listed above, covering the progression
of the accident once damage is initiated through to an integrated estimate of
overall risk and uncertainty in risk for all five plants. This particular volume
describes the methods used in these analyses, which were uniform for all five
plants studied, while the remaining volumes focus on inputs and results for the
particular plants and on inputs to the uncertainty analysis. This volume
contains the information needed to understand why particular methods were
selected or developed, how they were employed, and the display of results. A
summary description of these methods, which provides less detail then this
volume, is available in Reference 2.

The uncertainty analyses were important components of these studies. Detailed
uncertainty analyses, representing uncertainties in phenomenology, were included
in all parts of the analysis except for the offsite consequence evaluation,
However, stochastic uncertainties in weather data have been included in the
consequence analyses.

While all >f the basic inputs and outputs are described in this series of
reports, it should be recognized that there were many othe: documents and
calculations specifically in support of this program. These other sources are
referenced where appropriate, or summaries are provided as appendices.

1.2 Objectives of the NUREG-1150 Study

The overall objectives of the NUREG-1150 study are discussed in detail in
Reference 1. The main objectives are:

. To provide a current assessment of the severe accident risks
of five nuclear power plants of different design which:

. Provides a snapshot of the risks reflecting plant
design and operational characteristics, related
failure data, and severe accident
phenomenological information available as of
March 1988;

. Updates the estimates of the NRC's 1975 risk
assessment, the Reactor Safety Study;’
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. Includes quantitative estimates of risk
uncertainty, in response to the principal
criticism of the Reactor Safety Study;* and

. Identifies plant-specific risk wvulnerabilities
for the five plants studied, supporting the
development of the NRC's individual plant
examination (IPE) process.

v To summarize the perspectives gained in performing these risk
analyses, with respect to:

. Issues significant to severe accident
frequencies, consequences, and risks;

. Risk-significant uncertainties that may merit
further research;

e Comparisons with NRC's safety goals; and

. The potential benefits of a severe accident
management  program in reducing accident
frequencies; and

» Provide a set of PRA models and results that can support the
ongoing prioritization of potential safety issues and related
research. '

. To make explicit use of the data base of severe accident

experimental and calculational information generated by NRC's
contractors and the nuclear industry.

To obtain risk results, it is necessary to assemble the accident frequency,
accident progression, source term, and consequence analyses into an overall,
integrated risk assessment. The objectives of the NUREG-1150 analyses placed a
number of requirements on the computational procedures used to perform the
analyses associated with the individual components and to assemble these analyses
into an overall risk assessment, including

. performance of consistent risk calculations through the four
analysis components,

. calculation and display of intermediate results,

® traceability throughout the computations,

° results at different levels of resolution,

. quantitative uncertainty and sensitivity analysis,




. incorporation of information of many types and from many sources,

. quality control,
° computational practicality,
. representation of the many different paths along which an accident

might evolve.

In turn, the preceding requirements lead to an analysis approach based on the
following ideas:

. general and ‘:elatively fast-running models for the individual
analysis components,

. well-defined interfaces between the individual analysis components,

. use of Monte Carlo techniques in conjunction with an efficient
sampling procedure to propagate uncertainties,

. use of expert panels to develop distributions for important
pheromenological issues,

. automation of the overall analysis.

The primary purpose of this document is to describe how these ideas were
implemented in the NUREG-1150 analyses.

1.3  Quality Control and Reviews

The NUREG-1150 methodology represents the integration of an enormous amount of
information. Also, a massive amount of information is transferred across the
interfaces of the different analysis modules (system analysis, containment
analysis, radionuclide transport, and consequence analysis). For these reasons,
it is necessary to set up an effective quality control (QC) system. The five
functions of the QC plan developed for the second draft of the NUREG-1150
analysis are briefly described below:’

1) Purpose of QC Plan -- This section of the QC plan briefly describe the
project, its purpose, and organization. This represents the scope of the
activity to be covered by the plan.

2) Individual Responsibility and Authority -- All review processes, including
requirements, design, documentation and software are described in detail.
Methods of revision, whether of documentation, software, the QC plan
itself, or even project requirements are presented such that anyone
associated with the project knows how to initiate a change. In conjunction

Memo from Sarah Higgins (SNL) to Elaine Gorham-Bergeron on Quality
Assurance, sent Aug. 4, 1988.
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with these processes, it is imperative to describe who has responsibility
and the line of authority, such that one person’s unavailability does not
unduly hamper another's progress.

3) Accountability -- This section deals with record accountability, as well
as that of individuals, and answers such questions such as : Who keeps
what records? Where? Who reports what activity and to whom do they report
it? How are records kept of decisions made over the telephone, during
intormal conversations and during formal meetings?

4) Documentation and Record Keeping -- This portion of the QC plan describes
where documents will be maintained (with old versions of documentation
removed as new are added, or with outdated versions clearly marked) such
that anyone needing project information can readily avail themselves of
i,

5) Software Control -- The specific software review process and rules for
documenting as well as executing changes are separately addressed,
Responsibility for all the codes used by the project, their maintenance,
backup-devices to prevent loss in case of disk failure, manuals, hard copy
listings, and examples of program usage are all areas addressed by the QC
plan.

The second draft of NUREG-1150 had a formal internal quality control team
consisting of 12 individuals from SNL, BNL, BCL, and SAROS. Because NUREG-1150
involved methodology and code development, the quality control effort was larger
than would be expected of effort using established methods, During the NUREG-1150
effort, it was necessary to verify and validate the codes that were developed for
the effort. Most of the code verification and validation was performed internally
by SNL staff, however, because BNL was also using the codes additional checking
was performed. Also, due to the many review comments received on the XSOR
methodology (see Section 7.5), BCL reviewed the XSOR codes.®

Peer Review

Because the NUREG-1150 effort was a highly visible program, there were several
peer review groups asked to perform reviews on the project. This review goes
beyond what would be expected if applying previously developed methods and would
not be considered part of the normal QC process. It is discussed here for
completeness. The methodology for calculating the uncertainty in risk was one
of the major issues of concern for the many peer review groups that reviewed
NUREG-1150. The formal peer reviews performed on NUREG-1150 are listed below:

Draft NUREG-1150
Review by Kouts Committee
Review by Kastenberg Committee

Review by American Nuclear Society
Review by Advisory Committee on Reactor Safeguards
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Second Draft NUREG-1150

Review by Special Committee to Review the Severe Accident Risks
Report (an international committee formed under the provisions of
the Federal Advisory Committee Act)

Review by American Nuclear Society Special Committee on NUREG-1150
Review by Advisory Committee on Reactor Safeguards

The membership of the above mentioned peer review committees are provided and the
comments of the committees are summarized in Volume 3 of NUREG-1150 and are not
repeated here.

1.4 Qrganization of this Volume

This volume describes the methods used for the accident progression, source term,
consequence, risk integration and uncertainty analyses. Chapter 2 discusses the
way in which risk is defined for the NUREG-1150 studies. Chapter 3 describes the
main ideas underlying the computational framework used in NUREG-1150. Chapter 4
provides an overview of the analysis process and introduces the mathematical
notation used throughout the volume. Chapters 5 through 9 describe the
individual analysis steps in greater detail and their assembly to produce a
complete risk study. The network codes and file processors used to calculate
risk are outlined in Appendix A. A listing of the risk integration code, RISQUE,
is provided in Appendix B. Appendix C contains additional information on the
development and quantification of the accident progression model and is intended
to supplement the information in Chapter 6.
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2.0 REPRESENTATION OF RISK IN NUREG-1150

2.1 Reprs:sentation of Risk

The NUREG-1150 analyses are based on the representation of risk' by a collection
of triples of the form

R={ (8,,f .04),1=1,...n8) (Bq. 2.1)
where
8, - a scenario (i.e., accident) that leads 0 an outcome 1 T
result) of interest,
£, - frequency (units: yr) for scenario i,
0 - outcome (units: as appropriate f;r the outcome under
consideration) associated with scenario i,
and
ns - number of scenarios under consideration,

The essence of a probabilistic risk assessment .s the determination of the
triples that constitute the set R. Specifically, detailed procedures are used
to determine the scenarios and compute their frequencies. Further, additional
calculations are often required to determine the outcomes associated with
scenarics,

It is difficult to inspect a set R of the fourm shown in (Eq. 2.1) and draw
conclusions with respect to risk if nS is a large number. Therefore, the results
contained in R are typically summsrized in various ways. When the outcomes are
numeric and are ordered so that o, € o,,,, a plot of the points

ns
(04, £y) . 4=, ..., 0§, (Eq. 2.2)
provides a useful summary. An example of such an is

shown in Figure 2-1. The outcome o is plotted on the x-axis (abscissa) and the
frequency with which accidents occur that have outcomes greater than o is plotted
on the y-axis (ordinate). Exceedance frequency curves provide an answer to
questions of the form "How likely is it that an accident will be this bad or
worse?" An exceedance frequency curve is analogous to a complementary cumulative
distribution function (CCDF) except that the ordinate displays frequency rather
than probability,

When the results contained in R ar: numeric, they can also be summarized as an
annual risk value r by the summation

2.1




r-; £, 0, (Eq. 2.3)

Although an annual risk value can be a useful summary measure, information is
lost in its generation since it is the result of reducing an exceedance frequency
curte to a single number. The results contained in R can also be used to
determine the risk due to specific sets of scenarios or the fractional
contributions of such sets to annual risk.

In practice, the triples (s, f;, 0,) are more complex than shown in (Eq. - %
A scenario is usually not a single accident, Rather, a scenario is a set of
similar accidents that are grouped together to help keep the calculations that
must be performed for a probabilistic risk assessment on a reasonable scale. In
this case, f, is the sum of the frequencies for a set of similar accidents rather
than the frequency for a single specific accident. Most scenarios have many
different outcomes associated with them. Thus, a typical scenario actually has
a vector of outcomes associated with it With these expansions, the
representation for risk in (Eq. 2.1) becomes

R={(8,,f,,0;), 121 ,..., DS}, (Eq. 2.4)

whe . e

S, = a scenario (i.e., a set of similar accidents),
o, = vector of outcomes associated with scenario i,

and f, and nS are the same as before.

The scenarios S, and the corresponding ou’comes o, are often defined in several
different ways within a single probabilistic risk assessment. For example, the
scenarios might be accidents leading to core damage, and the outcomes could be
the status of the different engineered safety systems required to mitigate the
effects of core damage. As another example, the scenarios might be sets of
accidents leading to radionuclide releases to the environment, and the outcomes
could be the source terms that characterize these releases, Finally, the
scenarios might be sets of accidents that lead to similar health and economic
impacts, and the outcomes could be consequence measures such as fatalities and
costs that result from these impacts.

Probabilistic risk assessments must be carefully planned so that it is possible
to efficiently generate representations for risk of the form shown in (Eq. 2.4),
As just indicated, most risk assessments produce several such sets of risk
results. Once these sets are generated, they can be manipulated in various ways
to display risk. The considerations and procedures used in the NUREG-1150
analyses to produce the sets shown in (Eq. 2.4) are the subject of this report.
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3.0 IDEAS UNDERLYING THE COMPUTATIONAL FRAMEWORK

As discussed in the introduction, the objectives of the NUREG-1150 analyses place
a number of requirements on the computational procedures us.d to perform the
analyses. In turn, these requirements lead to an analysis approach based on the
following ideas:

- general and relatively fast-running models for the individual
analysis components,

» well-defined interfaces between the individual analysis components,

. use of Monte Carlo techniques in conjunction with an efficient
sampling procedure to propagate uncertainties,

. use of expert panels to develop distributions for important
phenomenological issues,

® automation of the overall analysis.

Each of these ideas is discussed in more detail in the following sections,

3.1 Ceneral and Relatively Fast-Running Models

The integrated risk calculations performed for NUREG-1150 make use of general
and relatively fast-running models for the individual analysis components., This
approach is taken for several reasons.

First, computer modele that could be evaluated quickly were needed because of the
large variety of possible accidents that must be modeled. Accidents can be
initiated in a variety of ways. Once an accident initiator occurs, there are
many ways in which core damage might occur or be avoided. Given that core damage
occurs, many different patterns of accident progression are possible in the
primary system and in the containment. In turn, each of these patcerns requires
a source term estimate. Finally, each source term requires a consequence
estimate,

The models used in the NUREG-1150 analyses had to be general in order to be
applicable to the diverse accident conditions that arise. At present, it {is
neither practical nor possible to perform a detailed mechanistic calculation for
every accident of interest. No current mechanistic code runs fast enough to
permit a sufficient number of evaluations. Furthermore, no existing mechanistic
code contains models for every important phenomena in reactor accidents that are
generally accepted as adequate.

Second, these models provide a way to incorporate information from many sources
into the NUREG-1150 analyses. These analyses attempt to use all available
sources of information for each analysis component, including experimental data,
past observational data, mechanistic modeling and, as appropriate or necessary,
expert judgment. The use of general and parametric models provides a way to
assemble and manipulate the information developed for each analysis component,
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Specifically, the models do not represent physical processes in the manneZ that
mechanistic reactor accident codes such as MELPROG,' STCP,* MELCOR' or CONTAIN'
do. Rather, the PRA models used in NUREG-1150 provide a way to incorporate
information obtained from mechanistic modals of this type and from other sources
into an analysis. For example, the accident progression model takes containment
load pressure for each case as an input variable rather than calculating it;
similarly, the source term model takes radionuclide release from fuel in the
vessel under a specific set of conditions as an input variable rather than
calculating it. These analysis methods provide a way tou get information of the
type just indicated into the analysis; the information itself comes from other
sources.

Third, the NUREG-1150 plant studies use Monte Carlo techniques in the propagation
and analysis of uncertainties. Such techniques require many repetitions of each
plant study. Without fast-running models, it is not possible to perform the
large number of required calculations.

The models used for the individual analysis components are now briefly
considered. The accident frequency analyses were initially performed as part of
the Accident Sequence Evaluation Program (ASEP) and are based on the extensive
use of event and fault trees.® These analyses yielded minimal cut sets for each
plant. These cut sets are used as the systems model in the integrated analysis.
The TEMAC code®’ was developed to facilitate the manipulation and evaluation of
these cut sets within the overall integrated analysis.

The accident progression analyses were performed with detailed accident
progression event trees. These event trees contain a large number of questions
with many of these questions having more than two outcomes. In these trees, the
answer to a particular question can depend on answers to previous questions.
These trees are used to combine the extensive experimental results and
mechanistic -ode predictions to provide estimates of accident progression. The
EUNTRE code® was developed to evaluate the accident progression event trees.

The estimates of the source term were made by relatively simple parametric models
(or algorithms) that attempted to incorporate the results from detailed codes
such as the STCP,** MELCOR,’'® MAAP,'' and CONTAIN.‘ Due to the considerable cost
and time requirements associated with running the detailed codes, it was possible
to perform only a relatively small number of calculations for each plant with
them. Therefore, it was necessary to estimate source terms for many scenarios
that had not been expressly modeled. The parametric models developed for this
purpose are collectively referred to as the XSOR codes:' the individual codes
are SURSOR, SEQSOR, GGSOR, PBSOR, and ZISOR for the Surry, Sequoyah, Grand Gulf,
Peach Bottom, and Zion analyses, respectively. These codes manipulate about 20
release parameters to obtain estimates of the source term for all types of
accidents. Distributions for most of the parameters were determined by expert
panels. Each individual expert based his distributions on the code results and
experimental data that he felt were the most realistic, and modified his base
distributions to account for processes and phenomena that were not included or
that he felt were poorly modeled.

Consequence calculations were performed with the MACCS code.’** MACCS is the
most mechanistic of the codes used in the integrated risk calculations for
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NUREG-1150. However, like the other codes used in the assembly process, it
brings together information from many sources. Although uncertainties from the
earlier parts of the analyses (i.e., systems analysis, accident progression
analysis, and source term ana.vsis) are propagated through the consequence
calculations, no uncertainty in the cons:quence calculations is included (other
than the stochastic variasility due to weather). Since consequence modeling
uncertainty was not considerea. it wer possible to use MACCS in the integrated
analysis rather than a faster-running vubstitute.

3.2 Well-Defined Interfa- s

To integrate che overall analysis for each plant, it is necessary to have
well-defined interfaces between the constituent parts of the analysis. These
interfaces serve several purposes: (1) To assure that consistent assumptions are
used as the risk calculation progresses throu,. the individual parts of an
analysis, (2) to facilitate the calculation and display of intermedia*e results,
(3) to provide traceability through the overall risk calculation, and (4) to
reduce the number of calculations required in subsequent parts of the analysis.

The interfaces between individual analysis components are accomplished by the
definition of groups of accidents from the previous analysis stage which provide
similar sets of initial and boundary conditions for the next analysis stage.
Specifically, the results of the accident frequency analysis are grouped into
plant damage states for the sitbsequent accident progression analysis, where a
plant damage state is a group of accidents that present a similar set of initial
and boundary conditions to the accident progression analysis. The results of the
accident progression analysis are grouped into accident progressjon bins for the
source term analysis, where an accident progression bin is a group of accidents
that presenc a similar set of initial and boundary conditions for the source term
analysis. The results of the source term analysis are formed into source term
groups for consequence analysis, whare a source term group is a set of accidents
that define similar conditions for che consequence analysis.

The use of consisient assumptions through an analysis is obtained by (1) defining
the outcomes of accidents from a particular analysis stage (e.g., plant damage
state characteristics from the systems analysis) so that they contain all the
important conditions for the next analysis stage, and (2) assuring that
parameters common to two or more analysis stages are assigned the same value.
The number of required calculations is reduced since redundant calculations are
eliminated by a grouping of accidents on the basis of the analysis conditions
presented to the next analysis stage. The elimination of unnecessary
calculations is essential since it would be computationally impractical to
perform source term and consequence calculations for all possible accidents.

The use of plant damage states, accident progression bins, and source term groups
to provide the interfaces between the individual parts of the integrated analysis
leads to the following restatement of the expression in (Eq. 2.3) for uffsive
consequence risk:

nPDS nAPB nSTG
£C, = ; ; £PDS, pAPB,, pSTG,, cSTG,, , (Eq. 3.1)
1 1 =

1
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where

rC, = annual risk (units: consequences/yr) for consequence measure
m (¢.g., early fatalities),

fPDS, = frequency (units = yr') of plant damage state j

pAPB,, = probability that plant damage state j will result in accident
progression bin k,

pSTG,, = probability that accident progression bin k will be assigned
to source term group 1 (pSTG,, = 1 if accident progression bin
k is assigned to source term group 1 and pSTG,, = 0 otherwise),

¢STG,, = mean (over weather variability) for consequence measure m
(units: as appropriate for consequence measure m) conditional
on the occurrence of source term group 1,

and nPDS, nAPB, and nSTG are the number of plant damage states, accident
progression bins and source term groups, respectively. More detailed risk
results (i.e., exceedance frequency curves) are also possible by using the
consequence results generated for individual weather sequences. The use of
well-defined interfaces facilitates both traceability and the calculation of
intermediate results or outcomes. As can be seen from the preceding summation,
the interfaces allow a calculation to be followed through the individual parts
of the analysis. Further, by stopping before consequence results, it is possible
to obtain intermediate results.

As discussed in Chapter 2 and shown in (Eq. 2.4), the NUREG-1150 analyses use a
representation for risk based on sets of triples of the form

R={(8,,f, - ), i=1, ... n8) , (Eq. 3.2)

where S, is a scenario (i.e. set of accidents), f, is *+> “vequency for §8,, o, is

the vector of outcomes associated with S,, and n§ °~ . number of scenariovs.
The representation for annual offsite consequence r .« i Eq. 3.1) is the result
of choosing the S,’s to be source term groups, thu x o be the frequency of

these groups, and the o,'s to be the mean (over weati «ariability) consequence
results associated with these groups. However, the incerfaces discussed in this
section give rise to many additional ways in which the set R might be defined.
Some of these ways will be discussed in Chapter 4.
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3.3 Monte Carlo Techniques

Early in the NUREG-1150 analyses, several alternative techniques for the
propagation and analysis of uncertainty were considered: the OCP approach (i.e.,
propagation of optimistic, central, and pessimistic assumptions), differential
analysis,'* response surface methodology,'” Monte Carlo analysis,'* propagation of
discrete probability distributions,” the Maximus methodology,” Kalman
filtering,” and the Fourier amplitude sensitivity test.? Comparative
discussions of these techniques can be found in various reviews.** Ag indicated
in the next three paragraphs, most of these methods did not seem to be
appropriate for an analysis of the type and scale necessary to integrate the four
parts of the NUREG-1150 analyses.

The OCP approach is based on performing three analyses: one with optimistic
assumptions, one with central assumptions, and one with pessimistic assumptions.
The spread in the outcomes of these analyses then provides a measure of
uncertainty. This approach was tried early in the NUREG-1150 analyses. It was
not used extensively, however, because the systematic compounding of optimistic
results and the systematic compounding of pessimistic results produced an extreme
representation of upper and lower bounds for risk. Further, it did not provide
a means to perform sensitivity analyses.

Differential analysis is based on developing a Taylor series approximation to a
model and then using this approximation in uncertainty and scusitivity studies,
Due to the complexity of the individual and assembled parts of the NUREG-1150
analyses, the large uncertainties involved, and the existence of ditcontinuities,
an approach based on differential techniques did not seem to be practicable.
Response surface methodology is based on using classical experimental designs in
the development of response surface replacements for models and then using these
replacements as surrogates for the original models in subsequent uncertainty and
sensitivity studies. Due to the scale of the analysis, the diffeient possible
regimes of model behavior, the complexity of the individual models and the large
uncertainties involved, the use of respouse suif:ze methoaclogy did not seem to
provide a viable approach to uncertainty and sensitivity analysis in the
integrated analysis. Although propagation of discrete probability distributions
does yield uncertainty information, it does not provide a means of performing
sénsitivity analyses. It is also very cumbersome for large numbers of variables.

The Maximus methodology provides a means of propagating binomial and Poisson
failure data; however, it was not designed for the much broader range of
uncertainty and sensitivity issues that must be treated in a fully integrated
probabilistic risk assessment. The Fouvier am,litude sensitivity test is based
on using a Fourier series to approximate a model. Like differential analysis and
response surface methodology, it is not appropriate for use in analyses as
complex as a fully integrated probabilistic risk assessment. Finally, Kalman
filtering involves techniques for relating observations of the past behavior of
a process and a model of that process to the uncertainty in predictions of the
future behavior of the process. As such, Kalman filtering is not appropriate for
uncertainty problems of the type encountered in integrating the NUREG-1150
analyses.
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However, techniques based on Monte Carlo procedures were found to provide a
suitable approach to uncertainty propagation, This approach to uncerteinty
propagation meshes very well with the already indicated approach to risk
caleulation based on relatively fast-running models and well-defined interfacas
between the individual analysis parts. Monte Carlo simulation creates a mapping
from analysis assumptions to analysis results. Once this mapping is created, it
can be studied with a variety of techniques (e.g., scatterplots, distribution
functions, regression analysis, partial correlation analysis). Unlike
differential analysis and response surface methodology, this mapping does not
involve any intermediate filters (i.e., Taylor series and response surfaces) that
smooth and obscure discontinuities and transitions between regimes of behavior.
Monte Carlo techniques allow the consideration of essentially any variable that
can be supplied to a model as input or generated as an output. Further, Monte
Carlo techniques will operate in the presence of large uncertainties and
discontinuities, although discontinuities and multiple regimes of behavior always
complicate sensitivity studies. However, as it provides a means to identify
these situations, Monte Carlo simulation is superior to other techniques when
such complications exist. Since Monte Carlo simulation is sampling-based, it is
possible to include variables with wide ranges and also to incorporate
correlations between variables.

Computational cost is always a concern when Monte Carlo techniques are used in
a complex analysis. In the NUREG-1150 analyses, computational cost is controlled
by using (1) relatively fast-running models as means of incorporating results
obtained with more detailed models into the analysis, (2) well-dofined mode 1
interfaces to eliminate redundant calculations, and (3) an efficient sampling
technique (i.e., Latin hypercube sampling’).

Uncertainty propagation is accomplished by generating a Latin hypercube sample
from the parameters selected for uncertainty analysis and then propagating this
sample through the risk calculations. Specifically, generation of this sample
yields a sequence of sample elements of the form

a1’

X, = [Xpyo Xazy «ov s Xy py) « 81,2, ..., nLHS, (Eq. 3.3)

where X,, is the value for sampled variable X, in sample element s, nV is the
number of variables selected for the study, and nLHS is the number of sample
elements.

A complete risk calculation is performed for each sample element. This yields
a sequence of risk results of the form

nPDS nAFPB nSTG
ol ; ;‘1 ; fPDS,; PAPB,;, PSTG,,, cSTG,, , (Eq. 3.4)
- - ‘

?

where variables are defined the sa as in (Eq. 3.1) with the addition of the
subscript s to indicate dependency on the sample element X,. The annual risk
results indicated in (Eq. 2.3) as well as other intermediate and conditional
results are then available for uncertainty and sensitivity analysis. More
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generally, the result is a sequence of sets R,, s=1,... nLHS, of the form shown
in (Eq. 2.4). Each R, is the result of a complete risk assessment performed with
a consistent set of input parameters and analysis assumptions as defined by X,
The risk results defined by these sets can be displayed and compared in many ways
to assess the impact of uncertainty in important analysis parameters and
assumptions.

3.4 Use of Expert Panels

As already indicated, the NUREG-1150 analyses attempted to make use of
infermation from all available sources. A quantitative indication of the effects
of uncertainties in important analysis parameters on risk was also desired.

To obtain broad distributions for analysis parameters that reflected all the
extant schools of thought, panels of outside experts from diverse organizations
were formed in specific areas (e.g., structural response, source term
estimation). These panels had two purposes, The first was to ensure that all
available information relevant to the NUREG-1150 analyses was recognized and
incorporated into the individual plant studies. The second was to develop
probability distributions for the most important parameters used in the
NUREG-1150 analyses. Individuals from the nuclear industry, the national
laboratories, and academia served on these panels.

The expert panels were used to characterize the uncertainty in parameters used
in the accident frequency analysis, accident progression analysis and source term
analysis. The parameters considered by these panels were selected through
interactions between the expert panels and the NUREG-1150 analyses staff.
Considerations in the selection of parameters included uncertainty in the
parameter, anticipated contribution to uncertainty in risk, and interest within
the reactor safety community. As previously indicated, the uncertainty in the
parameters used in the consequence analysis was not assessed.

The review process led to the characterization of the uncertainty in over 100
parameters for each plant study. The effect of this uncertainty was determined
by generating a Latin hypercube sample for the parameters for each plant and then
propagating the elements of this sample through the integrated analysis as
indicated in (Eq. 3.4).

3.5 Automation of Overall Analysis

Both to expedite the overall analysis and to reduce the potential for errors, it
is necessary to automate the analysis process. At the center of this automation
are the fast-running models developed for the individual parts of the overall
analysis and the well-defined interfaces between the parts. Automation is
accomplished within a structure of the form shown in Figure 3-1. Each model
produces a specified set of outputs which is written to a file. Some of this
output is needed for generating input to the next analysis stage and some is
available for evaluation at that point in the analysis with no further use in
subsequent parts of the analysis. Input to the next analysis stage is generated
by a postprocessor which reads the output file generated by the previous analysis
stage and prepares the input necessary for the next stage. A more detailed
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discussion of the flow of information from one set of codes to another in the
calculation of risk is presented in Appendix A of this volume. An example of a
calculation all the way through all the constituent analyses may be found in
NUREG-1150, Vol. 2, Appendix B.

By reducing the amount of human intervention required at the analysis interfaces,
quality control is greatly enhanced. Further, by saving detailed analysis
results at each interface, two other requirements of the NUREG-1150 analyses are
satisfied. First, it is possible to trace the calculation of individual results
through the entire analysis. Second, it is possible to produce summary results
at different levels of detail.

A number of programs were developed to manipulate the results of the NUREG-1150
studies. For example, the RISQUE or PRAMIS" codes can be used to produce and
analyze annual risk results of the form shown in (Eq. 3.1) and (Eq. 3.4).
(RISQUE is described in Appendix B of this volume.) In essence, the analysis
procedure used in NUREG-1150 produces a mapping from analysis input to analysis
results. Once generated, this mapping can be manipulated and studied in many
ways.
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Figure 3-1. Relationship of the computer codes used in the risk analyses
for NUREG-1150 (see references 6, 8, 12-15, and 31-34).
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In order to pass information forward to the accident progression analysis,
accident sequences are grouped into plant damage states (PDSs). Each PDS is a
group of accidents that provide a similar set of initial and boundary conditions
for the subsequent accident progression analysis. The plant damage states form
the interface between the accident frequency analysis and the accident
progression analysis. The frequency of a plant damage state is the sum of the
frequencies of the accident sequences that it contains. In some cases the
definition of the PDSs did not correspond exactly to the accident sequence
definitions so that it was necessary to place some minimal cut sets from a
sequence in one PDS and the remaining minimal cut sets in another PDS. By
removing the frequency of the initiating event from each accident sequence or
minimal cut set, the conditional probabilities of the plant damage states given
the occurrence of individual initiating events can also be obtained.

When the frequencies of the initiating events and the conditional probabilities
of the plant damage states are separated, the matrix representation for the
systems analysis has the form

fPDS = fIE P(IE-PDS) , (Eq. 4.1)

where fPDS is the vector of frequencies for the plant damage states, fIE is the
vector of frequencies for the initiating events, and P(IE+PDS) is the matrix of
transition probabilities from initiating events to plant damage states.
Specifically,

fIE = [f1E,, ..., fIE,,],
f1E, = frequency per year for initiating event i,
nlE = number of initiating events,
fPDS “ [IFDS,., ..., TP,
fPDS, = frequency per year for plant damage state &
nPDS = number of plant damage states,

PPDS, P PPDS, .ons

P(IE-PDS) + .
\PPDS,1s,; -+« DPDS,ip pons
and

pPDS,; = probability that initiating event i will lead to plant

damage state j.
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The elements pPDS,, of P(IE+PDS) are conditional probabilities: given that
initiating event i has occurred, pPDS,, is the probability that plant damage
state j will also result.

The elements of P(IE+PDS) are determined in the analysis of the previously
indicated minimal cut sets with the TEMAC' program. In turn, both the cut sets
and the data used in their analysis come from earlier studies that draw on many
sources of information. Thus, the elements pPDS,, of P(IE+PDS) are, in reality,
functions of the many sources of information that went into the systems analysis.

Chapter 2 introduced the idea that risk can be viewed as a set R = (48,, £ 0¢)s
{ =1, ..., n8) of ordered triples of the form shown in (Eq. 2.4). There are
many ways in which R can be defined within a probabilistic risk assessment. One
way is to let §, be all accidents assigned to plant damage state i, f, be fPDS,,
and o, be the status of the engineered safety systems important to accident
progression given that plant damage state i has occurred.

Specific examples of such representations of results in NUREG-1150* and
additional information on the structure and performance of the accident frequency
analysis are given in Chapter 5.

The accident progression analysis uses event tree techniques to determine the
possible ways in which an accident might evolve from each plant damage state.
Specifically, a single event tree is developed for each plant and evaluated with
the EVNTRE® computer program. The development and quantification of each event
tree is based on past observational data, experimental data, mechanistic code
calculations, and expert judgement.

The characterizations for the individual plant damage states provide enough
information to answer a set of initial condition questions in the accident
progression event trees. The Yranch probabilities specified for these initial
condition questions provide the link between the systems analysis and the
accident progression analysis.

Due to the large number of questions in the NUREG-1150 accident progression event
trees and the fact that many of these questions have more than two branches,
there are far too many paths through each tree to permit each path to be
considered in the subsequent source term and consequence analysis. Therefore,
the paths through the trees are grouped into accident progression bins, where
each bin is a group of paths through the event tree that define a similar set of
initial and boundary conditions for source term analysis.

The transition matrix representation used for the systems analysis can also be
used to summarize the accident progression analysis. For the ac¢cident
progression analysis, this representation has the form

FAPB = fPDS P (PDS-APB) , (Eq. 4.2)
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wheve fPDS is the vector of frequencies for the plant damage states defined in
(Eq. % 1), fAPB is the vector of frequencies for the accident progression bins,
and P(PP5+APB) is the matrix of transition probabilities from plant damage states
to acciosnt progression bins. Specifically,

fAPB = [fAPB,, ... , fAPB,,]
fAPB, = frequency per year for accident progression bin k,
nAPB = number of accident progression bins,
PAPB,, —_ PAPB, _.vs
P(PDS-APB) + .
P'APBnms.x ++ PAPB g paps |
and
PAPB,, = probability that plant damage state j will lead to accident

progression bin k.,

The properties of fPDS are given in conjunction with (Eq. 4.1). The elements
pAFPB,, of P(PDS-APB) are determined in the accident progression analysis with
EVNTRE for the individual plant damage states.

Additional ways in which the set R = ((S;, £, 0,)) introduced in (Eq. 2.4) might
be defined are possible at this point in the analysis. One way would be to let
each S, be all accidents assigned to accident progression bin i, f, be fAPB,, and
0, be the vector of attributes associated with the accident progression bin 1{
that will be used as input to the source term analysis. Another way to define
R would be to let each S, be all accidents assigned to plant damage state i, f,
be fPDS,, and o, be the matrix, (PAPB,,, ....pPAPB, ..»].

Specific examples of such representation of results and additional information
on the structure and performance of the accident progression analysis are given
in Chapter 6 and in the plant volumes of this report, ¢

4.3 Source Term Analysis

As in the systems analysis and the accident progression analysis, the source term
analysis draws on many sources of information. The information from these
sources was assembled in the context of the integrated NUREG-1150 analyses with
relatively simple parametric models implemented in the XSOR programs.'’* The XSOR
programs provided a source term estimate for each accident progression bin
identified in the accident progression analyses.

A large number of accident progression bins were identified in the integrated
analysis for each plant and the consequence model used required considecably more
computer resources per evaluation than the XSOR programs. Thus, it was not
practical to perform a consequence calculation for every source term. Therefore,
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, form an interface between the source term analysis and the consequence
analysis, the source terms estimated in the source term analysis were combined
{nto source term groups, where each group {s a collection of source terms that
define similar conditions for consequence analysis.

The transition matrix representation can be continued for the source term
analysis and takes the form

£STG = fAPB P(APB~STG) , (Eq. 4.3)

where fAPB is the vector of frequencies for the accident progression bins defined
in (Eq. 4.2), fSTG is the vector of frequencies for the source term groups, and
P(APB+STG) is the matrix of transition probabilities from accident progression
bins to source term groups. Specifically,

STG - [fSTG‘ s A a fsTGm] '
£5TG,, -~ frequency per year for source term group )
nSTG = number of source term groups,
pSTGy, ...  PSTG, nars
P(APB-~STG) .
D'STGMP.,, v+« PSTGpapg, nsre

and

pSTG,, = probability that accident progression bin k will be assigned
to source term group 1.

- 1 if accident progression bin k is assigned to source term
group 1

~ 0 otherwise.

The elements of the matrix P(APB+STG) are generated by the PARTITION' code.
PARTITION also generates a mean source term for each source term group. These
mean source terms are used in the subsequent consequence calculations. The
properties of fAPB are given in conjunction with (Eq. 4.2).

Completion of the source term analysis provides additional ways in which the set
R = ((S,, f,, 0,)) given in (Eq. 2.4) might be defined. One way would be to let
each S, be all accidents assigned to accident progression bin i, f, be fAPB,, and
o, be the source term associated with the accident progression bin i. Release
fractions for radionuclides with similar chemical properties are among the
resulte included in a source term. Since release fractions can be ordered by
size, it is possible to use this representation for risk to generate exceedance
frequency curves of the form shown in Figure 2-1, where release fraction size for
a group of radionuclides would appear on the abscissa and the frequency at which
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release fractions of a given size were exceeded would appear on the ordinate.
Another way to define R would be to let each S, be all accidents assigned to a
source term group, f, be fSTG,, and o, be the mean source term for the source term
group calculated by PARTITION.

Specific examples of such representations of results and additional information
on the structure and performance of the source term analysis is given in Chapter
7, Reference 6, and in the plant volumes of this report 10

4.4 Consequence Analysis

The source term analysis and the subsequent formation of source term groups is
followed by the consequence analysis. This analysis component uses the MACCS'*
program to estimate various consequence measures for each source term group. The
results for each group include estimates for both mean consequences and
distributions of consequences. The indicated means and distributions result from
uncertainty as to the weather conditions that will exist at the time of an
accident and are conditional on the occurrence of each source term group. The
results of the consequence analysis can be used to develop two different, though
related, representations for risk: annual risk (units: consequence/yr) and
exceedance frequencies for individual consequence values,

When the transition matrix formalism is used, the representation for annual risk
becomes

rC= £STG cSTG , (Eq. 4.4)

where fSTG is the vector of frequencies for the source term groups defined in
(Eq. 4.3), rC is the vector of risk measures, and c¢STG is the matrix of mean
consequence measures conditional on the occurrence of individual source term
groups. Specifically,

rC . oS, e B0
e = risk (consequence per year) for consequence measure m,
nC = number of consequence measures,
eBPR - b T OBTE,
cSTG = :
C8TCr1 <+« C8TCpere. nc



and

¢STG, = mean value (over weather) of consequence measure m
conditional on the occurrence of source term group 1.

The properties of fSTG are given in conjunction with (Eq. 4.3). The elements
¢STG,, of ¢STG are determined from consequence calculations with MACCS for
individual source term groups.

The equations (Eq. 4.1) through (Eq. 4.4) can be combined to obtain the following
representation for annual consequence risk:

rC=fIE P(IE-PDS) P(PDS~APB) P(APB-STG) cSTG (Eq.4.5)

This equation is (Eq. 3.1) expanded to show the frequency of the initiating
events explicitly and written in matrix notation. 1t illustrates how the
integrated analysis propagates from the initiating event frequencies all the way
through to consequence risk measures.

The results of the consequence analysis can also be used to obtain exceedance

frequencies for individual consequence values. The actual outcome of the
consequence analysis for source term group 1 and consequence measure m is a
sequence of values of the form (pW,, ¢8TG,), n= 1,...,0W, where

PV, - probability of occurrence for weather trial n,

¢STG,., = consequence value associated with source term group j 15
consequence measure m, and weather trial n, and

nW = number of weather trials,

In MACCS, the number of weather trials depends on the number of weather
categories in use, the number of samples per weather category, and the number of
wind directions considered.

As already shown, the integrated analysis associates a frequency fSTG, with each
source term group. Once the frequencies fSTG, and the sequences (pW,,cSTGa) ,
n=1,...,nW, are known, an exceedance frequency curve of the form shown in Figure
4-2 can be constructed for consequence measure m. Such curves consist of a locus
of points of the form (c,f), where ¢ is a consequence value and f is the
frequency (per year) at which a consequence value as large or larger than c
results due to an accident at the plant under consideration.
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The representation of risk as a set R = ((s,, f., o,)) of the form defined in (Eq.

2.4) is also applicable to the results of the consequence analysis. One
possibility is to let S, be source term group i, f, be fSTG,, and o, = [¢S8TG,,,
..... , €STG, o). In this case, the calculation of annual consequence risks as

shown in (Eq. 4.4) is equivalent to the calculation shown in (Eq. 2.3). Another
possibility is to let S, represent all accidents in a particular source term
group 1 that involve the occurrence of a particular weather trial (i.e., n), £
- fSTG, pW,, and o, = [eSTG, , ., ... .. , €STG, scn]. The use of this representation
yields exceedance frequency curves of the form shown in Figure 4-2.

Specific examples of such representations of results and additional information
on the performance and structure of the consequence analysis i{s given in Chapter
8, Volume 2, Part 7 of this report.’*

4.5 Propagation of Uncertainties

The integrated NUREG-1150 analyses use Monte Carlo procedures as a basis for both
uncertainty and sensitivity analysis. With this approach, a sequence

X Xyu o oe s Xy (Eq. 4.6)

of nV potentially important variables is identified for use in uncertainty and
sensitivity analysis. Then, expert review panels are used to assess the
uncertainty in these variables'* and formal decision analysis techniques® are
used to aggregate the assessments of the individual panel members into a sequence
of distributions

Dy, Dy v v Doy o (Eq. 4.7)

where D, is the distribution assigned to variable X.. Then, the Latin
hypercube sampling program’’ is used to obtain the variable values that will
actually be propagated through the integrated analysis. The result of generating
a sample from the variables in (Eq. 4.6) with the distributions in (Eq. 4.7) is
a vector

X,o (Xyyo Xggv vov 1 Xgavl + 821, 2, 2., , BRLNS (Eq. 4.8)

of sample elements, where X, is the value for variable X, in sample element s and
nLHS is the number of sample elements. The expression in (Eq. 4.5) is determined
for each element of the sample. This creates a sequence of results of the form

rC, = fI1E, P,(IE~-PDS) P,(PDS-APB) P,(APB~STG) cSTG (Eq.4.9)
= fPDS, P,(PDS~APB) P,(APB~STG) cSTG, "Rk

where the subscript s is used to denote the evaluation of the expression in (Eq.
4.5) with sample element s in (Eq. 4.8). The uncertainty and sensitivity
analyses in NUREG-1150 for annual risk results are based on the calculations
swamarized in (Eq. 4.9). Since fPDS, P(PDS+APB) and P(APB»STG) are based on

4.10



results obtained with TEMAC', EVNTRE® and the appropriate XSOR' program,
determination of the expression in (Eq. 4.9) requires the use of these models
with each sample element. The matrix eST: in (Eq. 4.9) is not subscripted
because the NUREG-1150 analyses do not include consequence modeling uncertainty
(other than stochastic variability due to weather conditions).

Figure 4-3 shows an expanded version of (Eq. 4.9). The large number of
parameters to be determined and manipulated in the risk calculations becomes
evident when the matrices are explicitly written out, as in this figure.

The results obtained from (Eq. 4.9) can be summarized with either a probability
density function or a cumulative distribution function. The construction of
exceedance frequency curves (see Chapter 2) can also be repeated for each sample
element. This leads to families of curves of the form shown in Figure 4-4. Each
curve in these families arises from one sample element. Taken as a whole, such
families can be viewed as a representation for the uncertainty in the estimation
of the exceedance frequencies for a given consequence measure. They can also be
used as input to sensitivity studies.

As discussed in Section 2.2, the most basic way to represent the risk results
obtained in the NUREG-1150 analyses is with sets R of ordered triples. A number
of ways in which such sets might be defined have been illustrated in this
section. When “he sample indicated in (Eq. 4.6) is propagated through a plant
study, a set R, is obtained for each sample element X,. These sets are of the
form

Ry=1{(Sy, £,40004), 1=1, ..., n8,,;} (Eq. 4.10)

where there is now a set, §,, of accident groupings, a sum of frequencies of the
accidents, f,,, and a vector of outcomes, o, , generated for each sample element
X,. Each set R, is the result of a complete risk study performed with a
consistent set of assumptions defined by X,. Annual risks, exceedance frequency
curves and other results selected for the representation of risk can be generated
for each R,. The variability in these results over the set R, provides the
uncertainty analysis results presented in the NUREG-1150 plant studies. The
assessment of the causes of this variability provide the sensitivity analysis
results presented in the NUREG-1150 plant studies.

There are two types of uncertainties that enter into the results of the
NUREG-1150 probabilistic risk assessments, The fi st type of uncertainty derives
from the stochastic or random nature of events. .n such cases, it is known that,
given a specific set of conditions, an event lias nonzero probabilities of both
occurrence and non-occurrence. If these occu rence probabilities are known with
high accuracy, then this event does not introduce uncertainty into the final
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results of the analysis since both its occurrence and non-occurrence are
incorporated into exceedance frequency curves of the form shown in Figure &4-2.
The result of this type of uncertainty appears in the NUREG-1150 analyses in
various forms: (1) initiating events do not always occur but rather have
frequencies of occurrence, (2) a single initiating event may lead to more than
one plant damage state in the accident frequency analysis, (3) a single plant
damage state may lead to many accident progression bins in the accident
progression analysis, and (4) many conseguence estimates are obtained for each
source term group in the consequence analysis due to the possible weather
conditions that could exist at the time of an accident. Even if the information
needed for the characterization of this type uncertainty and also for the
estimation of source terms were perfectly known, the basic result of the analysis
would still be exceedance frequency curves of the form shown in Figure 4-2.

The second type of uncertainty involves events or phenomena which are not
believed to be stochastic, but about which little is known. An event is believed
to always progress in one of several possible ways; due to our lack of
understanding, which way is not known with certainty. For these variables and
parameters that were believed to be non-stochastic, the analysis was strictured
to utilize a single value for each observation. As an example consider the
failure pressure of a reactor containment. As a specific containment is
involved, it can have only one failure pressure. As it cannot be tested to
failure, there is uncertainty as to that failure pressure. For a variable such
as this, it was considered appropriate that each observation in the sample had
a single, specific failure pressure. Thus, from the aggregate distribution for
failure pressure provided by the structural experts, a single value was chosen
for each observation.

In practice, the division into stochastic and non-stochastic variables was not
as clear as it is in the illustrative examples. Experts often disagreed as to
the nature of a particular event. The grouping required to keep the problem
tractable meant that cases had to be defined that included ranges for the initial

and boundary conditions. In these situations, even for phenomena which are
relatively well understood, it was natural that experts could not give precise
results for most of the issues on which they were consulted. Insofar as

possible, those events and phenomena which appeared to be stochastic in mature
were treated probabilistically in each observation; those events and phenomena
which appeared to be non-stochastic had a single, fixed value for each
observation.

When the distributions were sampled and propagated through the analysis, results
of the form shown in Figures 4-4 and 4-5 were generated. Each exceedance
frequency curve in Figure 4-4 and each point on the annual risk curve in Figure
4-5 resulted from a combination of inputs (i.e., one sample element) that the
expert review process deemed to be possible. The location of an individual
estimate within the distributions in Figures 4-4 and 4-5 provides an indication
of its likelihood given the variable distributions developed in the expert review
process. (Technically, the probability of each sample element is zero, what the
analysis actually yields are estimates of the subjective probability that the
value of a risk result falls in specified intervals.) Additional discussion of
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the procedure used to select variables and assign distributions for use in the
propagation of uncertainties is given in Chapter 9.

4.6 Calculation of Risk

The constituent parts of the risk calculation have been described in previous
sections. As illustrated in Figure 4-1, a number of computer codes were used to
generate a variety of intermediate information. This information is then
processed by an additional code to calculate risk. Two codes were used for this
purpose: PRAMIS and RISQUE. Both are essentially matrix manipulation codes.
PRAMIS is described in a separate volume® and a listing of RISQUE is provided
in Appendix B to this volume. As explained in this chapter and illustrated in
Figure 4-3, the complete risk analysis can be represented in a matrix format.

The accident frequency analysis determines the vector f(IE) of initiating event
frequencies and the vector f(PDS) of plant damage state frequencies. They are
related by the n, by ng matrix [P(IE-PDS)] as shown in (Eq. 4.1). P(IE~PDS,)
is the conditional probability that initiating event i will result in plant
damage state j. Most plants had between ten and fifteen initiating events and
about 25 PDSs. The PDSs were usually condensed into about ten groups for the
accident progression analysis.

The output of the accident progression analysis is the vector f(APB) of accident
progression bin frequencies. It is obtained by multiplying the vector f(APB) by
the Ny DY Nape matrix [P(PDS-APB) | as shown in (Eq. 4.2). P(PDS,~APB,) represents
the conditional probability that an accident grouped in plant damage state j will
result in an accident grouped in accident progression bin k. For this study,
there are between a few hundred and a few thousand accident progression bins
depending on the plant.

The outcome of the source term analysis is a vector f(STG) of frequencies for the
source term groups, It is obtained from f(APB) by use of the n,, by nge matrix
[P(APB+STG)] as shown in (Eq. 4.3). P(APB~STG,) represents the conditional
probability that the source term computed for accident progression bin k will be
assigned to source term group 1 in the partitioning process. Each plant had
approximately 50 source term groups,

The product of the consequence analysis is a matrix cSTG representing the
consequences for each source term group. It is used to produce the risk vector
as shown in (Eq. 4.4). For this study, eight consequence measures were
calculated, so the risk vector rC has eight components. The vector rC represents
the consequences averaged over the weather. When all the constituent analyses
are considered together, a matrix equation for risk is obtained, as shown in (Eq.
4.5)

Section 4.5 describes how sampling is used to produce estimates of uncertainty
in risk. When the subscript s is used to denote the sample member, (Eq. 4.9)
results, Fach sample element is a complete evaluation for risk using a unique
set of wvalues for the sampled parameters and is equally likely. Since
consequence modeling uncertainty was not included in uncertainty analysis, only
one consequence matrix C is required; i.e., the last term in Figure 4-3 is the
same for every sample element.

4.16



The matrix manipulations described above are carried out by PRAMIS and RISQUE,
The risk calculation is a fairly straightforward process, but the matrices
involved are fairly large and must be performed for each element in the sample .
The number of elements in the sample is 200 for Surry, Sequoyah, and Peach
Bottom, 250 for Grand Gulf, and 150 for Zion. The results of the multiple
evaluation for risk produce distributions for each risk measure. These
distributions give an estimate of the uncertainty invelved in the risk
calculation, Insights about the analysis may be pgained by statistlical
manipulation of the results. Descriptive statistics such as mean, median,
variance, and 5th-percentile to 95th-percentile range can be calculated. The
relative importance of the issues to uncertainty in risk can be determined
through statistical techniques such as regression analysis, The individual
observations can also be examined. For example, {f the final distribution
contains some results that are quite different from the others, the sample
elements that produced these results can be identified and examined in detail to
determine the causes of the outlying risk estimates.

One of the key developments in this program is the automation of the risk
caleculation and assembly process. This automation provides an efficient means
of evaluating each constituent analysis and allows easy recalculation of risk to
reflect changes in one of the constituent analyses. The automation of the
computational process allows events and processes of particular interest to be
examined by means of sensitivity studies.

While an estimate of risk and the uncertainty in risk is the overall objective,
the intermediate results are also quite important. Each of the analysis steps
resulted in the intermediate outputs discussed above. These results provided
insights into the important phenomena in each stage of the accident progression.
The intermediate results also provided checkpoints for consistency and
understanding. Similar intermediate results are presented and discussed for each
plant studied in this project.
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frequencies of the initiating events indicated in (Eq. 5.1) change, the
initiating events themselves do not change .

Table 5-1
Initiating Event Categories Used in the Surry PRA
This table is reproduced from Table 4.3-1 of Reference 1.

|
|
|

: Loss of Offsite Power
T Transient with Loss of MFW
T, Transient with MFW Initially Available

'
-

.

7.7

9.4

7.3
T Non-Recoverable Loss of DC Bus A 5.0E-3
T Non-Recoverable Loss of DC Bus B 5.0E-3
T, Steam Generator Tube Rupture 1.0E-2
A Large Pipe Break (6" <D < 29") 5.0E-4
S, Medium Pipe Break (2" < D < 6") 1.0E-3
8, Small Pipe Break (0.5" < D < 2") 1.0E-3
8 Very Small Pipe Break (D < 0.5") 1.3E-2
v Interfacing Svstem Pipe Break 1.6E-6

5.3  Accident Sequence Analysis

The Accident Sequence Analysis consists of a number of important steps:
development of systemic event trees that describe the nature of the accident in
terms of plant safety systems, development of fault trees that determine the
component failures required to fail each individual safety system, synthesis of
the event and fault trees to obtain the sets of component failures that can lead
from initiating events to core damage, and evaluation of the entire logic
structure to determine the frequencies of accident sequences.

Systemic event trees were developed to reflect the interdependence between the
successes and failures of the various safety systems in determining whetlier an
initiating event resulted in core damage. These event trees were constructed
using traditionally defined top events, such as the occurrence of containment
venting, operation of high pressure injection system, etc. A list of top events
(event tree headings or questions) is given in Table 5-2. Usually, a different
event tree was constructed for each initiating event. Figure 5-1 shows a
systemic event tree for the T,, initiating event, Station Blackout at Surry Unit
1. The system failures in the event trees define the accident sequences, and are
indicated by the lower branch for each top event. For the tree shown in Figure
5.1, there are 25 possible outcomes, or accident sequences. Since the top events
are very general events, representing system successes and/or failures that could
occur in a large number of ways, the accident sequences really describe groupings
of similar accidents.

Fault trees were used to medel the safety systems. The fault trees are quite

detailed; for example, the Appendix to the Surry volume of NUREG/CR-4550
containe more than 100 pages of fault tree diagrams. The fault trees and the
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event trees constitute a logic model of the plant which can be evaluated to
produce combinations of events, including pre-existing faults, hardware failures,
human actions, and recovery failures, that lead to core damage. These
combinations of events are called "cut sets." A cut set is "minimal" if core
damage does not occur if any event in the cut set is deleted. Cut sets which are
not minimal are not of interest since the same accident is also represented by
a minimal cut set. The SETS program' was used to solve the plant logic model
and to determine the set of minimal cut sets. Cut sets are grouped into accident
sequences. SETS can also be used to calculate the frequency of the accident
sequences. Before this can be done, frequencies must be determined for all the
initiating events, and probabilities found for all the component failures and
human actions. This is termed gquantification of the model. The frequencies and
probabilities are based on experimental data, records of past occurrences, and
modeling results.

Using the matrix notation introduced in Chapter 4, the results of the accident
frequency analysis can be represented as

fAS = fFIE P (IE-MCS) P (MCS~AS) = fIE P (IE-AS) , (Eq. 5.2)

where fIE is the vector of frequencies for the initiating events, fAS is the
vector of frequencies for the accident sequences, P(IE+MCS) is the matrix of
transition probabilities from initiating events to minimal cut sets and P(MCS5~AS)
is the matrix that maps minimal cut sets to accident sequences.

Specifically,
fAS = [fAS,, ..., fAS,],
fAS, -~ frequency per year for accident sequence r,

nAS = number of accident sequences,
PAS,, ovsia DPAS, as
P(IE-AS) .
wnu.x v+ PAS.1p, nas

pAS,, = probability that initiating event i will lead to
accident sequence r,

and the other symbols have been defined previously. The elements pAS, of
P(IE+AS) are conditional probabilities: given that initiating event { has
occurred, pAS,, is the probability that accident sequence r will also occur,

The results of the accident sequence analysis are listings of minimal cut sets

which can be used to calculate the elements of the transition matrix P(I1E-MCS).
In conjunction with the sample shown in (Eq. 4.8) it was necessary to evaluate
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Table 5-2

Systemic Event Tree Headings used in the Surry PRA
This table is reproduced from Table 4.4-1 of Reference 1.

Abbr.  Heading  Description of Event
A LARGE Initiating Event (IE) -- large LOCA (6" to 29")
LOCA

cS CONT SYS Top level event for containment heat removal includes
CSS, ISR, and OSR system functions

(HY CORE VULNR Probability of core damage for core vulnerable

TO CD states (the core is being cooled but containment

cooling has failed)

D1 HPI Failure of charging pump system in high pressure
injection mode

D2 HPI Failure of charging pump system ir feed and bleed

D3 SEAL COOL Failure of charging pump system in seal injection flow
mode

D/ HPI Failure of charging pump system in emergency boration
mode

D5 ACC Failu  of accumulators in injection mode

D6 LPI Failure of low pressure safety injection system in
injection mode

H1 LPR Failure of low pressure safety injection system in
recirculation mode

H2 HPR Failure of charging pump system in high pressure
recirculation mode

K RPS Fa'lure of reactor protection system

, 8 AFW Failure of auxiliary feedwater system for transients
with reactor trip

L2 AFW Failure of auxiliary feedwater system for ATWS

.3



L3

NR1

NR7

oD

Pl
P2

PL

QC

Qs

Heading

AFW

MFW

NRAC ONE HR.

NRAC SEVEN
HOURS

OPER DEPRES

OPER DEPRES
PRV

PRV

PRV

PWR LEVEL
RCI

RCI

SGI

MAN SCRAM
MEDIUM LOCA
SMALL LOCA

Table 5-2
Systemic Event Tree Headings
(continued)

Description of Event

Auxiliary feedwarter: failure of 1/3 AFW pumps to 1/2
$Gs in SGTR

Failure of main feedwater

Fail to recover offsite power within 1 hour
Fail to recover offsite power within 7 hours
Operator fails to depressurize RCS during
station blackout

Operator fails to depressurize RCS during small break
initiators and steam generator tube rupture

Failure of both PORVs to open for feed and bleed
Failure of one PORV to open for §,L sequences
RCS pressure relief fails in response to ATWS
Power level less than 25% of rated power

Failure of pressurizer SRV/PORV to close after
transient

Failure of PORV to reclose after very small LOCA (SI
causes relief valve to open)

Loss of steam generator integrity via a relief valve,
AFW steam line, decay heat removal line, or blowdown
line

Failure to effect manual reactor trip

1E -- medium LOCA (2" - &")

1E -- small LOCA (1/2" to 2")
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the matrix P(IE+MCS) for each sample element X,. In contrast, the matrix
P(MCS+AS) does not depend or the sampled variables and thus was fixed for all
sample elements. The TEMAC program” used the minimal cut sets to evaluate
P(IE-MCS) for each sample element X,. Then the product of P,(IE-MCS) and
P(MCS+AS) provided a value for the nlE by nAS matrix P,(1E+AS) for each sample
element.

5.4 Plant Damage States

The information needed from the accident frequency analysis to determine the
initial and boundary conditions for the accident progression analysis is termed
the "plant damage state" (PDS). The PDS defines the plant condition at the onset
of core damage, the point where the accident frequency analysis ends and the
accident progression analysis begins. Each plant damage state (PDS) is a group
of accidents that provide a similar set of initial and boundary conditions for
the subsequent accident progression analysis. Thus, plant damage states form the
interface between the accident sequence frequency analysis and the accident
progression analysis. The development of the characteristics that define the
plant damage states is based on an understanding of the important attributes of
the accident progression and containment response analysis. These
characteristics form the basis for the vector definition of the plant damage
states

cPDS = [cPDS,, cPDS;, ..., CPDSp.pps) + (Eq. 5.3)

where ¢PDS,, r=l,...,ncPDS, can be a numerjcal value or an alphanumeric
descriptor for the status of a plant system. /s an example, Table ° 3 lists the
PDS characteristics for Surry. For Surry, ncPnS is 7 and cPDS, car take on any
of the eight alphanumeric descriptors (T,A,S,,5,,5,,G,H,V) listed in [able 5-3 for
PDS characteristic 1. While the set of PDS characteristics can define a large
number of PDSs, in reality, only a few dozen PDSs are of interest. Many
combinations of the characteristics are mutually exclusive and many possivis PDSs
have frequencies below the cutoff value (1.0E-7/R-yr for Surry).

For all the plants except Peach Bottom each accident sequence was aasigned to a
single PDS. These assignments are reflected in the transformation matrix
P(AS+PDS), which forms the link between the accident sequence frequencies and the
plant damage state frequencies:

fPDS = £1E P(IE=AS) P(AS~PDS) = fAS P(AS-PDS) . (Eq. 5.4)

“or Peacli Bottom, the accident sequences were defined so broadly that for some
sequences it was necessary to assign some of the minimal cut sets in the sequence
to one PDS and other cut sets to another PDS. This required the construction of
"bridge trees.” The bridge trees were similar in nature to the systems event
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Table 5-3 Plant Damage State Characteristics for Surry
(from Table 2.2-1 of Reference 13)

~J

Status of RCS at Onset of Core Damage

T = no break (transient)

A = large break in the RCS pressure bouudary

$, = medium break in the RCS pressure boundary

5 small break in the RCS pressure boundary

S very small break in the RCS pressure boundary
G steam generator tube rupture ( SGTR )

H SGTR with loss of secondary system integrity
V = large break in an interfacing system
S
B
1
R
N
L

tatus of ECCS

= operated in injection and now operating in recirculation

=~ uperated in injection only

= mnot operating, but recoverable

= not operating, not recoverable

= LPIS available in both injection and recirculation modes

Containment Heat Removal

Y operating or operable if/when initiated

R not operating, but recoverable

N = never operated, not recoverable

§ = sprays operable, but no CHR (no SW to HXs)

AC Power

Y = available

P = partially available

R = mnot available, but recoverable

N = not available, not recoverable

Contents of RWST

Y = injected into containment

R = not injected, but could be injected if power recovered

N = not injected, cannot be injected in the future

U = injected, but confined to upper compartment

Heat Removal from the Steam CGenerators

X = at least one AFWS operating, SGs not depressurized

Y = at least one AFWS operating, SGs depressurized

S = 5-AFWS failed at beginning, E-AFWS recoverable

C = S-AFWS operated until battery depletion, E-AFWS recoverable,
5Gs not depressurized

D = §5-AFWS operated until battery depletion, E-AFWS recoverable,
SGs depressurized

N = no AFWS operating, no AFWS recoverable

Cooling for Reactor Coolant Pump Seals

Y = operating

R = not operating, but recoverable

N = mnot operating, not recoverable
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trees and contained the additional top events needed to define the initial
conditions for the accident progression analysis in sufficient detail. The
bridge trees served as extensions of the systems event trees and allowed the
minimal cut sets within the accident sequences to be assigned to PDSs. In the
matrix notation used above, the calculation of PDS frequencies for Peach Bottom

can be written

£PDS = £IE P(IE-MCS) P(MCS-PDS) = f1E P(IE-PDS) , (Eq.5.5)

where P(MCS-PDS) is a matrix of transition probabilities from minimal cut sets
to plant damage states and all other variables are defined in conjunction with

(Eq. 5.2).

Ir order to provide input to the accident progression analysis the P,(IE~AS) were
regrouped using P(AS~PDS) to provide numerical values for the s set of nlE by
nPDS matrices P,{1E-PDS). For Peach Bottom the numerical values calculated for
P,(IE+MCS) were grouped into plant damage states using the transformation matrix
P(MCS-PDS) .

5.% Core Vulnerable Sequences

Core vulnerable sequences are accidents in which the containment response to an
accident affects whether core damage will occur. These sequences, which occur
only for Peach Bottom in the NUREG-1150 analyses, require additional interaction
between the accident sequence analysis and the accident progression analysis.
Typically, in these accidents the core cooling systems are operating but
containment heat removal is unavailable. If containment heat removal is not
recovered and the containment fails, there is the possibility that the
containment failure could cause failure of the core cooling systems and thus
result in core damage.

The accident frequency analysis alone cannot resolve the outcome of core
vulnerable sequences. The probability of containment failure and the probability
of equipment failure giver cconiainment failure are determined in the accident
progression analysis. The accident progression event tree (APET) 1s used to
investigate the effects of the loss of containment cooling and the results of the
evaluation are passed back to the accident frequency analysis to determine the
total core damage frequency. This feedback link was established through direct
{nteractions between the accident frequency and accident progression analysts.
The dependencies between the analyses were included explicitly in the loglc of
the APET.

5.6  Products of the Accident Frequency Analysis

As discussed in previous sections, the result of a risk analysis is a set of
triples

R,={ (S, £gi0 Ogi) s 11, ..., N8} (Eq.5.6)

for each sample element,
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(from Figure 5-1 of Reference 1)



Table 5-4 shows an example of this process using the accident frequency results
for Surry. Column 1 lists the seven values of i'. In columns 2 and 3, are the
PDS group labels and the mean frequencies of the distributions formed by the f,,.,
respectively. Column 5 lists the 25 PDS, the o, discussed above, which were
found to be above the 1.0E-7/reactor-year cutoff frequency in the Surry accident
frequency analysis and indicates in which PDS group each PDS is placed. Column
6 contains the mean values of the distributions formed by the f,,. Column 7
shows the percentage of the total mean core damage (TMCD) frequency contributed
by each PDS.




Table 5-4
Plant Damage States and PDS groups for Internal Initiators at Surry
(from Table 2.2-2 of Reference 13)

Mean CD Group % Mean CD
Group Freq (1) TMCD (2) Plant Damage Freq. (1) % TMCD
Numbexr Group Name (Q/R-yr) Freq. =  _ States (/R-yx) Freq.
1 Slow Blackout '2.2E-5 55.4 TRRR-RDY 1.0E-5 24 .7
S,RRR-RDR 8.4E-6 20.7
S,RRR-RCR 2.0E-6 4.8
TRRR-RDR 1.1E-6 - g
S,RRR-RDR 7.0E-7 1.7
S,RRR-RCR 2.8E-7 0.7
2 LOCAs 6.1E-6 15.0 S, IYY-YYN 1.7E-6 4.3
S, LYY-YYN 9.3E-7 2.3
AIYY-YYN 8.5E-7 2
ALYY-YYY 6.7E-7 1.6
S,NYY-YYN 6.1E-7 1.5
5,LYY-YYN 6.0E-7 1.9
S,LYY-YYN 4, 5E-7 1.1
ANYY-YYN 2.7E-7 0.7
3 Fast Blackout 5.4E-6 13.4 TRRR-RSR 5.4E-6 13.4
4 Event V 1.6E-6 4.1 v 1.6E-6 4.1
5 Transients 1.8E-6 4.3 TBYY - YNY 1.0E-6 2.6
TLYY-YNY 7.1E-7 1.8
6 ATWS 1.4E-6 3.5 S,NYY - YXN 7.5E-7 1.8
TLYY-YXY 5.7E-7 1.4
GLYY-YXY 9.0E-8 0.2
7 SGTR's 1.8E-6 4.4 HINY-NXY 1.4E-6 3.4
GLYY-YXY 1.8E-7 0.4
HINY-YXY 1.3E-7 0.3
GLYY-YNY 1.0E-7 0.3
Total 4.1E-5 Internal
Iaitiators
Notes: (1) Based on the sample of 200 observations used in the risk analysis.

(2) TMCD = total mean core damage.
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Table 5-5 shows a slightly different set of information based on the
representation of risk in (Eq. 5.10)., 1In Table 5-5 the mean, median and the Sth
and the 95th percentiles are shown for the distribution formed by the f,,. for
each i'.

Table 5-5
Summary of Core Damage Frequency Results for Surry,
This table is based on Table 3.2 in Reference 14,

PDS Group . Core Damage Frequency (1/R-yr)
5% Median Mean 95%

Internal 6.8E-6 2.3E-5 4,.1E-5 1.3E-4
Initiators

Short Tern SBO 1.1E-7 1.7E-6 5.4E-6 2.3E-5
Long Term SBO 6.1E-7 8.2E-6 2.2E-5 9.5E-5
ATWS 3.2E-8 4,2E-7 1.6E-6 5.9E-6
Transient 7.2E-8 6.9E-7 2.1E-6 6.0E-6
LOCA 1.2E-6 3.BE-6 6.0E-6 1.6E-5
Interfacing

System LOCA 3.8E-11 4,.9E-8 1.6E-6 5.3E-6
SGTR 1.2E-7 7.4E-7 1.8E-6 6.0E-6

External Events

Seismic (LLNL) 3.9E-7 1.5E-5 1,2E-4 4.4E-4
Seismic (EPRI) 3.0E-7 6.1E-6 2.5E-5 1.0E-4
Fire 2.2E-6 8.3E-6 1.1E-5 3.1E-5
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6.0 ACCIDENT PROGRESSION AND CONTAINMENT RESPONSE ANALYSIS

6.1 Introduction

The purpose of the accident progression and containment response analysis is to
represent the physical progression of the accident from the point of imminent
core damage until the completion of the release of radicactive material from the
containment. The core degradation process is considered inside and outside of
the reactor vessel. The events that accompany the failure of the reactor vessel
are of particular interest since large containment loads are often generated at
this time. This analysis determines the response of the containment to the
stresses placed upon it at all times during the accident. This section presents
only an overview of the accident progression and containment response anzljysis,
More detail on the development and quantification of the accident progression
model is contained in Appendix C of this volume and specific discustions for each
plant are given in the plant volumes of this report.'®

Many different accident progressions can follow the initial conditions defined
by a PDS. Some of the phenomena involved are stochastic in nature, while others
are not completely understood, so there is uncertainty in which way an accident
will evolve. For each plant, a large, complex event tree is used to perform the
accident progression and containment response analysis. The event tree, known
as an accident progression event tree (APET), computes the probabilities for a
large number of possible progressions. Each different progression is represented
by a different path through the event tree. Information from similar paths is
saved and passed to the source term analysis to define the initial and boundary
conditions for the source term analysis.

The APETs formed a flexible logic structure that draws together and synthesizes
the results of experiments, code analyses, and expert panels. They could also
be relatively quickly evaluated by computer Since the event trees developed for
the NUREG-1150 accident progression analyses were quite larg2 and had some novel
features, a new computer code, EVNTRE,® was developed to evaluate these trees in
a manner that was compatible with the Monte Carlo sampling approach to the
determination of uncertainty.

The information base available for the accident progression analysis for
NUREG-1150 consisted of the diverse results from more than 10 years of severe
accident research within the reactor safety community. Basic knowledge of the
phenomena involved in core degradation events was pursued by theoretical and
experimental work. Building on the resuits of this research, mechanistic codes
which synthesize the information available as a series of compatible computer
models were developed. Detailed, mechanistic codes such as MELPROG" and CNTAIN®
model parts of the core melt process from first principles il.-ofar as possible.
Integrated codes such as the Source Term Code Package (STCP),’ N2APY -nd, more
recently, MELCOR' model the entire accident, but in less detail.

The results of these mechanistic codes, and the understanding of the accident
phenomena that makes their development possible, form the starting point for the
NUREG-1150 accident progression analyses. These codes have been very useful for
learning how different phenomena interact, but they are not able to analyze a
very wide range of accidents with diverse boundary conditions in a timely and
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cost-efficient marnner (see the discussion in Section 1 of Chapter 3). Further,
these codes have not been fully validated against experiments. Thus, codes
developed by different groups (for example, NRC and industry contractors)
frequently include contradictory models and give different results for the same
set of initial and boundary conditions. Finally, none of the codes available
contained widely accepted models for all of the phenomena that may determine the
progression of the accident or the amount of radicactivity released. Although
many additional code analyses were conducted in the course of this study to
answer specific questions or to provide information in areas where results were
lacking, analysis results were available for only a small fraction of the many
possible ways in which the accidents could develop. The supporting calculations
performed for this study are listed in the second volume of this report.*

The accident progression analyses for NUREG-1150 attempted to utilize the results
of all the mechanistic accident progression calculations that were available.
fhis ras accomplished by using expert panels to define distributions for the most
import:nt branch probabilities and parameters in the APETs. The experts reviewed
the cone results, considering the strong and weak points of each code, and
provided distributions that accounted for the various modeling shortcomings.

6.2 Description of the Accident Progression Event Trees

The event trees used to perform the NUREG-1150 accident progression and
containment response analyses consist of a series of questions about events that
take place in the reactor vessel and the containment, and the physical phenomena
affecting the progression of the accident. The development of the APET is the
process of designing the logic structure that forms the tree, This involves
determining the order of the questions, deciding what events and phenomena are
to be included, setting up the dependencies between questions, and ensuring that
all paths through the tree are consistent with physical reality.

The event tree divides the accident progression into several time periods, and
consideirs the important events and phenomena in each period. Questions concern
the availability of electric power and the containment heat removal systems, the
pressure in the reactor cooling system, the state of the containment, and so on.
The APETS that result are large and complex; it is not possible to depict them
graphically. Multiple branches are allowed, and cases may be defined for each
question that allow the branch probabilities to depend upon the branches taken
at previous questions.

In addition, EVNTRE allows parameters to be defined and manipulated within the
tree as it is being evaluated., Parameters are real FORTRAN variables that may
be used to represent gquantities such as the containment pressure or the mass of
steam in the containment. The manipulation of parameters during evaluation of
the APET is accomplished by FORTRAN subprograms denoted "user functions." The
user function is compiled and linked with EVNTRE before the tree is evaluated.
The user functions are evaluated at designated questions witiiin the tree, and
parameter values and the results of the user function calculations are used to
determine the branch probabilities for these questions. For example, parameters
might be used to represent the masses of different gases present in the
containment, and the user function utilized to perform calculations with these
parameters to determine if the contaimnment atmosphere is flammable, and, if it
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is, what the adiabatic pressure rise would be if the mixture were ignited.
Through the use of parameters, basic principles such as mass conservation are
fucorporated into the event trees in order to ensure that each path through the
tree is realistic.

The APETs developed to perform the NUREG-1150 accident progression and
containment response analyses are powerful analysis tools. Although portions of
a tree can be drawn out in typical event tree format, the complete tree exists
only as the EVNTRE computer input file. A complete listing of this input file
for each plant can be found in Appendix A of Volumes 3 to 7 of this report, *®
The event trees for Surry and Zion consisted of 71 questions; the event trees for
the other three plants had over 100 questions. As an illustration of the types
of questions included in the APETs, Table 6-1 lists the questions in the Surry
APET. A table like this cannot show the branches for each question, describe the
case structure that implements the dependency on the branches chosen at previous
questions, indicate the number of parameters used, or discuss the user function
evaluations, so it gives only an idea of the complexity and level of detail
involved in these event trees.

The effect of uncertainties in phenomenological models is accounted for by
including competing models, or the results of competing models in the tree.
Which model or model result is to be used for each observation is selected by the
stratified random sampling process in a manner similar to that used for sampling
other quantities. The inclusion of different models or the results of different
models adds to the complexity of the analysis since some paths through the event
tree, which would be forbidden for a specific model, must be included when other
models are considered. The complexity due to the inclusion of multiple
phenomenological models is amplified by the need to consider a wider range of
boundary conditions for the subsequent events,

Figure 6-1 schematically illustrates some aspects of the APETs used in this study
by sketching one or two questions for several sections of an APET. The division
of the questions in the tree into different sections or time periods is discussed
in more detail in Appendix C of this volume and in Appendix A of Volumes 3 to 7
of this report. '’

The question iu the first section of the tree determine the type of accident
being modeled by setting the initial conditions. That is, the branch
probabilities for the initial conditions follow directly from the specification
of the PDS. Once the initial conditions are set, the progression of the accident
is divided into three or more time periods. Typically, one or two groups of
questions treat the period before failure of the vessel, another group of
questions concerns the events at vessel breach, and one or more groups of
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Table 6-1
Questions in the Surry APET
(Adapted from Table 2.3-1 in Reference 1)

21.
22.
23,
24,
25

26.
271
28.
29,
30,

31.
38
33.

Size & Location of RCS Break when the Core Uncovers?
Has the Reaction been brought Under Control?

For SGTR, are the Secondary System SRVs Stuck Open?
Status of ECCS?

RCS Depressurization by the Operators?

Status of Sprays?

Status of Fan Coolers?

Status of AC Power?

RWST Injected into Containment?

Heat Removal from the Steam Generators?

Did the Operators Depressurize the Secondary before the Core Uncovers?

Cooling for RCP Seals?

Initial Containment Condition?

Event V - Break Location under Water?

RCS Pressure at the Start of Core Degradation?

Do the PORVs Stick Open?
Temperature-Induced RCP Seal Failure?

Is the RCS depressurized before breach by opening the Pressurizer

PORVs?
Temperature-Induced SGTR?
Temperature-Induced Hot Leg or Surge Line Break?

Is AC Power Available Early?

Rate of Blowdown to Containment?

Vessel Pressure just before Vessel Breach?
1s Core Damage Arrested? No Vessel Breach?
Early Sprays?

Early Fan Coolers?

Early Containment Heat Removal?

Baseline Containment Pressure before Vessel Breach?

Time of Accumulator Discharge?

Fraction of Zr Oxidized In-Vessel during Core Degradation?

Amount of Zr Oxidized In-Vessel during Core Degradation?

Amount of Water in the Reactor Cavity at Vessel Breach?
Fraction of Core Released from the Vessel at Breach?
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Table 6-1

(continued)

34,
35.
36.
7.
38.
39.
40,

41.
42.
43,
44
45,

46 .
47.
48,
49,
50.

Sl
52.
53.
54,
55.

56.
.
58.
59.
60.

61.
62.
63.
64 .
65,

66 .
67.
68.
€9.
70,
¢

Amount of Core Released from the Vessel at Breach?
Does an Alpha Event Fail both Vessel & Containment?

Type of Vessel Breach?

Does the Vessel become a "Rocket" and Fail the Containment?

Size of Hole in Vessel (after ablation)?

Total Pressure Rise at VB?
Total Pressure Rise at VB?

Does a Significant Ex-Vessel Steam Explosion Occur?

Containment Failure Pressure
Containment Failure and Type
Sprays after Vessel Breach?
Is AC Power Available Late?

Late Sprays?
Late Fan Coolers?
Late Containment Heat Remova

Large Hole Cases
Small Hole Cases

?
of Failure?

17

How Much Hydrogen Burns at Vessel Breach?

Does Late Ignition Occur?

Resulting Pressure In Containment?

Containment Failure and Type
Amount of Core available for

Is the Debris Bed in a Coolable Configuration?

Does Prompt CCI Occur?

of Failure?
CCI?

Is AC Power Available Very Late?

Very Late Sprays?
Very Late Fan Coolers?

Very Late Containment Heat Removal?

Does Delayed CCI Occur?

How much Hydrogen is produce

d during CCI?

Does Very Late Ignition Occur?
Resulting Pressure in Containment?

Containment Failure and Type
Sprays after Very Late CF?

Fan Coolers after Very Late

of Failure?

CF?

Containment Heat Removal after Very Late CF
Eventual Basemat Melt-through?

Eventual Overpressure Failure of Containment?
Basemat Melt-through before Overpressure Failure?

Final Containment Condition?
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Schematic representation of an accident progression event tree.

Figure 6-1
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questions treats the period following vessel failure. A group of summary
questions is often placed at the end of the tree. The limitations of a simple
diagram like Figure 6-1 do not allow all periods to be shown, A diagram showing
one path through the entire Surry APET may be found in Figure B.4 of Appendix B
of NUREG-1150,%

Throughout the progression of a severe accident, operator intervention to recover
systems has the potential to mitigate the accident's impact. Such human actions
were considered in the APET analysis, using the same rules to quantify the
outcomes as those used in the accident frequency analysis,

The general flow of the APETs should be evident by now, but the degree to which
dependencies between questions can be treated may not be immediately apparent.
In a question with case structure, the branch probabilities and parameter values
depend on the branches taken in previous questions. That is, for most questions,
the branch probabilities and parameter values are functions of the type of
accident and the development of the accident to that point.

Development of the APET consists of selecting the questions to be asked in the
tree, determining their order, and defining the case structure; that is, setting
up the basic logical framework that forms the tree. Development of the tree also
includes deciding what events and phenomena are to be included, determining what
quantities are to be represented by parameters, and writing the user function.
The dependency among questions is checked by carefully examining a large number
of peths through the tree for consistency. The task of determining the values
or distributions to be used for each branch probability and parameter is termed
ruantification and is summarized in the next section.

¢.3 Quantification and Evaluation of the APETs

Quantification is the process of determining values or distributions for each
branch probability and parameter in the APET. If a question is not to be
sampled, fixed values for the branch probabilities and any parameters defined in
that question will suffice. If the event or phenomenon treated by a question is
important to risk or the uncertainty in risk, the question is sampled. For these
questions, distributions must be determined for the branch probabilities and
parameter values (if any). Although some quantification of the tree may be
performed as it is developed, quantification is a distinct process from the
building of the logic model.

In general, phenomenological models are nmot included in the event trees at each
question. Rather, results of mechanistic code calculations enter the trees
through distributions developed for branch probabilities and parameters.
Numerous and diverse sources were utilized to determine the fixed values and
distributions required before the tree could be evaluated. For questions such
as those concerning the operability of equipment and availability of electrical
power, probability distributions were derived from data analogous to and
consistent with the process in the accident frequency analysis. The timing of
key events for different types of accidents was estimated from a review of
relevant code calculations and code calculations performed expressly for this
study. For specific processes, results of code simulations and experiments were
used.



The events or phenomena considered to be the most important to risk or the
uncertainty in risk are termed “"issues.” The questions concerning these events
and phenomena are sampled, and the distributions for the branch probabilities and
parameters in these questions were determined by panels of outside experts. Foi
questions concerning issues, the analyst’'s role is to ensure that the question
in the tree accurately reflects the problem placed before the expert panel, form
an aggregate distribution from the distributions provided by the individual
experts, and see that the aggregate distribution is appropriately sampled. The
second volume' of this report contains the distributions derived by the expert
panels and explains how each expert arrived at his conclusions for every issue.

For quantities in the tree that were deemed less important to risk and the
uncertainty in risk, but about which there {s some uncertainty, the plant analyst
constructed distributions based on experimental results, mechanistic code
calculations, and informal discussions with experts at the national laboratories
and elsewhere. The quantification of the tree is discussed, question by
question, in Appendix A of each plant volume in this report.'?

When the logic structure of the tree is complete and numerical values (single
numbers or distributions) have been determined for each branch probability and
parameter, the tree may be evaluated. This is performed by EVNTRE‘ and may be
done in a single-evaluation mode or a multiple-evaluation mode. The
single-evaluation mode is usually used during the development and quantification
stages to check out the tree for each PDS or PDS group individually. EVNTRE
utilizes the numbers in the tree input file for these evaluations and the
evaluation is relatively straightforward. As explained in Section 3.3, the risk
analyses for NUREG-1150 used an efficient stratified Monte Carlo technique' to
determine the uncertainty in risk. This required on the order of 200 evaluations
of the tree when it was evaluated in the "production” mode. EVNTRE was designed
with a multiple evaluation feature specifically for this purpose. Whethet
evaluated with fixed values or in the sampling mode, evaluation of the tree
results in a large number of paths through the tree with non-zero probabilities.
The treatment of the numerous paths through the tree for each evaluation is the
subject of the next section,

6.4 Grouping of Event Tree Outcomes

The number of paths through the APET can be very large. For an APET with N
questions, each with only two outcomes, the number of paths is 2". Because of
the multiple branches allowed in the APETs, the number of paths is more like 3"
or 4*. To list and describe each consistent path individually for one of the
NUREG-1150 APETs is not feasible. Therefore, during the evaluation of the APET,
EVNTRE groups paths through the tree into categories referred to as accident
progression bins (APBs). EVNTRE also calculates the sum of the conditional
probabilities of the paths placed in each accident progression bin. A "rebinner"
code, PSTFUNT," allows the APBs to be manipulated and combined in any desired
fashion after the evaluation of the APET is complete. The initial "binning" into
APBs is designed to preserve all the information that is needed to define the
initial and boundary conditions for the source term analysis and to supply enough
detail to characterize the accident progression analysis. The rebinner is used
to further group the initial bins into more general categories, for example, to
illustrate the importance of a specific aspect of accident phenomenology.
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The accident progression bins are groups of categories or characteristics used
to define the accidents. These characteristics form the basis for the vector
definition of the accident progression bins

[CAPB,, cAPB,, .., CAPB, ,p) (Eq. 6.1)

where cAPB,, k=1, ....,ncAPB, can be a numerical value or an alphanumeric
descriptor for some aspect of the accident. As an example of a set of APB
characteristics, Table 6-2 lists the 11 characteristics used in the binning for
the Surry analysis. Letters are used to represent the values chosen for each
characteristic in the binning. Since the Surry "binner" has 11 characteristics,
each bin for Surry is defined by a string of 11 letters. Table 6-2 shows that
the binning preserves information important to the source term analysis such as
time and size of containment failure, and the operation of processes that remove
radioactive material. The bins summarize the overall outcomes of the event tree
evaluation, and do not include information about the branches taken at most of
the individual questions in the tree.

There are two or more possible values, or attributes, for each binning
characteristic. As an example, the last characteristic in the Surry binner is
one of the more simple ones: the letter "A" is used to indicate that there is
only one large hole in the RCS, and the letter "B" is used to indicate that there
are two large holes in the RCS. Thus, Characteristic 11 has two attributes.
Table 6-3 shows the attributes or possible values of the first two
characteristics used for the initial binning for the Surry analysis. There are
8 attributes for the first characteristic and 9 for the second characteristic.
An APB that had "ED" as its first two letters indicates an accident that had
containment failure an hour or more after vessel breach with sprays operating
throughout the accident,

6.9



Table 6-2. Accident Progression Bin Characteristics for Surry
(from Section 2.4 of Reference 1)

Characteristic Abbreviation Description

1 CF-Time Time of Containment Failure

2 Sprays Periods in which Sprays Operate

3 CCI Occurrence of Core-Concrete
Interactions

4 RCS-Pres RCS Pressure before Vessel Breach

5 VB-Mode Mode of Vessel Breach

6 SGTR Steam Generator Tube Rupture

7 Amt-CCI Amount of Core Available for CCI

8 Zr-0x Fraction of Zr Oxidized In-Vessel

9 HPME Fraction of the Core in HPME

10 CF-Size Size or Type of Containment Failure

11 RCS-Hole Number of Large Holes in the RCS
after VB
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Table 6-3.

Attributes of the First Tw. Accident Progression Bin

Characteristics for Surry (from Section 2.4 of Reference 1)

Characteristic 1 - Containment Failure Time

A

Characteristic 2 - Sprays

A

B

ts3

V-Dry

V-Wet

- Early-CF

CF-at-VB

Late-CF

VLate-CF

Final-CF

No-CF

Sp-Early

Sp-E+1

- Sp-E+1+L

SpAlways

Sp-Late

Sp-L+VL

- Sp-VL

Sp-Never

Sp-Final

Event V, Break Location not Submerged

Event V, Break Location Submerged

Containment Failure before Vessel Breach

Containment Failure at Vessel Breach

Late Containment Failure (during the initial part of CCI,
nominally a few hours after VB)

Very Late Centainment Failure (during the latter part of

CCI,

nominally 8 to 12 hours after VB)

Containment Failure in the Final Period (nominally about
24 hours after VB)

No Containment Failure

The

The

sprays operate only in the Early period,

sprays operate only in the Early and Intermediate

periods,

The

sprays operate only in the Early, Intermediate, and

Late periods,

The
for

The

sprays always operate during the periods of interest
fission product removal.

sprays operate only in the Late period.

sprays operate only in the Late and Very Late periods.
sprays operate only in the Very Ilate period.

sprays Never operate during the accident.

sprays operate cnly during the Final period, which is
of interest for fission product removal.
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6.5 Products of Accident Progression Analysis

As discussed Chapter 2, the results of a risk analysis can be represented by a
set of triples R,

Ry = ([ (8pps Fyur Ogied v k=1, ooy ns,) , (Eq. 6.2)

where (Eq. 6.2) is (Eq. 2.4) rewritten with the dummy subscript changed to k and
the dependency on the sample element, s, has been made explicit as discussed at
the end of Section 3.3.

]
A possible choice for reperting the results of the accident progression analysis
is for each of the S, to correspond to the set of accidents that have been
grouped in accident progression bin k. Then, the f, are analogous to the fA¥B,
of (Eq. 4.2). The vector o, = 0y, for sample member element s, is the definition
of accident progression bin k (the cAPB, of Eq. 6.1). The vector o, is not
independent of the sample member s because different APBs are selected for
different sample elements. This representation of risk is analogous to the
representation in (Eq. 5.9) for the results of the accident frequency analysis.

Figure 6-2 is an illustration of the use of this risk representation. However,
for this figure accidents are grouped into more general categories than accident
progression bins. These are called summaxry accident progression bins. For this
figure, S, corresponds to the set of accidents that have been grouped into
summary accident progression bin k. The frequencies f,, are given by

£ =Y, fPDS, PAPB,; . (Eq. 6.3)

Finally, the o, = o, is a vector descriptor of the summary accident progression
bin for group k. In Figure 6-2 the distribution of f,. is shown for each k using
a histogram. That is, the abscissa represents the possible values for the £,
and the width of the cell forming part of the histogram is proportional to the
number of times f,, fell within the interval defined by the vertical boundaries
of the cell.

The seven summary APB groups that form the o, in Figure 6-2 are explained in
Table 6-4. The order in which the summary APBs are listed in this table is
important: there is a priority in assigning APBs to the summary groups since an
APR may meet the criteria for more than one summary group. An APB is placed in
the first summary group for which it satisfies the criteria. For example,
failure of the containment by basemat melt-through (BMT) may follow a bypass
accident. Since the bypass of containment is more important than the
melt-through in determining the offsite consequences, this accident is placed in
the Bypass summary group.
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Figure 6-2 Distribution of frequencies of summary APB groups for Surry
(Figure 2.5.3 from Reference 1)
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Table 6-4 )
Definition of the Seven Summary APB Groups for Surry
(Complete definition in Section 2.4.3, Reference 1.)

1 Bypass - bypass of containment by an interfacing system LocA
(Event V) or an SCTR

2 VB, alpha, early CF - an energetic steam explosion in the
reactnr vessel fails both the vessel and the containment

3 No VB - the vessel remains intact, the containment does not
fail and is not bypassed

4 VB > 200 psi, early CF - the RCS is above 200 psi when the
vessel fails, the containment fails at vessel breach or
shortly thereafter

5 VB < 200 pei, early CF - the RCS is below 200 psi when the
vessel fails, the containment fails at vessel bresch or
shortly thereafter

6 VB, BMT or late CF - the containment fails many hours after
vessel failure by the development of a leak or by basemat
melt-through

7 VB, No CF - the vessel fails, but there is no failure or
bypass of the containment

For many of the tables and figures produced in this study the components of the
vector in (Eq. 4.2) are reported, rather than the vector fAPB, itself. In
particular, since the fPDS,, are reported as results of the accident frequency
analysis, the pAPB,,, or groupings of them, are reperted as the principal results
of the accident progression analysis. The f, of (Eq. 6.2) are replaced by
pAPB,,,. S,, corresponds to the set of accidents that have been grouped in PDS
group | and APB k. The o,, = o, are constructed to include both the vector
definition of PDS j and the vector definition of APB k. In this representation,
as with those described for the accident frequency analysis, the number of
results reported is reduced by grouping both the PDSs or PDS groups and the APBs.

The scheme used to generate Table 6-5 is based on the PDS groups defined in
Section 5.6. For this scheme the pAPB,, are defined by

PAPB,; =Y, fPDS, pAPB,, /Y, fPDS, (Eq. 6.4)
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Table 6-5 Results of the Accident Pro

Internal Initiators - PDS Group 1 - Slow SBO

Order Rin Prob  ** No.

Five Most Probable Bins'

1 HDCDFCDBDFR 0.171 121
2 HDCDFCDARrr8 0.145 113
3 HDCNFCPADFA 0.046 Gy
4 HDCCFCDBDFA 0.040 38
5 HFADBCABDFA 0.038 33

Five Most Probable Bins that have VB’

5 HFADBCABDFA 0.038 33
10 HFADBCAADFB 0.033 104
14 HDCDBCDADFB 0.017 113
15 HDCDBCDBDFB 0.017 121
16 HGADBCABDFB 0.016 12¢

CF
Occur .

No-CF
No-CF
No-CF
No-CF
No-CF

No-CF
No-CF
No-CF
No-CF
No-CF

Five Most Probable Bins that have VB and Early CF'

64 DHADDCBADBB 0.0012 50
73 DHADDCBBDBB 0.0010 64
95 DFACACABACB 0.0007 1
145 DFAAACAAABA 0.0004 4
172 DFADBCAADCB 0.0003 1

A listing of all bins, and a listing by observation are available on computer media
" Mean probability conditional on the occurrence of the PDS.

CFatVB
CFatVRB
CFatVB
CFatVB
CFatVB

Sprays
Time

Always
Always
Always
Always
L+VL

L+VL
L+VL
Always
Always
VL

Never
Never
L+VL
L+VL
L+VL

CCI

No-CCI
No-CCI
No-CCI
No-CCI
PrmDry

PrmDry
PrmDry
No-CCI
No-CCI
PrmDry

PrmDry
PrmDry
PrmDry
PrmDry
PrmDry

RCS

Pres.

LoPr
LoPr
LoPr
ImPr
LoPr

LoPr
LePr
LoPr
LoPr
LoPr

LoPr
LoPr
ImPr
SSPr
LoPr

VB
Mode

No-VB
No-VB
No-VB
No-VB
Pour

Pour
Pour
Pour
Pour
Pour

Alpha
Alpha
HPME
HPME
Pour

gression Analysis for Surry
(from Table 2.5-1 of Ref. 1)

Amt
CCI

No-CCI
No-CCI
No-CCI
No-CCI
Large

Large
Large
Ne-CCl
No-CCI
Large

Medium
Medium
Large
Large
Large

Hi

Hi
Hi

Hi

Hi
Hi

HPME

No
No
No
No
No

No
No
Ne
No
No

No
No
Hi
Hi
No

CF
Size

No-CF
No-CF
N¢-CF
No-CF
No-CF

No-CF
No-CF
Ne-CF
No-CF
No-CF

Rupture
Rupture
Leak
Rupture
Leak



Table 6-5 lists results for a single PDS group, i.e., § = 1. In Table 6-5 the
vector definitions of the accident progression bins, the cAPB, for a number of
important bins (column 2) and the mean values of the distribution formed from the
pAPB,,, (column 3), where k corresponds to the bin described in column 1 are
shown. The rest of the columns in Table 6-5 are the mnemonic descriptors for 9
of the 11 bin characteristics. The mnemonic descriptors for the first two bin
characteristics are given in Table 6-3. No mnemonic descriptor appears for the
sixth bin characteristic since no SGTRs occur among the most probable bins for
this PDS group. The last characteristic, RCS-Hole, has also been omitted since
it is of less interest than the others.

Another representation of accident progression analysis results based on (Eq.
6.4) is shown in Figure ¢ 3. The conditional probability cf core damage arrest
is defined as

PCOAL = Y, o con PDSay PAPB /| TPDS, (Eq. 6.3)

for each plant damage state group j, where the sum over k includes only accident
sequences that resulted in core damage arrest and were included in plant damage
state group j. The distributions formed by the pCDA,, are shown in histogram
form for each j, along with the mean of the distribution and the Sth and the 95th
percentile of the distribution.

Still anot'ier representation of accident progression analysis results based on
(Eq. 0.4, is shown in Figure 6-4. This figure is similar to Figure 6-3. The
conditional probability of early containment failure is defined as

PECF, =Y, o som [PDS.; PAPB,y | EFDS, (Eq. 6.6)

for each plant damage state group j, where the sum over k includes only accident
sequences that resulted in early containment failure and were included in the
plant damage state group j.

Finally, an important representation of the accident progression results also
based on (Eq. 6.4) is shown in Figure 6-5. Figure 6-5 shows the mean values of
the distributions for the pAPB,, for each j and k. Thus Figure 6-5 is a summary
representation of the distribution formed by the nLHS pAPB,,, matrices, where nLHS
is the number of latin hypercube samples. The matrices are the principal product
of the accident progression analysis.
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Conditional probability of core damage arrest for internal
initiators at Surry (from Figure 2.5-1 of Reference 1)

6.17

2.BE-05 14E-06 1.BE-08

6.1E-08

34E-06 4.1E-05




1LEO

SURRY
1.E~-1_] wota,
I W6th, . o6,
g ostn,
.
b a2 L}
= ‘e K
89 : e
|E - U
1E-3
3 1%%
g & E
25
: ¥ 'm m ol
g Ew« . | ] ™
ég | Bth,
s b, b Bthe
Sih,
1L.E~-6 Bth,
M = mean
m = median
th = percentile
1.E-8.1
------------------ Internal Injtiators—— === —im—a—-——————
PD8 Group SBO ATWS Transients LOCAs Bypass All Fire

Core Damage Freq. 2.8E-00 14E-08 1.8E-08 B.1E-06 S4E-08 4.1E-058 11E~-05
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SUMMARY SUMMARY PDS GROUP
ACCIDENT (Mean Co  unage Frequency)

PROGRESSION | ,¢p ATWS  Transients LOCAs  Bypass  All
BIN GROUP  (28E-08) (14E~08) (1.8E-08) (8.1E-08) ( 3.4E-0€) (41E-08) (1.1E-08)

VE, alpha, | 0.003

early CF

0.003 2008 0.008 0.008

vB>200pst, | |l 0.008

early CF¥

0.001 0.001 0.004 0.013

VB, < 200 pei,
early CF

VB, BNT 0.079 0.048 0.013 L 0.056 0.0569 0.202
or late CL

Bypass 0.008 U 0.078 0.007 ll:, 0.122

|
VB, No CF j 0.310 o.oe} :l 0.217 o.sei r_l 0.848 || 0.600
%o Y3 o.soj :l 0.850 || 0.762 0.952 o.m1

Key: BMT = Basemat Melt-Through SURRY
CF = Containment Failure
CL = Con ent Leak
VB = Vessel Breach

Figure 6-5 Mean probability of the summary APBs for each summary PDS group
for Surry - internal and fire initiators (from Figure 2.5-3 of Reference 1).
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7.0  SOURCE TERM ANALYSIS

7.1  Introduction

The results of the accident progression analysis consist of a large group of
accident progression bins, with a conditional probability for each. The next
step in the integrated risk analysis is the estimation of a source term for each

accident progression bin. A source term is a characterization of the
radionuclide release to the environment associated with an accident progression
bin. In the NUREG-1150 PRAs, each source term contains the following
information:
ST = |TW, T,, DT,, T,, DT, ELEV,
E,, (ST, =i=1,...9), (Eq. 7.1)
E, (8T, =i=1,...9)]

where

™ - time (sec) at which warning to the public is given (time 0 is

taken to be scram time),

p ) - time (sec) at which the first release segment begins,

DT, - length (sec) of the first release,

Ty - time (sec) at which the second release begins,

DT, - length (sec) of second release,

ELEV = elevation (m) of release,

E, = energy release rate (watts) during the first release,

STl, = release fraction for radionuclide class i, 4=1, .... 9, in

the first release,
E, - energy release rate (watts) during the second release,
ST2, = same as STl, but for the second release.

The nine radionuclide classes are defined in Table 7-1. Two releases are defined
to accommodate the releases that occur in the "classic" accident. 1In this
accident, the containment fails before or at vessel breach and there is a large
release to the environment when the vessel fails. This release is often termed
the early release. The core is still in the vessel when the radionuclides in
this release leave the core, so they pass to the reactor cooling system and this
release is sometimes called the RCS release. In the "classic" accident, the
second release occurs some hours later when the reaction of the core with the
concrete of the basemat causes additional radioactive material to be released.
This release is typically much longer and of lower concentration than the first
releass, It is oftep called the CCI or late release. In accidents that do not
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fit this "classic" accident, the two releases are redefined as described below
and in NUREG/CR-5360.°

Table 7-1
Isotopes in Each Radionuclide Release Class

Release Class  lsotopes Included

1. Inert Gases Kr-85, Kr-85M, Kr-87, Kr-88, Xe-133, Xe-135

2. lodine 1-131, 1-132, 1-133, 1-134, I-135

3, Cesium Rb-86, Cs-134, Cs-136, Cs-137

4. Tellurium Sb-127, Sb-129, Te-127, Te-127M, Te-129,Te-129M,
Te-131M, Te-132

5. Strontium Sr-89, Sr-90, Sr-91, Sr-92

6. Ruthenium Co-58, Co-60, Mo-99, Tc-99M, Ru-103, Ru-105, Ru-106,
Rh-105

7. Lanthanum Y-90, ¥-91, Y-92, Y-93, 2r-95, 2r-97, Nb-95, La-140,
La-141, La-142, Pr-143, Nd-147, Am-241, Cm-242,
Cm- 244

8. Cerium Ce-141, Ce-143, Ce-144, Np-239, Pu-238, Pu-239,

Pu-240, Pu-241

9, Barium Ba-139, Ba-140

The purpose of this section is to provide an overview of the procedures used to
estimate the quantities shown in (Eq. 7.1) for each individual accident
progression bin. Thic is typically done in ome of two ways., The first is to
perform a small number of very detailed source term calculations and then to
approximate the source term for every accident progression bin by the results of

one of these calculations. In this manner, every source term comes from a
mechanistic code calculation, but resolution is lost by the use of the same
source term for a wide range of accident progression bins. The second

possibility is to use mechanistic code calculations and other sources of
information to develop the means to calculate a source term estimate for each
accident progression. With this approach, each accident progression bin is not
assigned a source term that was generated by a specific mechanistic calculation.
Rather, available source term information and the specific properties of the
accident progression bin are used to construct a source term. It is this second
approach that is used in the PRAs performed for NUREG-1150.
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Specifically, the approach to source term estimation used for the integrated
NUREG-1150 PRAs was to comstruct for each plant a fast-running computer code
based on a high-level description of the accident as represented by the
characteristics of the accident progression bins. These codes, collectively
referred to as the XSOR codes, are similar in approach and scope, but differ in
detail in order to reflect the features unique to each plant. The codes are:
SURSOR for Surry, SEQSOR for Sequoyah, ZISOR for Zion, PBSOR for Peach Bottom,
and GGSOR for Grand Gulf. A listing of each code appears in Appendix B of the
appropriate plant volume of this report.*

Information on timing and energy release rates for the XSOR codes was derived
directly from mechanistic c¢ode calculations. The release fractions are
determined by first decomposing the release fractions into their constituent
factors or terms as explained below, where each factor represents a specific step
or event in the release process. Then, an expert review process was used to
assemble information on most of these factors. The factors deemed less important
to risk were considered by the staff analysts and other NRC contractors in a less
formal fashion. The XSOR codes may be viewed as implementing a mapping from the
individual characteristics of accident progression bins to the distributions for
each factor in (Eq. 7.1). The XSOR codes also assemble the resultant source term
and implement the sampling procedure used to estimate the uncertainty.

7.2 Decomposition of Release Fractions

The incorporation of information obtained frem mechanistic code calculations and
experiments into the release fraction estimates used in NUREG-1150 is facilitated
by a suitable decomposition., The decomposition used in NUREG-1150 involves two
parts,

The first part of the decomposition is the division of the total release based
on the time of release from the core and the pathway followed. Specifically, the
following division is used:

rf,srf,,,*rf,,*rf,“orf,,#rf“, (Eq' 7'2)

where
ot 9} - total release fraction for radionuclide release class i,
rf,, = release fraction for radionuclide release class 1 for releases
that begin in the vessel (i.e., releases from fuel to the
reactor cooling system atmosphere before the vessel fails),
o SO release fraction for radionuclide release class i for releases
that begin ex-vessel (i.e., release from fuel due to core-

concrete interactions after vessel failure),

rhy release fraction for radionuclide release class i for releases
that arise from high-pressure melt ejection,
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release fraction for radionuclide release class i for late
releases (e.g., revolatilization of material deposited in the
vessel or in the containment),

rf,, = release fraction for radionuclide rele:se class 1 due to
special release mechanisms (e.g., SGTR accidents or iodine
releases from water pools late in the accident).

Each release fraction is defined by

tf, = GR; , (Rg. 7.3)
ql;
where
qR, - quantity (units: kg) of radionuclide release class 1 released

to the environment,
ql, = quantity (units: kg) of radionuclide release class i present
in the core at the time the fission process ceases.

There is no correction for radioactive decay since this correction is made in the
consequence calculation by MACCS.

The second part of the decomposition is a further subdivision of each release
fraction in (Eq. 7.3) into their constituent parts. Specifically, each of these
release fractions is expressed in the form

af(e)

na-;lrgu, (Eq. 7.4)

where ¢ designates the individual release modes (i.e., ¢ = v,e ,h,1,8), nf(c) is
the number of steps in the release path or ilwportant processes for release mode
c, and rf, is the release fraction for step or process j, radionuclide release
class i, and release mode c.

For example, the pathway for the release from fuel in-vessel has three steps and
a removal process, so nf(c) = 4. The three steps are the passage from the fuel
to the vessel atmosphere, the passage from there to the contairment, and the
passage from the containment to the environment. Thus, the subdivision of the
release from fuel in-vessel is represented by

rf, = it
P ﬂ o (Eq. 7.5)

1
= FCO Ll 5. . i
R‘ m i FC‘ON‘V‘ * ( DPE‘)
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where

FCOR, - fraction of radionuclide release class i released
from fuel to the vessel atmosphere,

FVES, - fraction of radionuclide release class i released to
the vessel atmosphere that is released from the
reactor cooling system to the containment before or
immediately after vessel breach,

FCONV, - fraction of radionuclide release class i released to
the containment from the reactor coolant system that
is released to the environment in the absence of
engineered safety features,

DFE; - decontamination factor for radionuclide release class
i for engineered safety features (e.g., sprays) for
material released from the reactor coolant system.

Similar decompositions are defined for rf,,, rf,,, rf,, and rf,,.

The purpose of the decompositions shown in (Eq. 7.2) and (Eq. 7.4) is to
represent the components of the release fraction calculations in terms of
quantities for which distributions can be determined from the results of
mechanistic calculations and experiments. In practice, the release fractions
rf.; shown in (Eq. 7.4) and illustrated in (Eq. 7.5) depend on the nature of the
accident progression, and may differ from one type of accident to another. These
differences in the accident progression are reflected in the APB definitions.
For example, in the NUREG-1150 analyses there are two cases for the quantity
FCOR; shown in (Eq. 7.5): high zirconium oxidation in-vessel and low zirconium
oxidation in-vessel, That is, the value ol FCOR, was sampled from one
distribution provided by the experts when the zirconium oxidation during core
degradation in the vessel was high, and from a differen: distribution when the
zirconium oxidation was low. When this dependence is taken into account, the
equation in (Eq. 7.4) becomes

nf(e)

£l > ﬂ £t (Coy) (Eq. 7.6)

where C. is a variable designating the particular set of conditions under
consideration in the determination of rf.,, and hence rf.,,. In the representaticn
for rf,, shown in (Lq. 7.5), FCOR, corresponds to rf,;, and so C,, would designate
whether the release under consideration involved high or low zirconium oxidation
in the vessel. Typically, C., can be viewed as an integer variable taking on
from 2 to 6 values, where each value corresponds to a different set of accident
conditions.

When the representations in (Eq. 7.2), (Eq. 7.4), and (Eq. 7.6) are brought
together, the following representation for release fractions to the environment
is obtained:
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nfic)

rf, = ([T zfeis(Cey)] (Eq. 7.7)
y C"'V.;l,l.l ;-1\ ST

This decomposition provides the formalism for incorporating source term
information derived from many sources into the individual NUREG-1150 plant

studies.

7.3  Development of Source Term Data Base

To implement the release fraction decomposition in (Eq. 7.7) in the XSOR codes
in a manner that reflects the uncertainty in the processes that determine the
magnitude of the release, distributions must be developed for each factor rf.
for each set of conditions C,. The analyses performed for the first draft of
NUREG-1150 provided preliminary decompositions and an idea of which factors rf
were the largest contributors to the uncertainty in the source terms.

These decompositions were reviewed and revised as necessary by the analysis team,
and preliminary decisions made about which were the more important factors. The
more important factors were termed "issues." As the source term panel of outside
experts did not have the resources to provide distributions for all the factors,
this division into more important and less important factors was necessary.
Possible conditions on which each issue might depend were also compiled.

When the expert panel convened, the decomposition of the release fractions into
pathways (see Eq. 7.2) and the further decomposition of each pathway into factors
(see Eq. 7.6) was reviewed with the panel and changed as they suggested. Next
the division of the factors rf., into more important and less important classes
was discussed with the panel. Since the panel would provide distributions for
the more important factors (the issues) and their time was limited, there could
be no wholesale movement of factors from the less important class to the more
important class. However, adjustments were made until the panel was satisfied
that they were considering the factors that were the most important to the
magnitude of the release and the uncertainty in it. Then the conditions on which
each factor depended were discussed by the panel until they came to an agreement
on which conditions were important and which were not. For example, they decided
that FCOR, in (Eq. 7.5) did not depend on *he RCS pressure during core
degradation, but that FVES, did.

Once the factors to be considered by the panel had been determined, and the
dependency conditions for each decided, the panel set about its most
time-consuming task: determining distributions for each release factor rf,, for
each condition C.. To do this, each expert on the team for a particular issue
considered all the experiments, theoretical analyses, and mechanistic code
calculations that he considered relevant. Each expert weighed the value of all
the information and provided a subjective distribution giving the probability
that the appropriate value to use for rf., falls in specified intervals for each
Ce;. These distributions from each expert were combined to give one composite
distribution to be used in XSOR. For each evaluation in the sample, typically
about 200, XSOR uses one value from the distribution for rf., for each C; to
compute a source term for each APB.
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Distributions for the less important release factors were determined by the
analysis staff based on t'e same types of information used by the panel of
outside experts: mechanis.ic code results, experiments, etc., Personnel from NRC
contractor laboratories were usually consulted, and every effort was made to
ensure that the distributions adopted were sufficiently wide to reflect all
approaches and different schools of thought.

Although plant conditions are generally best represented by continuous variables,
for treatment in the XSOR framework these continua usually had to be broken up
into a finite number of ranges. Each range was usually represented by the
midpoint value of the range. Thus, C, could take on nR values denoted by

Cesus k=1, ..., DR, (Eq. 7.8)

and a probability distribution is required for rf., for each C.,. Each
distribution is characterized by a function F.x such that, if x, < x, are two
possible values for rf,, for case Ccyx, then

Fopgie (X)) = Feygn (X)) (Eq. 7.9)

is the subjective probability specified by the expert review process that the
appropriate value to use for rf., falls between x, and o

At the completion of the expert review process, a distribution F..;x was available
for each release fraction rf., and each case C,, associated with it. With this
information, XSOR can calculate the release fractions for every APB for each
observation in the sample. The other information required in (Eq. 7.1), timing,
release heights, and release energies were estimated primarily at Sandia, based
on plant data and the results of mechanistic code calculations. This information
constituted the data base used for the estimation of the source terms shown.
Volume 2, Part 4 of this report’ provides the re lts of the expert elicitation
process used to develop distributions for the scurce term analysis.

To permit a source term estimate by XSOR for each APB, there must be
correspordence between accident progression bin properties and the conditions for
which distributions are defined for each release factor. Each accident
progression bin is defined by a vector of characteristics of the form

VAPB= [Chy, Chy, .\ Clhyg (Eq. 7.10)

where nCh is the number of APB characteristics for the particular plant under
consideration. In turn, each characteristic can take on 2 or more values, called
attributes, that define the particular conditions associated with a given
accident progression bin. As an example, Table 6-2 lists the 11 characteristics
for Surry, and Table 6-3 lists the attributes for the first two of these
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characteristics. For Surry, the eighth characteristic is the amount of in-vessel
zirconium oxidation, which has two attributes: low zirconium oxidation (<40%) and
high zirconium oxidation (>40%).

The link between the accicent progression analysis and the source term analysis
is a mapping, represented by a function F, from the vectors vAPB to the
conditions used in the definition of the source term data base. In Sections 7.2
and 7.3, these conditions were represented by the variable C,. Notationally,
all these conditions collectively can be represented by the vector

VO [€e Cor o v Coampl o (Eq. 7.11)

where nCnd is the total number of conditions used in the development of the
source term data base and the variables C,, j=1, ..., nCnd, correspond to the
individual conditions (i.e., all the C,). The mapping F is defined by

F(VAPB) =vC(VAPB)
«[C, (VAPB) , C; (VAPB) , . . . s Cpong(VAPB) |, e o

where C,(vAPB) is the value for condition j that results when the accident
progression bin defined by VvAPB is considered., As an example, if C, was the
condition that specified the level of in-vessel zirconium oxidation, then
C,(vAPB) would be either low or high zirconium oxidation depending on the value
of vAPB.

Sometimes the value for C,(vAPB) depends on only one of the characteristics in
vAPB. This is the case with the zirconium example just given. In other cases,
the value for C,(vAPB) may depend on several of the characteristics in VvAPB.
This dependency between C,(vAPB) and vAPB, as specified by the function F, was
developed through interaction between the analysts responsible for the accident
progression and source term analyses.

7.5 The XSOR Codes

The preceding sections have Jdescribed a decomposition of radionuclide release
fractions, the development of a data base for use in conjunction with this
decomposition, and the definition of a mapping from accident progression bin
characteristics to the source term data base. The XSOR' codes were developed to
bring these activities together computationally to produce source terms of the
form shown in (Eq. 7.1). The performance of the XSOR codes was compared to the
STCP to assure that reasonable relesse fractions were calculated.®

The XSOR codes contain the source term data base described in Section 7.3 and
{mplement the mapping F described .n Section 7.4 from accident progression bin
characteristics to 'conditions in thte data base. Once this mapping is performed,
appropriate values for use with th: release fraction decomposition described in
Section 7.2 are selected and release fractions are calculated with expressions
of the form shown in (Eq. 7.7). In addition, timing parameters and energy
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As described in Section 4.5, the integrated NUREG-1150 analyses use Monte Carlo
procedures as a basis for uncertainty and sensitivity analysis. This involves
propagating a Latin hypercube sample of the form shown in (Eq. 4.8) through the
analysis performed for each plant. In general, this results iv a different set
of accident progression bins and different values for the source term variables
for each sample element.

Notationally, the accident progression bins can be represented by

APB,, , k=1, ..., nAPB{s) , (Eq. 7.13)

where APB,, is the k' accident progression bin obtained when the APET 1is
evaluated for the s* sample element, and nAPB(s) is the total number of accident
progression bins obtained for sample element s. As indicated in Section 6.5,
each of the accident progression bins has a frequency fAPB,,.

The XSOR code is used to obtain a source term estimate for each accident
progression bin APB,,. In doing this, XSOR uses variable values appropriate for
the s*" sample element, that is, XSOR uses the vector X, as shown in (Eq. 4.8).
As described earlier, the XSOR code contains the entire source term data base
developed for the particular plant under consideration. Thus, XSOR contains
distributions for the parameters used in release fraction estimation. The vector
X, for sample elements does not actually contain parameters used in release
fraction estimation, rather, X, contains pointer variables used to select
parameter values from the source term data base distributions in XSOR. The XSOR
code takes X, and the associated accident progression bins shown in (Eq. 7.13)
as input, determines the release fraction parameters specified by X,, and then
calculates a source term

8T, k=1, ..., nAPB(s) , (Eq. 7.14)

for each sample element. The resultant source terms ST,, are of the form shown
in (Eq. 7.1) with the addition of the subscripts s and k to specify sample
element and accident progression bin, respectively.

7.6  Source Term Partitioning

The total number of source terms ST,, generated in a single plant analysis was
quite large and typically fell somewhere between 10,000 and 100,000, It was
computationally impractical to perform a MACCS consequence calculation for each
source term. Therefore, this large number of source terms was divided into a
much smaller number (about 50) of source term groups, which formed the interface
between the source term analysis and the consequence analysis. This division was
based on the potential to cause early and chronic health effects and was
implemented by the PARTITION® program. FEach source term group was constructed
so that it presented a similar set of conditions for consequence analysis,
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The outcome of the source term partitioning was a sequence of source term groups

§7G,, A=1, ..., n87G, (Bq. 7.15)

vhere each source term group is a set of source terms that specify similar
{nitial and boundary conditions for consequence analysis., These groups actually
enter into the integrated plant analyses through two additional quantities that
are also generated by PARTITION. The first of these is the matrix P(APB+STG) of
transition probabilities from accident progression bins to source term groups
appearing in (Eq. 4.3). The second is a mean source termw

mSTy, A=1, ..., nSTG, (Eq. 7.16)

for each source term group. The mean source terms mST, are of the same form as
those shown in (Eq. 7.1) and are obtained by weighting each source term in STG,
by its frequency

The partitioning process is described in detail in the user's gulde for
PARTITION.' As part of the consequence analysis, a MACCS calculation is
performed for the mean source term mST, associated with each source term group.

7.7 Source Term Risk Results

As discussed in Chapter 2, the results of a risk analysis can be expressed as a
set of triples R. The form of these triples shown in (Eq. 6.2) is appropriate
for the discussion of the source term risk results. There are several ways in
which such sets might be defined at the completion of the source term analysis.
Further, given a particular definition, & different set R, results for each
sample element X,

One possibility is to define the R, by
R,=| (APB,,, fAPB,,, ST,), k*1, ..., nAPB(s)}, (Eq. 7.17)

where APB,, represents the set of all accidents assigned to accident progression
bin APB,, for sample element s. As discussed in Section 4.5, the uncertainty
results given by the R, taken collectively can be shown with families of
exceedance frequency curves and distributions of annual risks. An example of
such a family of exceedance frequency curves for the iodine release fraction for
internal initiators at Surry is shown in Figure 7-1. There is one curve for each
of the 200 observations in the sample.

Another possibility is to define each R, by
R, * ((8TG,;, £97G,,, mST,), A=1, ..., nSTG} , (Eq. 7.18)

where STG,,, represents the set of all accidents assigned to source term group
A for sample element s, fSTG, is the estimated frequency for source term group
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for sample element s, and mST, is the mean source term for source term group A
shown in (Eq. 7.16). The frequency fSTG, is defined by the relationship in (Eq.
4.3) for each sample element, The set STG,, is the union of the sets APB,, for
the accident progression bins assigned to source term group A for sample element
s, this assignment is summarized in the matrix P, (APB < STG) shown in (Eq. 64.9).
The characteristic source terms mST, assigned to the individual source term
groups do not change from sample element to sample element and therefore do not
contain the subscript s.
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8.0 OFFSITE CONSEQUENCE ANALYSIS

8.1  Introduction

The severe reactor accident radioactive releases described in the preceding
section are of concern because of their potential for impacts in the surrounding
environment and population, The impacts of radiocactive releases to the
atmosphere from such accidents can manifest themselves in a variety of ways, such
as early and delayed health effects, loss of habitahility of areas close to the
power plant, and economic losses. The fourth step in the NUREG-1150 risk
analyses is the estimation of these offsite consequences, given the radioactive
releases generated in the previous step of the analysis.

The principal steps in the offsite consequence analysis are:
. Assessment of pre-accident inventories of radiocactive material;

. Analysis of the downwind transport, dispersion, and deposition of the
radioactive materials released from the plant;

. Analysis of the radiation doses received by the exposed populations via
direct (cloudshine, inhalation, groundshine, and deposition on skin) and
indirect (ingestion) pathways;

. Analysis of the mitigation of these doses by emergency response actions
(evacuation, sheltering, and relocation of people), interdiction of milk
and crops, and decontamination or interdiction of land and buildings:

. Calculation of the health effects of the release, including:

- Number of early fatalities and early injuries expected to occur
within 1 year of the accident, and the latent cancer fatalities
expected to occur over the lifetimes of the exposed individuals;

- The total population dose received by the people living within
specific distances (e.g., 50 miles) of the plant; and

- Other specified measures of offsite health effect consequences
(e.g., the number of early fatalities in the population living
within 1 mile of the reactor site boundary).

Each of these steps will be discussed in the following sections.

The NUREG-1150 offsite consequence calculations were performed with Version 1.5
of the MACCS (MELCOR Accident Consequence Code System) computer code.'"

8.2 Assessment of Pre-Accident Inventories

The radionuclide core inventories were calculated using the SANDIA-ORIGEN code.*
For PWRs, the base calculation was performed for a 3412 megawatt (thermal) (MWt)
Westinghouse PWR with an annual refueling cycle and an 80 percent capacity
factor. The core contains 89.1 metric tons of uranium (MTU), is initially
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enriched to 3.3 percent U-235, and is used in a 3-year cycle, with one-third of
the core being replaced each year. The specific power is 38.3 MWt/MTU, which
gives the burnups at the end of j.year cycle at 11,183 megawatt-days (MWD)/MTU,
22,366 MWD/MTU, and 33,550 MWD/MTU for each of the three regions of the core.

For BWRs, the base calculation was performed for a 3578 MWt General Electric
BWR-6 reactor. It also had an annual refueling cycle and an 80 percent capacity
factor. The core contains 136.7 MTU and has initial enrichments of 2.66 percent
and 2.83 percent U-225. The 2.66 percent fuel is used for both the 3-year cycle
and the 4-year cycle, while the 2.83 percent is used only for the 4-year cycle.
The fuel on 4-year cycles operates at roughly average power for the first three
years and is then divided into two batches for the fourth year: half going to
the core center (near average power) and half going to the periphery (about half
of the average power). This complex fuel management plan yields five different
types of discharged spent fuel and the inventory at the end of annual refueling
includes the contributions of all fuel types.

The core inventory of each plant was calculated by multiplying the standard PWR
or BWR core inventory described above by the ratio of plant power level to the
power level of the standard plant. The 60 radionuclides considered to be of most
importance to offsite consequences are placed in nine groups as listed in Table
7-1.

8.3

The MACCS code uses an empirical straight line Gaussian model for calculations
of transport and dispersion of the plume that would be formed by the radioactive
material released from the plant. These calculations use a sequence of
successive hourly meteorological data from the reactor site for several days
beginning at the release.’ MACCS also calculates the rise of the plume
vertically while it is transport~4 downwind if the radionuclide release is
accompanied by thermal energy. Actual occurrence and the height of the
plume-rise depends on the thermal release rate and the ambient meteorological
conditions at the time of the release.® Depletion of the plume by radiocactive
decay and dry and wet deposition processes during transport are taken into
account, Radioactive contamination of the ground due to the dry and wet
deposition processes is also calculated., These calculations are performed up to
a very large distance, namely, 1,000 miles, from the reactor. Beyond 500 miles
from the reactor, the deposition rate is artificially increased to ensure
complete deposition of all radioactive material in particulate form and a
complete accounting of these radionuclides. The .oble gases are not deposited
and ultimately leave the region. The impact of very Jilute noble gases leaving
the region is negligible. Thus, the entire impacted region for this study is the
circular region with a 1,000-mile radius centered on the plant site.

The consequences for a given release of radioactive material depend on the
ambient weather conditions, and so vary with the wind direction, time of day,
season of the year, and so on. The wind direction is particularly important due
to the variations in the population distribution, land use, and agricultural
practice and productivity around the plant site. The MACCS code treats weather
variability by calculating the consequences for many weather sequences. Each
weather sequence is statistically selected from the plant’s meteorological data
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for an entire year to represent a class of weather sequences, and provides hourly
wind speed, mixing, and precipitation values for the consequence calculation.
The consequences are calculated for all 16 wind directions: for each direction,
the probability of the consequence is the product of the weather sequence
probability and the wind direction probability. The consequence evaluations with
MACCS for this study generally utilized between 1,500 to 2,500 combinations of
weather sequence and direction sector. This produces an equal number of pairs
of magnitude and prebability for each consequence measure analyzed. These
collections of pairs of magnitude and probability for each consequence measure
form the information set from which the exceedance curves are generated.

8.4 Calculation of Doses

MACCS calculates the radiological doses to the population resulting from several
exposure pathways using a set of dose conversion factors.®® During the early
phase, which begins at the time of the radionuclide release and lasts about a
week, the exposure pathways are the external radiation from the passing
radioactive cloud (plume), contaminated ground, and radiation from the
radionuclides deposited on the skin, and internal radiation from inhalation of
radionuclides from the cloud and resuspended radionuclides deposited on the
ground. Following the early phase, the long-term (chronic) exposure pathways are
external radiation from the contaminated ground and internal radiation from
ingestion and inhalation, The ingestion pathway includes foods directly
contaminated during plume passage, milk from cows which ate contaminated forage,
foods grown on contaminated soil, and contaminated water. The inhalation pathway
treats previously deposited radionuclides which have been resuspended.

8.5

In the event of a large atmospheric release of radionuclides in a severe reactor
accident, a variety of emergency response and long-term countermeasures would be
undertaken on behalf of the public to mitigate the consequences of the accident.
The emergency response measures to reduce the doses from the early exposure
pathways include evacuation or sheltering (followed by relocation) of the people
in the areas relatively close to the plant site and relocation of people from
highly contaminated areas farther away from the site. The long-term
countermeasures include decontamination of land and property to make them usable,
or temporary or permanent interdiction (condemnation) of highly contaminated
land, property, and foods that cannot be effectively or economically
decontaminated. These response measures are associated with expenses and losses
that contribute to the offsite economic cost of the accident.

The analysis of offsite consequences for this study included a "base case" and
several sets of alternative emergency response actions. For the base case, 99.5
percent of the population within the 10-mile emergency planning zone (EPZ)
participated in an evacuation. This set of people moved away from the plant site
at a speed estimated from the plant licensee's emergency plan, after an initial
delay (to permit communication of the need to evacuate), which was also estimated
from the licensee’'s plan. The 0.5 percent of the population that did not
participate in the initial evacuation was relocated within 12 to 24 hours after
plume passage, based on the measured concentrations of radicactive material in
the surrounding area and the comparison of projected doses with proposed
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Environmental Protection Agency (EPA) guidelines.’ Similar relocation criteria
were used for the population outside the 10-mile planning zone.

For seismic initiators, the evacuation parameters were altered since the
earthquakes were judged to affect the evacuation. It was estimated that for
earthquakes in which the maximum peak ground acceleration (PGA) exceeds 0.6 g,
there would be no effective evacuation and many structures would be
uninhabitable. However, the population that would have evacuated is velocated
after 24 hours. For earthquakes in which the maximum PGA does not exceed 0.6 g,
the evacuation is degraded. The delay period (from the warning to the start of
evacuation) is increased to 1.5 times its normal value, and the evacuation speed
{s decreased to half its normal value.

The shielding parameters were also modified for seismic initiators For
earthquakes in which the maximum PGA exceeds 0.6 g, it was assumed that the
population within ten miles of the plant remained outdoors for a period of 24
hours and then were relocated. Thus, the shielding factors were those for the
outdoor exposure. At greater than 10 miles, it was assumed that there was no
earthquake damage and that the same shielding factors and relocation models used
for the internal events would be applicable. For earthquakes in which the
maximum PCA does mot exceed 0.6 g, the normal activity shielding factors were
modified to account for the effect that broken windows would have on the people
remaining indoors.

Several alternative emergency response assumptions were also analyzed in this
study’'s offsite consequence and risk analyses. These included:

. Evacuation of 100 percent of the population within the 10-mile emergency
planning zone;

. Indoor sheltering of 100 percent of the population within the EPZ (during
plume passage) followed by rapid subsequent relocation after plume
passage ;

. In lieu of evacuation or sheltering, only relocation from the EPZ within
12 to 24 hours after plume passage, using relocation criteria described
above .

In each of these alternatives, the region outside the 10-mile zone was subject
to a common assumption that relocation was performed based on comparisons of
projected doses with EPA guidelines (as discussed above).

8.6 Health Effects Modeling

The potential early health effects of radicactive releases are fatalities and
morbidities (injuries) occurring within about a year in the population receiving
acute and high radiological doses from the early exposure pathways. The
potential delayed health effects are fatal and nonfatal cancers that may occur
in the exposed population after varying periods of latency and continuing for
many years; and various types of genetic effects that may occur in the succeeding
generations stemming from radiological exposures of the parents. Both early and
chronic exposure pathways would contribute to the latent health effects.
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The early fatality models currently implemented in MACCS are based on
NUREG/CR-4214."° Three body organs are used in the earl fatality calculation:
red bone marrow, lung, and lower large intestine (LLI). 1lne organ-specific early
fatality threshold doses used are 150 rems, 500 rems, and 750 rems, and LD,
values used are 400 rems, 1,000 rems, and 1,500 rems to the red marrow, lung, and
LLI, respectively. The current models reflect a reduced effectiveness of
protracted inhalation doses in causing early death; they also take the benefits
of medical treatment into account.

The early injury models implemented in MACCS are also threshold models and are
similar to those described in NUREG/CR-4214. The candidate organs used for the
current analysis are the stomach, lungs, skin, and thyroid.

The latent fatal and nonfatal cancer models are nonthreshold and linear-
quadratic models taken from NUREG/CR-4214 and are based on the BEIR III Report."
However, only a linear model was used for latent cancer fatalities from the
chronic exposure nathways since the quadratic term was small compared to the
linear term because of low individual doses from these pathways. The specific
organs used were red bone marrow (for leukemia), bone, breast, lung, thyroid,
LLI, and others (based on the LLI dose representing the dose to the other
organs) .

Population exposure has been treated as a nonthreshold measure; truncation at low
individual radiation dose levels has not been performed.

8.7 Products of Offsite Lonsequence Analysis

The product of this part of the analysis is a set of offsite consequence measures
for each source term group. For NUREG-1150, the specific consequence measures
discussed include early fatalities, latent cancer fatalities, total population
dose (within 50 miles and total), and two measures for comparison with NRC's
safety goals, average individual early fatality risk within 1 mile and average
individual latent fatality risk with 10 miles. In NUREG-1150, results of the
offsite consequence analysis are displayed in the form of complementary
cumulative distribution functions (CCDFs), as shown in Figure 8-1. As discussed
in Section 4.4, these curves are constructed from sequences of the form

(P, CBTG, =) %8, 2, cs o AW, (Eq. 8.1)

where pW, s the probability of occurrence for weather trial n, ¢8TG,, is the
conseque.ce value associated with source term group 1 for consequence measure m
and vcather trial n, and nW is the number of weather trials.

The uncertainty in the parameters of the offsite consequence analysis was not
included in the overall uncertainty analysis performed for the NUREG-1150 PRAs,
although variability due to hourly variations in meteorological conditions is
included. Examples of uncertainty/sensitivity studies for reactor accident
consequence models are available elsewhere '

‘Only 502 of the population receiving this dose will survive.
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The MACCS code is documentsd in NUREG/CR-4691,"' and the specific MACCS input
used is given in Part 7 of Volume 2 of this report.'

As discussed in Chapter 2 and illustrated at the end of Section 4.4 for
consequence analysis, the basic conceptual representation for risk in NUREG-1150
involves sets of ordered triples. The contribution of consequence analysis to
these risk sets {s information of the form shown in (Eq. 8.1). The tyvical way
to display consequence risk information is as exceedance frequency curves, where
consequence value appears on the abscissa and the frequencies at which individual
values are exceeded appear on the ordinate. An example of such a curve appears
in Figure 4-2. As shown in Figure 4-4, a family of these curves results from the
uncertainty propagation procedure used in NUREG-1150. Since conseguence
variables are not sampled, the variability in the curves in Figure 4-4 comes from
factors that affect the parts of the aualysis before consequence analysis,

Construction of the curves in Figure 4-2 and 4-4 uses the vector fSTG of source
term group frequencies shown in (Eq. 4.3) and the consequence results shown in
Figure 8-1. In the construction of Figure 4-4, there is a new frequency vector
fSTG for each sample element. For the cal~culation of annual risks, each of the
curves in Figure 8-1 can be reduced to a single expected risk. This yields the
matr | TG shown in (Eq. 4.4). Since consequence variables were not sampled,
the matrix ¢STG does not change from sample element to sample element. As can
be seen in (Eq. 4.9), what does change are the terms by which cSTC is multipied
to obtain annual risk. The calculations in (Eq. 4.9) lead to distributions of
annual risk of the form shown in Figure 4-5. The results shown in Figure 4-5 are
the outcome of reducing each of the curves in Figure 4-4 to a single number.
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9.0  CHARACTERIZATION AND COMBINATION OF UNCERTAINTIES
9.1 QOverview

An important characteristic of the probabilistic risk analyses conducted in
support of NUREG-1150 is that they explicitly include in estimation of the
uncertainties in core damage frequency and risk, Tb.se uncertainties exist
because of our incomplete understanding of reactor sysiems and severe accident
phenomena.

There are four steps in the performance of uncertainty analyses. Briefly, these
are:

. determine the scope of the uncertainty analysis,

° define the specific parameters to be included in the analysis,
. develop probability distributions for these parameters, and

. combine the uncertainties and analyze the results.

Important sources of uncertainty exist in all four stages of the risk analysis.
In this study, the total number of parameters about which uncertainty exists is
very large. Resource limitations required that only the most important uncertain
parameters could be included in the integrated risk analyses. An understanding
of which uncertainties could be among the more important to risk was obtained
from previous PRAs, discussion with those conducting research into severe

accident processes, limited sensitivity analyses, and the PRAs performed for the
first draft of NUREG-1150.

The parameters thought to be the most important in determining the uncertainty
in risk are called "issues." Issues involve processes and events for which the
uncertainties were estimated to be large and important to risk and for which
there are no widely accepted models, Probability distributions for issues were

determined by panels of outside experts. The issues considered by these panels
are listed in Table 9-1.

In order for uncertainties in accident phenomena to be included, probability
distributions had to be developed for specific parameters that were used in the
accident frequency, accident progression, and source term analyses. The offsite
congequence analysis was not included in the uncertainty analysis. None of these
constituent analyses were at the same level of detail as the detailed or
integrated mechanistic computer codes. Thus, the uncertain input parameters used
in this study are "high level" or summary parameters. For many of the physical
phenomena involved, there are no widely accepted, complete models that link the
fundamental physical quantities to the summary parameters. This is largely due
to lack of knowledge and understanding; it leads to what is referred to in this
study as modeling uncertainties. In addition, the values of some important
physical or chemical parameters are not well known. These are referrcd to as
data uncertainties. Both types of uncertainties were included in the study and
no consistent effort was made to differentiate between the effects of the two
types of uncertainties.
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Probability distributions for input parameters were developed by a number of
methods. Distributions for the input parameters having the largest uncertainties
and believed to be of the greatest importance to risk were determined by panels
of experts. The experts used a wide variety of techniques to generate
probability distributions, including reliance on detailed code calculations,
extrapolation of existing experimental and accident data to postulated conditions
during the accident, and complex logic networks. Probability distributions were
obtained from the expert panels using formalized procedures designed to minimize
bias and maximize accuracy and scrutability of the experts’' results. These
procedures are described and results are given in Volume 2 of this report .’
Probability distributions for parameters believed to be of less importance to
risk were generated in a less formal manner by analysts on the project staff with
the assistance of experts from NRC contractor laboratories using sources of
information similar to those utilized by the expert panels.

A stratified Monte Carlo method, Latin hype-cube sampling,’ was used to create
a sample from the probability distributions cefined for uncertain input
parameters. The sample observations were propagaced through the constituent
analyses to produce probability distributions for core damage freguency and risk.
Monte Carlo methods produce results that can be analyzed with a variety of
techniques, such as regression analysis. Such methods easily treat distributions
with wide ranges and can incorporate correlations between variables. Latin
hypercube sampling provides for a more efficient sampling technique than
straightforward Monte Carle sampling while retaining the benefits of Monte Carlo
techniques. It hasi been shown to be an effective technique when compared to
other, more costly, methods.’ Since many of the probability distributions used
in the risk analyses are subjective distributions, the composite probability
distributions for core damage frequency and risk must also be considered
subjective.

The results of the risk analysis and its constituent analyses are subjective
probability distributions as described in Chapter 3. The quantities involved are
given in (Eq. 3.4) and (Eq. 4.5) With Latin hypercube sampling, the probability
distributions are estimated with a limited number (about 200) of calculations of
risk, each calculation being equally likely. That is, for the uncertainty
analysis about 200 values of rC, in (Eq. 3.4) are generated.
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Table 9-1.
Issues Considered by Expert Panels

Accident lroqﬁoncy Analysis Panel

Failure probabilities for check valves in interfacing-system LOCAs (Event
V) (PWRs)

Physical effects of containment structural or vent failures on core
cooling equipment (BWRs)

Innovative recovery actions in long-term accident sequences (PWRs and
BWRs)

Pipe rupture frequency in the component cooling water system (Zion)

Use of high-pressure service water system as source for drywell sprays
(Peach Bottom)

Reactor Coolant Pump Seal Performance Panel
Frequency and size of reactor coolant pump seal failures (PWRs)
In-Vessel Accident Progression Panel

Probability of temperature-indu:ed reactor coolant system hot leg failure
(PWRs)

Probability of temperature-indu:.ed steam generator tube failure (PWRs)
Magnitude of in-vessel hydrogen guneration (PWRs and BWRs)

Mode of temperature-induced reactor vessel bottom head failure (PWRs and
BWR«)

Contaisment Loading Panel
Containment pressure increase at reactor vessel breach (PWRs and BWRs)

Probability and pressure resulting from hydrogen combustion before reacto -
vessel breach (Sequoyah and Grand Gulf)

Probability and effects of hydrogen combustion in reactor building (Peach
Bottom)
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Table 9-1 (continued)

Molten Core-Contsinment Interactions Panel

Drywell shell meltthrough (Peach Bottom)

Pedestal erosion from core-concrete interaction (Grand Gulf)

Containment Structural Performance Panel

Static containment failure pressure and mode (PWRs and BWRs)

Probability of ice condenser failure due to hydrogen detonation (Sequoyah)
Strength of reactor building (Peach Bottom)

Probability of drywell and containment failure due to hydrogen detonation
{Grand Gulf)

Pedestal strength during concrete erosion (Grand Gulf)
Source Term Expert Panel
In-vessel retention and release of radioactive material (PWRs and BWRs)

Revolatilization of radicactive material from the reactor vessel and
reactor coolant system (early and late) (PWRs and BWRs)

Radioactive releases during high-pressure melt ejection/direct containment
heating (PWRs and BWRs)

Radioactive releases during core-concrete interaction (PWRs and BWRs)

Retention and release from containment of core-concrete interaction
radioactive releases (PWRs and BWRs)

Ice condenser decontamination factor (Sequoyah)
Reactor building decontamination factor (Peach Bottom)

Late sources of iodine (Grand Gulf)
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9.2 TIypes of Uncertainty

The major assumption or belief that underlies the structure of the NUREG-1150
risk assessments is the importance of separating stochastic uncertainty from
subjective uncertainty. Stochastic uncertainty occurs because the system under
consideration (e.g., a nuclear power plant and its environment) can behave in
many different ways. Subjective uncertainty exists because our current state of
knowledge is incomplete. Thus stochastic uncertainty is a property of the system
under study while subjective uncertainty results from an imperfect human
knowledge base. The importance of making this distinction has been emphasized
by many authors, ** Subjective uncertainty is often divided into model
uncertainty and parameter uncertainty. In this study, model uncertainties
associated with phenomenologica! issues and data uncertainties associated with
inputs to these models are represented by the uncertainties in the parameters
that form input to the PRA logic models. Thus, in this studv, all suiective
uncertainties (i.e., model and parameter) are represented by subjective parameter
uncertainties. The uncertainties that arise from the PRA models themselves
(i.e., the strrcture of the event trees and fault trees, number of issues
addressed, aggregation) has not been address>d in tchis study. The definitions
used in this study for vubjective and stochastic = .certainty are described in the
following two paragraphs.

Subjective parameter uncertainty designates the uncertainty that
results from the impreciseness of the quantitative estimates for the
input parameters used in the phenomenological and logical models
chosen for use in the analysis. This is referred to as subjective
uncertainty because it is a function of the state of knowledge of
the analysts rather than a property of the system. As an example,
this uncertainty may characterize the precision with which a
quantity may be estimated from available data.

Stochastic uncertainty designates the uncertainty that results from
the intrincfc wvariability of the system under consideration.
ldeally, stochastic uncertainty is a property of the system under
study, while subjective uncertainty is a property of the analysts
performing the study. Phenomena may not be inherently stochastic,
but can be considered stochastic within the resolution of a
particular analysis and/or within the resolution of our ability to
understand nature. Although stochastic uncertainty is a property of
the system, its characterization can be dependent on the structure
and level of detail of the model used to describe this system.
Stochastic uncertainty occurs when a particular event in a PRA model
obeys probabilistic laws and does not have a definite deterministic
outcome. That is, for repeated trials, it is not expected that the
identical result would always occur.

Both types of uncertainties were included in the study. For example, there is
stochastic uncertainty resulting from the fact that a pump will not start every
time. However, the uncertainty in the precise failure rate is a subjective
parameter uncertainty.
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In the NUREG-1150 PRAs, the structure of each analysis allows for stochastic
uncertainty. For example, each question with more than one nonzero branch in the
event trees used in the accident frequency and accident progression analyses
expresses a stochastic uncertainty. 1f there was not subjective uncertainty,
specific fixe wvalues could be used for the probability of each branch.
Conceptually, these e¢vent trees define a strategy based on importance sampling
for the incorporatior of stochastic uncertainty. In contrast, subjective
uncertainty enters tue analysis through the definition of probability
distributions for quantities in the analysis such as branch probabilities in the
event trees. Subjective uncertainty is also used to characterize events for
which different outcomes are hypothesized, however, only one outcome is correct
(i.e., there is no stochastic uncertainty) and based on our current state of
knowledge we cannot be certain a priori which is the correct outcome. For this
type of event, if the same accident occurred a large number of times the same
outcome would always result. In the accident progression analysis this type of
event is typically represented by a multibranch question in the event tree with
only one branch being used for any given observation. For example, a question
with two outcomes A and B will be handled by having some sample members follow
outcome A and other sample members will follow outcome B. That is, for any given
sample member only one branch will be taken. If the subjective probability of
outcome A is 0.10, then 10% of the sample members will follow outcome A, and only
A: and 90% will follow B and only B. Sample members having outcome A may be
considered as belonging to a universe in which A is the only possible outcome,
and those having B belong to a universe in which only B is possible. This type
of sampling is referred to as "0/1" sampling, because the probability of
following a path is zero for some sample members and unity for others, but never
anything in between. The "in-between" case, where both branches have
probabilities greater than 0 and less than 1 is referred to as split fraction
sampling. (The two probabilities must sum to 1.0, of course.)

The division of uncertainty into types is not always a clear-cut process. Often
experts are divided in their opinion as to whether an uncertain issue should be
treated as subjective (i.e., "0/1" type) or stochastic. Those experts who have
a background in probability and statistics tend to view more issues as stochastic
than do those having backgrounds in deterministic analysis. If some experts
believe an issue to be truly "0/1" and others believe it to be stochastic, then
the resulting aggregated distribution will be a hybrid. Sample members falling
within the subjective part are sampled "0/1" and those falling within the
stochastic part are sampled by split fractions. An example is temperature-
induced large hot-leg failures in PWRs. Some experts believed that the event
would either always happen or would never happen, and their uncertainty was as
to which outcome would be true. Others thought that the event would sometimes
happen, but under similar initial and boundary conditions might not happen, and
their uncertainty was as to the frequency with which the event would occur. If
a sample member falls at either ond of the distribution the event will occur with
probability zero or one. However, if the sample member falls in the middle of
the distribution, the event will have a split fraction for occurrence.

The use of expert opinion to characterize and quantify the uncertainty in
important events modeled in the PRA is discussed in the next section.
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9.3 Use of Expert Opinion

The methodology used in the expert judgment process for NUREG-1150 was designed
to obtain subjective estimates of unknown physical quantities and frequencies in
a manner that best uses the available expertise and accurately reflects the
collective uncertainty about these values. Several principles guided the
application of expert opinion methods:

1. The assessments should be limited to issues on which alternative
sources of information such as experimental or observational data,
or validated computer models are not available.

2. The issues analyzed using expert judgment should have the potential
to make a significant impact on the estimates of risk and
uncertainty in risk.

< 5 The deccmposition of complex issues into simpler assessments is made
in order to improve the quality of the resulting information.

4, Issues should be presented to the experts without ambiguity and
without the potential for preconditioning or biasing responses.

- 8 Experts should be trained in the practice of expressing knowledge
and beliefs as probability distributions.

6. Discussion of issues and alternative beliefs should take place in
structured and controlled meetings that encourage the exploration of
alternative beliefs while inhibiting pressure to conform.

7. Elicitation of expert opinion should be conducted using techniques
and instruments that reflect the state of the art in subjective
probability assessment.

8. The aggregation of judgments from various experts should preserve
the uncertainty that exists among alternative points of view. Equal
weight should be assigned to the assessment for each expert to
represent the uncertainty completely.

NUREG-1150 does not attempt to reduce uncertainty in risk analysis, nor is it an
attempt to find a best estimate. This study is an attempt to produce an unbiased
picture of uncertainty in risk. The study tries to discover the range in risk
inherent in the range of plausible assumptions about phenomenology and initial
and boundary conditions. The risk corresponding to the most (subjectively)
plausible assumptions has a higher likelihood of being accepted by a randomly
chosen expert in accident phenomena. The risk corresponding to less plausible
assumptions nevertheless has some likelihood of being accepted by any expert, and
may indeed be the most acceptable for some experts. Experts are sometimes wrong,
and the "true" risk could lie outside the ranges found in this study.
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9 3.1 Steps to Elicit Expert Judgment

The principles identified above, the criticism of the draft NUREG-1150 expert
judgment efforts, and the findings of precursor studies employing expert
judgment'®** provided guidance for the design of the NUREG-1150 expert judgment
elicitation process. The process evolved into ten steps:

Selection of issues;

Selection of experts;

Elicitation training;

Presentation and review of issues;

Preparation of expert analyses by panel members;
Discussion of analyses;

Elicitation;

Recomposition and aggregation;

Review by the panel of experts;

0. Documentation.

O~V W

These steps are also shown in Figure 9-1.

The methodology was implemented in a three-meeting format, with much additional
work being accomplished between meetings. Steps 1 and 2 were accomplished before
the first meeting of the expert panel. Step 3, elicitation training, took place
in the first meeting, which lasted one-half day. The presentation and review of
issues, Step 4, was done during the second meeting, which, in oraer to reduce
travel costs, took place immediately after the first meeting. Step 5 was
accomplished between the second and third meetings (in some cases the expert
panels met for additional discussions during this time),. Discussion and
elicitation, Steps 6 and 7, occurred in the third meeting, which usually took
place three months after the first and second meetings (the accident sequence
frequency group and the structural response group met two months after the first

two meetings). The final steps, 8, 9, and 10, were accomplished after the third
meeting.

9.3.2 Selection of Issues

The NUREG-1150 program attempts to show the range and distribution of risk due
to uncertainty in the inputs. Some of this uncertainty is phenomenological, some
is stochastic, and some is because of limited availability of data. There are
an enormous number of inputs, and all are uncertain to some extent. It was thus
impossible to treat all questions and issues with the same degree of
thoroughness. In selecting issues to be brought before the expert panels, the
following points were considered:
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Figure 9-1 Principal steps in Obtaining Expert Opinion

(Figure A-15 (p. A-46) in Appendix A of NUREG-1150)




. A parameter should have a large effect on the
magnitude of risk to be included as an issue. If a parameter was highly
uncertain, but variatior across its entire range would not cause a big
change in risk, there wo:ld be little need for a detailed treatment. The
likely impact on risk was determined by the outcome seen in the draft
version of NUREG-1150, by sinaller scale side calculations, by the opinions
of the expert panels, and by examination of previous PRASs .

. Interest within the reactor yafety community. Some parameters were
thought not to be major determinants of risk or uncertainty in risk, but
nevertheless involved processes »r events that had been the subject of
intense investigation and debate.

e 1o improve on the treatment in Draft NUREG-1150. For some parameters that
were not important in the draft version, it was recognized that the
treatment there was less than optimum. Such parameters might be included
to determine whether an improved treatment would change those conclusions.

. High impact on uncertainty. 1f the uncertainty in a parameter appeared
unlikely to affect the mean value of risk, but seemed likely to have a
significant effect on the uncertainty in risk, it was treated as an issue
if feasible.

Parameters meeting any of these criteria were included in a preliminary list of
issues presented to each panel of experts, along with reasons for their
inclusion. A list of parameters not selected as issues was also presented, along
with reasons for their exclusion. The expert panel was asked to review the list
of issues, and to add or delete issues. The expert panels were the same ones
that would be asked to quantify these uncertain issues. An understanding of the
limited time and resources available generally militated against an unwarranted
or overly generous expansion of the issues.

Those issues that wer. selected for quantification by the external expert panels
fell into three broad classes: issues affecting the sequence frequency
calculation, issues affecting the response of the containment and its systems,
and issues affecting the radiological source term. There were more issues
affecting containment than for the other areas, and there was a further breakdown
into issues related to the in-vessel phenomenology, containment loads, structural
response, and molten core-concrete interactions. Tables 9-2 through 9-6 show the
{ssues presented to the containment and radiological source term expert panels,
along with the reasons for including the issue
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Table 9-2
Issues Presented to the In-Vessel Panel

Issue No, Title e Reason for Inclusion _
i Temperature-induced PWR Large hot leg failure could
hot leg failure preclude direct containment

heating; depressurizes RCS and
precludes SGTR

2 Temperature-induced PWR SGTR gives direct path to
SGTR environment, with large release
of radionuclides

3 In-vessel hydrogen Hydrogen burning has potential
production in BWRs for causing release to
environment
4 Temperature-induced Mode of bottom head failure
bottom head failure determines subsequent accident
in BWRs progression
5 In-vessel hydrogen Hydrogen burning has potential
preduction in PWRs for causing release to
environment
6 Temperature-induced Mode of bottom head failure
bottom head failures determines subsequent accident
in PWRs progression
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Table 9-3

Issues Presented to the Containment Loads Panel

Title

Hydrogen phenoriena at
Grand Gulf

Hydrogen burn at
vessel breach
at Sequoyah

BWR reactor building
failure due to
hydrogen burns

Loads at vessel breach
at Grand Gulf
lLoads at vessel breach

at Sequoyah

Loads at vessel breach
at Surry

loads at vessel breach
at Zion

— . Reason for Inclusion

Early failure of drywell or
wetwell has potential for
causing large source term

Early failure of containment
or bypass of ice condenser has
potential for causing large
source term

Bypass of reactor building has
potential for increasing source
terms

Failure of containment at vessel

breach has potential for causing
large source teru.

7

Same as Issue 4

Same as lssue 4

Same as Issue 4

9.
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Table 9-4

Issues Presented to the Structural Response Panel

issue No, Iitle
1 Static failure pressure

and mode at Zion
2 Static failure pressure
and mode at Surry

3 Static failure pressure
and mode at Peach Bottom

4 Reactor building bypass
at Peach Bottom

g Static failure pressure
and mede at Sequoyah

6 Ice condenser failure
due to detonations
at Sequoyah

7 Drywell and wetwell

failure due to
detonations at
Crand Gulf

8 Pedestal failure due to
erosion at Grand Gulf

e Beason for Inclusion

Containment failure ig the
most important determinant
of source terms

Same as Issue 1
Same as Issue 1

Bypass of reactor building
has potential for allowing
large release of radionuclides

Same as Issue 1

Failure or bypass of ice
condenser has potential for
large source terms

Failure of drywell bypasses
suppression pool. Failure of
wetwell allows large release
to environr:nt

Pedestal failure is a major
factor in subsequent
accident progression
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Table 9-5
Issues Presented to the Molten Core-Concrete Interaction Panel

Issue No. Title . Reason for Inclusion
1 Mark I drywell melt- Drywell meltthrough bypasses
through at Peach Bottom suppression pool; controversial
~issue
2 Mark 11 containment Pedestal failure could lead to
failure via pedestal early containment failure;
failure at Grand Gulf controversial issue
Table 9-6
Issues Presented to the Source Term Panel
Issue No. Title . Reason for Inclusion
1 In-vessel fission product Release and retention are major
release and retention determinants of source term
2 Ice condenser DF at lce condenser is principal decontam-
Sequoyah ination mechanism in blackouts
3 Revolatilization from Revolatilization could negate
RCS/RPV effects of high retention;
highly uncertain issue
4 CCl release 1f in-vessel release is low, CCI
release could be high;
uncertain issue
5 Release of RCS and CCI Aercsol agglomeration may be
species from containment major source of cleanup in
blackout; highly uncertain issue
6 Late sources of iodine Appeared as important issue in
at Crand Gulf Draft NUREG-1150
7 Reactor building DF at Natural decontamination processes
Peach Bottom could reduce source term; uncertain
and controversial issue
8 Release during direct Uncertain and controversial issue;

containment heating

direct heating is also associated
with early containment failure




9.3.3 Selection of Experts

Experts were chosen to ensure a balance of viewpoints. To this end, experts from
industry groups, engineering and consulting firms, the federal government, and
the national laboratories were included in the panel,

9.3.4 Elicitation Training

Training in probability assessment techniques is an integral part of the expert
opinion methodology used in NUREG-1150. Each panel of experts that participated
in the expert opinion process attended a half-day training session. This session
constituted the first meeting of each panel. The training was given by
consultants from the field of probability assessment and decision analysis. For
example, the trainer for the Source Term Panel was Professor Ward Edwards of the
University of Southern California.

The pvrpose of training in probability assessment is to facilitate the
elicitation process. Experts in various fields of science are often not trained
in probability theory and the techniques of presenting their results in the form
of probability distributions. The expertise possessed by the scientists and
engineers on the panels is called substantive expertise and thus they are callza
substantive experts. Expertise about the expert opinion elicitation precess is
called normative expertise. Both substantive expertise and no marlvc ex, ertise
are required for a successful expert opinion process,

During probability training, the substantive experts are exposed to various
techniques for excert opinion elicitation and the difficulties that accompany it.
This training he ps the substantive experts to express their knowledge in the
form of probabilities. A by-product of the training is that the experts become
more comfortable <ith the concept of subjective probability and more confident
in expressing their beliefs in the form of probability distributions.

9.3.5 Training Topics

The training sess.ons conducted for NUREG-1150 covered several related topics.
These topics included the expert opinion process itself and the need for expert
opinion, the elicitation techniques, and the decomposition of complex issues.

Each training session began with an overview of the goals of the expert opinion
process and background material on the development of that process. The process
was reviewed in some detail so that the substantive experts would be aware of
what would be required of them and how their elicitations would be used. Because
the formal use of expert opinion was new to many of the participants, some were
initially uneasy with the concept of expert opinion and the uses that it might
be put to. Gaining the confidence of these experts through familiarization with
the process was essential to the success of the expert opinion effort.

There are many different types of assessments that might be required of the
experts. The type of assessment depends upon the nature of the physical quantity
or phenomena under study. During the training sessions, the experts were
introduced to assessment instruments for continuous quantities, discrete
quantities, zero-one events, and dependent events.
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Psychological aspects of probability elicitation received m ch attention in the
training because failure to recognize and deal with psychilogical biases can
impair the quality of the resulting assessments. One of the psychological
aspects discussed is the tendency to give subjective probakility distributions
that are too narrow and thus understate the uncertainty or, conversely, overstate
knowledge. This phenomena is often called "overconfidence", since the effect is
the expressed probability distribution implies pgreater certainty than is
warranted, Other psychological aspects of subjective probability assessment that
were discussed include anchoring, which is the tendency to assume an initial
position and fail to give sufficient credit to other sources of information;
representativeness, which is the tendency to give too much credit to other
situations that are similar in some aspects but not others; the tendency to
overestimate the probabilities of rare events; and problems with group behavior
such as personality dominance. Whenever possible, examples of these difficulties
were presented and the experts being trained were asked to participate in
demonstrations.

Problem decomposition was the last major segment of the training session.
Problem decomposition is the process of creating a model of a complex assessment
that allows the experts to make a series of simpler assessments. The simpler
assessments are mathematically recomposed through the model. Experimental
studies'’ !’ have shown that decomposition often improves the accuracy of
assessments. Decomposition also provides a form of self documentation since the
expert’'s thought process is made explicit in the decomposition.

9.3.6 Presentation of Issues

During the second meeting, plant analysts presented the issues to the expert
panel. The purposes of the presentations were to ensure that there was a common
understanding of the issue being addressed; ensure that the experts would be
responding to the same elicitation question; permit unimportant issues to be
excluded and important issues to be included; allow medification or decomposition
of the issue; and provide a forum for the discussion of alternative data sources,
models, and forms of analysis. If appropriate, the presentation included a
suggested decomposition of the problem.

Plant analysts usually presented the suggested decompositions without suggested
probabilities or distributions to avoid preconditioning or biasing the experts.
For many of the issues, the proposed decomposition brought about lively
discussions that illuminated the alternative approaches to analyzing the issue.
The plant analysts also presented data sources, models, and reports that were
relevant to the issue, and provided references to other sources of information.

Capturing uncertainty in the experts’ opinions requires that the various experts
be permitted to follow alternative analyses. Since the process was designed to
take advantage of the diversity of approaches, experts were encouraged to seek
their own decompositions or to modify decompositions that were suggested by the
analysts., Criticism of the decompositions was encouraged and the experts were
assisted in producing decompositions that better matched their interpretations
of the issues.
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9.3.7 Preparation and Discussion of Analvyses

Two or three months were allowed between the initial presentations of the issues
and the elicitation sessions. During this period, the experts studied the
issues. Some experts chose to alter the proposed decompositions or create new
decompositions and made preliminary evaluations of the subjective probabilities
represented in their decompositions of the issues, The elicitation meeting
provided a forum for discussion of alternative views of the issue. Presentations
from both the panel members and invited observers of the meetings were
encouraged. These sessions generated a substantial amount of discussion and
interchange of information that often led the experts to make revisions of their
prepared analyses. In some instances, the panel members prepared documentation
that amounted to brief reports. It became apparent in the elicitation sessions
that this interchange was an important source of information for the experts.

9.3.8 Elicitation

The discussion of each issue was followed by elicitation meetings between each
substantive expert and a team composed of a normative expert and a plant analyst.
Documentation of the experts’ assumptions and reasoning was produced during the
elicitation meetings. However, in a few cases where there were more experts to
be elicited than available normative experts, two experts were elicited in a
single session.

The elicitation sessions served several purposes. The first was to obtain from
the experts their decomposition and probability distributions for the parameters
involved. The experts were also required to explain their reasoning and their
sources of information.

The role of the normative experts was to assist the expert in codifying the
experts’ beliefs and to ensure that the assessment was complete and consistent
in a probabilistic sense so that the assessments could be recomposed at a later
time. The role of the plant analyst was to ensure that technical reasoning was
complete and to answer questions about how the resuits on this issue would be
used in the plant analysis and how this issue related to other issues. Much of
the documentation of the experts’ assumptions and reasoning was completed during
the assessment meetings. However, some follow-up work was necessary after the
elicitation sessions to fill in voids in the logic provided by the experts, or
to obtain values that were incomplete.

9.3.9 Recomposition and Aggregation of Results

Each member of the expert panels produced a distribution for each case of each
issue, For some issues, several dependent variables were requested, and a
separate distribution was elicited for each variaple. If all the experts had
worked with identical case structures, and if all had produced their results in
the same form, the task of aggregation would have been simply a matter of taking
the numerical average of all the distributions for each case. However, some
experts used different case structures. On some issues, the experts expanded the
case structure beyond what was tractable in the accident progression event trees
or the XSOR codes. On some issues, experts gave their results in different
forms,
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The case structure had to be simple enough to be implemented in the containment
event trees and XSOR codes and that the case structure and dependent variables
be the same between experts. If the case structure was impractically large and
complex, it was reduced if possible by an analysis of variance (ANOVA). The
ANOVA compared the variance in the dependent variable attributable to the
differences between cases and the variance attributable to the differences among
experts to the unexplained variance in the dependent variable. For many issues
it was found that the differences between some cases were not significant
compared to the differences between experts, that is, that some parts of a large
and complex case structure had little effect on the dependent variable. A
mathematical procedure was then used to determine which cases could be safely
combined.

After each of the experts’ distributions was placed in the same format, they were
aggregated by averaging. The experts' outputs were almost always in the form of
cumulative distribution functions (CDFs), that is, curves or tables of the
probability that the independent variable would be no greater than some specific
value. The aggregation was carried out by averaging all the experts’ probability
values for each value of the independent variable. The aggregated results were
thus also CDFs.

9.3.10 Review

Following recomposition, modification, and change of format, as required, the
results of the elicitation and expert’'s reasoning were written up in a standard
format. The complete documentation of each issue was then returned to each panel
expert, for his review, This review process ensured that potential
misunderstandings were identified and resolved and that the documentation
correctly reflected the conclusions and judgment of the expert.

9.3:31% Documentation

Clear, comprehensive documentation is crucial for ensuring that the expert
opinion process is accepted as credible. Users and reviewers of the results must
be able to trace the development of aggregated assessments, including any
manipulation of the assessments needed for aggregation. To this end, the issue
discussions were recorded on video tape and individual elicitation sessions were
recorded on audio tape. Each expert was encouraged to document the rationale for
his conclusions in detail. An overview of the expert's reasoning was obtained
verbally at the time of the elicitation. In many cases the experts also provided
written documentation that included results of computer models evaluated solely
for this purpose.
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APPENDIX A

DESCRIPTION OF SUITE OF CODES USED TO CALCULATE RISK



A.1 Introduction

The purpose of Appendix A is to give the reader a general overview of the network
of codes used in the Level II/III portion of the NUREG-1150 analyses. This
appendix is an adaptatiocn of material presented in Reference 1. The codes used
in these analyses and the various input and output files will be discussed.
Figure A-1 shows the suite of codes used to calculate risk in the NUREG-1150
analyses. For each code the various input and output files are shown and the
flow of data from one code to the next is diagramed. The analysis is divided
into the following 6 areas for purposes of discussion: input from the Level I
analysis, the Latin Hypercube sample, the accident progression analysis, the
source term analysis, the consequence analysis, and the integrated risk analysis.
For each of these areas, the general process being performed, the codes used to
perform the analysis, and the input and output files are discussed. While user
guides for many of the major processing codes used in this study have been
published, similar user guides for many of the preprocessors and postprocessors
shown in Figure A-1 do not exist and listings of these codes have not been
included in this report. However, similar versions of these processor codes were
used in the study described in Reference 1 and listings of many of these codes
are included in that report. Because it is possible that different code versions
were used in the two different studies, the codes may be slightly different.

A.2  Input From Level 1 Analysis

The TEMAC® code is used to calculate the Level I accident sequence frequencies
and to perform certain uncertainty and sensitivity analyses on the Level I
results. After the cut sets from the Level I accident sequences are rearranged
to form the plant damage states (PDSs) used in the Level II/III analysis, the
code is used to perform the same calculations on the PDSs. For the Level II/111
analysis, certain particular characteristics of the PDSs may be important for
determining certain subtle details of the accident progressicns; however, they
may not be important enough to warrant defining new PDSs. The cut sets composing
a PDS are grouped into sub-sets that have the characteristics of concern and each
such sub-set is called a "sub-PDS." In order to calculate the conditional
probabilities of the sub-PDSs with respect to the original PDS for inclusion as
question branch probabilities in the accident progression event tree (APET), the
cut sets in each PDS that have the characteristic of concern are identified and
the TEMAC subroutine calied "TEMAC4" {s used to calculate the conditional
probabilities and their distributions,

This calculation is performed in the following manner:
(1) TEMAC input files from the Level I analysis are modified to include
only those variables important for determining the PDS frequencies

and their uncertainties, the sub-PDSs conditional probabilities, and
any Level I variables used directly in the Level II/IIl analysis.
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(2) A TEMAC4 input file is prepared defining the groups of cut sets for
which conditional probabilities need to be determined. See "LEVEL
1 ANALYSIS" in Figure A-la.

(3) The TEMAC code is run using the TEMAC4 subroutine. See "LEVEL I
ANALYSIS" in Figure A-la.

(4) The TEMAC4 output contains a listing of both the PDS frequencies and
the conditional probabilities of the sub-PDSs with respect to their
respective PDSs on an observation basis (i.e., complete probability
distributions are calculated for each conditional probability). BSee
"TEMAC4 OUTPUT" file in Figure A-la.

(5) The TEMAC4 output is trimmed to include only the PDS frequency
distributions. The sub-PDS conditional probabilities are used only
in the accident progression event tree. See "TEMAC4 DATA TRIM
PROGRAM" and "TEMAC4 TRIMMED DATA" file im Figure A-1b.

A.3 Latin Hypercube Sample

In order to perform an integrated assessment of the uncertainty in the risk, the
uncertainty in the input parameters used in the analysis must be represented and
propagated through the analysis. The technique used in this analysis is that of
stratified Monte Carlo sampling. The particular method used is called "Latin
Hypercube" sampling (LHS).' The LHS sample includes all of the important
variables from the Level I analysis that determine the PDS frequencies and the
sub-PDS conditional probabilities, Level I variables that are also used directly
in the Level I1/I11 analysis, and the variables used specifically in the accident
progression analysis and the source term analysis.

A more detailed discussion of the construction of the LHS sample can be found in
the appendices to the plant volumes.*"®

This calculation is performed in the following manner:

(1) The initial Latin Hypercube sample is formed using the LHS code.
See "LHS CODE" and "LHS OUTPUT"in Figure A-la.

(a) For any parameters that have certain standard distributions
available to LHS, the distribution parameters are read in
directly. See "USER DISTRIBUTIONS" in Figure A-la.

(b) A FORTRAN subroutine is constructed to: (1) caleculate within
the LHS code any distributions that are defined using data
tables and (2) for parameters whose distributions are
functions of the distributions of other parameters, the
subroutine outputs code for inclusion in the LHS EXTENDER code
to indicate what parameters will be used in the calculation.
See "USER DISTR. SUBROUTINE" in Figure A-la.

(2) The final LHS sample is formed using the LHS EXTENDER code. This
code contains the formulas for calculating the distributions of any
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(2)

CODE," "KEYWORD FILE," and “APET" in Figure A-la. Listings of the
APETs are provided in Appendix A of the plant volumes.

(a)

(b)

(e)

(d)

(e)

'he extended LHS sample and the TEMAC4 output file provide the
distributions for the parameters used in the APET. These
parameters are used te: (1) directly represent the conditional
probabilities of thi question branches in the APET or (2) used
in subsidiary calculations to determine which branch is taken
for those cases where the branch is not probabilistically
determined.

The LHS pointer file tells EVNTRE where to place the sampled
parameter values in the event tree. See "POINTER FILE" in
Figure A-la.

A FORTRAN subroutine is used to perform any subsidiary
calculations using parameters defined in the APET. See "USER
FUNCTION" in Figure A-la. Listings of the User Functions are
provided in Appendix A of the plant volumes .

Boolean logic is used for defining the accident progression
bins in terms of the answers to specific questions in the
APET. See "BINNER" in Figure A-la. Listings of the binners
are provided in Appendix A of the plant volumes.

The output is a list of accident progression bins by LHS
sample observation and their conditional probabilities. See
*BINNED RESULTS" in Figure A-la.

The PSTEVNT code is then used to regroup the accident progression
bins resulting from the original EVNTRE binning into those bins to
be used in the source term evaluation or to sort the output in
various ways that might be interesting to the analyst. See "PSTEVNT
CODE" in Figure A-1b.

(a)

(b)

(c)

Boolean logic is used to define the characteristics to be used
in the final binning in terms of the answers to specific
questions in the APET. See "REBINNER" in Figure A-lb.
Listings of the rebinners are provided in Appendix A of the
plant volumes.

The user specifies the calculations to be done, any sorts
desired, and the format of the output. See “KEYWORD FILE,"
"SORTING DEF.," and "TABLE FORMAT" in Figure A-lb,

The two forms of the output are provided: (1) a list of all
the unique APBs for each observation and (2) a list of all the
unique bins by observation and their conditional
probabilities. See "REBINNED MASTER BINS" and "REBINNED
RESULTS , " respectively in Figure A-lb.
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(3) The MASTERK code then combines the results of the PSTEVNT run for
each PDS into one file and makes lists of the unique bins across all
PDSs. See "MASTERK CODE," and "USER INPUT" in Figure A-1b.

(a) A master list of all the unique bins occurring in the analysis
from all observations is formed. See “AGGREGATED KEPT BINS"
in Figure A-1b.

(b) A list of all unique bins by observation is formed. See "KEPT
BINS BY OBSERVATION" in Figure A-1b.

(4) Finally, the XXFRQ code associates each PDS and its frequency with
the accident progression bins arising from that PDS and their
conditional probabilities on an observation basis into one file by
combining the TEMAC4 trimmed data and the rebinned EVNTRE results.
See "XXF1Q CODE" and "PDS FREQ. BIN COND. PROBABILITY" in Figure A-
1b.

A.5 Source Term Aia'ysis

The XSOR" code calculates for each unique bin a source term using a parametric
model. The source term parameters to be used and their values are based on the
accident progression bin characteristics. The source term consists of the
release fractions for nine radionuclide groups for each of two release segments.
For each release segment the following additional information is supplied based
on the accident progression characteristics: the start time of the release, the
duration of the release, the energy of the release, and the height of the
release. In addition, for each source term, a warning time is also specified.
This calculation is done for each unique bin for each observation. The term XSOR
refers to the class of parametric source term codes. A different code was used
in each plant analysis taking into account unique features of the plant and the
accidents that can potentially occur at the plant. The first few letters from
the plant name are used to identify the code used for a particular plant
analysis. For example, SURSOR was used in the Surry analysis. The XSOR codes
are described in Reference 11 and a listing of the XSOR code for each plant is
provided in Appendix B of each plant volume.

The PARTITION code” is then used to group the source terms from all
observations. This grouping is based on an estimate of the early and latent
health effects of each source term. The early health effects are estimated using
weights generated from a set of consequence calculations using different levels
of ITodine-131 releases and site specific data. The latent health effects are
estimated using weights generated from a set of consequence calculations where
each calculation uses the inventory of one of 60 radionuclides analyzed in the
MACCS code and site specific data. The only emergency response measures taken
into account in determining the early health effects for initial grouping
purposes are hot spot and 24-hour relocation. No emergency response measures are
taken into account for the latent effects. These groups are divided into
subgroups on the basis of evacuation timing and frequency-weighted mean source
terms are calculated for the groups and subgroups. Offsite consequences are
calculated using the mean source term for each subgroup; these consequences are
then assigned to each source term (i.e., accident progression) in the subgroup.
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In the remaining portion of this appendix, the term "source term group” actually
refers to the subgroup.

This calculation is performed in the following manner:

(1)

(2)

Source terms are determined by the XSOR code with options specified
by the analyst. See "XSOR CODE," "ST INPUT PAR.," and "SOURCE

TERMS" in Figure A-1b.

(a) In addition to the list of ac::ident progression bins to be
evaluated and the extended LHS sample, distributions for the
source term parameters and pointers to the LHS variables
representing the source term parameters are read in. It
should be noted that the actual distributions for the source
term parameters were not used in the extended LHS sample.
Variables with uniform distributions ranging from 0 te 1 were
used to represent these parameters in the extended LHS sample;
these variables are then used in XSOR to select values from
the actual distributions. See "ST DISTRB." and "LHS POINTERS"

in Figure A-1lb.

The PARTITION code calculates source term groups and a frequency-
weighted mean source term is determined for each group. See
"PARTITION CONE" and "KEYWORD FILE" in Figure A-lc.

(a) Dose and health effect weights are determined from separate
MACCS caloulstions using site specific data and lcdine and
other radionuclide inventories. See "DOSE & WEIGHT FACTORS"
in Figure A-lc. A listing of the input file to PARTITION is
provided in Appendix B of each plant volume.

(b) The output consists of: (1) a list of the source term groups
and the characteristics of the mean source term used to
represent the group and (2) a file of pointers that associates
with each group all the accident progression bins forming the
group. See "PARTITION SOURCE TERM DATA," and "PARTITION
POINTERS," respectively in Figure A-lc.
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A.6  Consequence Analysis

Using the mean source term for each source term group, rhe various consequences
were calculated with the MACCS code.’ The uncertainty in the consequence
parameters was not evaluated in this analysis due to resource limitations.
However, weather variability was evaluated. First, base case MACCS atmospheric
and early input data are modified to be specific to each source term group. The
MACCS code then calculates consequence measures for each source term group and
outputs the results in separate files. Selected portions of this output, as
specified by the user, are then extracted from the individual source term files
and combined into one file for use later in the analysis. Consequence CCDFs and
mean results conditional on source term group are then generated. User specified
mean MACCS results for each source term group are then extractved and combined
into one file for use later in the analysis.

The calculation was performed in the following manner:

(1)  The STER code sets up unique atmospheric and early input MACCS data
files for each source term group. Base case MACCS atmospheric and
early input files are modified as appropriate for each source term
group. See "STER CODE," "ATMOSPH. DATA," and “EARLY EFF.DAT" in
Figure A-lc.

(a) The output consists of two files for each source term group:
(1) an Atmospheric Input Per Source Term Group file and (2) an
Early Fatality Input Per Source Term Group file.

(2) The MACCS code calculates the consequences to be expected from each
source term group.

(a) Information related to the chronic effects, dose conversion
factors, site specific population data and evacuation
assumptions, and meteorological data are used in addition to
the source term information. See "CHRONIC INPUT," DOSE
CONV.," "SITE DATA,” and "METEOROL. DAT" in Figure A-lc.

(b)  Binary files containing the consequence output for each cohort
group for early health effects and for chronic health effects
are created. See "EARLY 1 BINARY," "EARLY 2 BINARY," "ErPLY
3 BINARY," and "CHRONIC BINARY" in Figure A-lc.

(e) A series of files, one file for each source terr group,
containing the mean consequence results are createl. See
"MACCS .OUT LIST QUTPUT" in Figure A-lc.

(3) The SAVE code extracts the user specified MACCS results for each
source term group and all meteorological trials and combines them
into one file. See "SAVE CODE," "USER INPUT," and "SAVE.BIN" in
Figures A-lc and A-1d.

(4) The POST code generates the consequence CCDFs and mean results
conditional on a source term group. See "POST CODE", "CONSEQUENCE
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~CDFs POST.CCDF" and "CONSEQUENCE MEAN RESULTS POST.OUT" in Figure
A-1d.

(%) The STRIP code extracts the user specified mean MACCS results for
each source term group and combines them into one file. Tables of
mean consequence results are contained in XXRES2C.OUT. The same
mean results, except in a different format, are also contained in
XXCON2C.OUT. This latter file is processed by the risk integration
code PRAMIS. See "STRIP CODE" and "USER INPUT" in Figure A-1d and
“COMB. MEAN RESULTS XXRES2C.OUT" and “"COMBINATION FILE XXcoN2c¢.ouT"
in Figure A-1d.

A.7 Risk Integration

The PRAMIS code* performs the integrated risk calculation for the mean results
and calculates the contribution to risk from the following quantities: PDSs,
accident progression bin characteristics, and source term groups. It also
combines the LHS sample with the risk results; this information is then used as
input to the regression analyses.

The calculation was performed in the following maaner:

(1) The PRAMIS code performs the inurgrated risk calculation for the
mean results. See "PRAMIS" and "KEYWORD FILE" in Figure A-1d.

(a) PRAMIS combines the PDS frequencies, the accident progression
bin probabilities conditional on the PDSs, and the
consequences t~ form an estimate of mean risk and irs
uncertainty. See "GENERALIZED RISK RESULTS" in Figure A-1d.

(b) PRAMIS forms a file relating each LHS variable by rampi-
observation to its consequence values. This informaticm can
then be processed by regression analysis codes or other
statistical codes such as the SAS statistical package.'’ See
"REGRESSION INPUT FILE" in Figure A-1d.

(2) The PRPOST code combines the LHS sample with the full consequence

results to calculate the risk CCDFs. See "PR’"ST CODE," "KEYWORD
FILE," and "RISK CCDFs" in Figure A-ld.
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B.O RISQUE CODE

The code RISQUE calculates the risk for each member of a Latin Hypercube sample
and orders and analyzes the results. It was used in the first draft of NUREG-
1150 and was also used as an analysis tool in this study while the PRAMIS code
was being developed. However, the final risk calculations presented in the plant
volumes of this report'® were performed with the PRAMIS code.® While the RISQUE
code was not used in the final risk calculations, it is documented in this
appendix for the sake of completeness.

A description of the RISQUE code is presented in Section B.1 and a listing of the
code can be found in Section B.2. While RISQUE has a number of options that
allows it to calculate the costs of meltdown accidents, analyze the risk and risk
reduction for preventive or mitigative safety options, analyze the cost and
benefits from applying safety options, and perform statistical test on the
results, these options were not used in this study and are not discussed in
Section B.1.

B.1 Description of the RISQUE Code

B.1.1 Purpose of Code

The risk code---"RISQUE": Risk Integration, Sensitivity, and Quantitative
Uncertainty Evaluation---calculates the risk for each member of a Latin Hypercube
sample and orders and analyzes the results. Sample members for the present study
were selected by the Latin Hypercube method of Iman, et al.’ However, the code
ils not restricted to any particular method of sample selection. The data
required are sequence frequencies, containment failure probabilities, and mean
consequences, all of which must be calculated elsewhere. The risk code stands
at the end of the computation chain, and the output is the final product of the
plant analysis.

The code has been written specifically for DEC VAX computers, and may not run on
other machines. The user should be warned that changing the values of parameters
can lead to difficulties.

In the following code description, reference is made to cumulative probability
distribucions, percentiles, and means. It is important to remember that these
terms empha-ically do not refer to the distribution of risk, but only to the
distributior of the sample. One should not assume that the sample in any way
represents the actual or expected distribution of risk.

B.1.2 Calculation of Risk
The annual core damage frequency for sample member m is:

MD = £ (m)
where f (m) is the frequency of sequence i for sample member m. Core damage
frequencies are sorted in ascending order, and the Sth-, 50th-, and 95th-
percentiles, mean and wvariance are calculated,. In the calculation of

percentiles, it is assumed that the frequency of each sample member is uniformly
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distributed over an interval, so that the cumulative probability of the lowest
sample member is 1/2N, of the second is 3/2N, or of any sample member m is
(2m-1)/2N. 1f the sample is small, the 5th- and 95th-percentiles could fall
outside of the sample. In this case, a log-normal distribution is fitted to the
end points of the sample, and the appropriate percentiles of the log normal
distribution are found. This extrapolation was not required for any of the
samples used in the SARRP study.

The risk, in consequence measure ¢, for sample member m is:
r = {S){P][B][Q](C)

where:

{S) fs a 1 x n (number of sequences) row, whose members S
represent the frequency of sequence i for sample member m.
(§) is different for each sample member.

(P} is an n x n (number of plant damage states) matrix whose
members P are the pointers from sequence i to plant damage
state j, 1 if the sequence is a member of the plant damage
state, and 0 otherwise. This matrix does not vary from one
sample member to another.

(B] is an n x n (number of bins) matrix, whose members B represent
the probability of a source term bin k given plant damage
state j. This matrix is different for each sample member.

Q] is an n x n (number of release clusters or source term groups)
matrix, whose members Q represent the probability of bin k
selecting cluster 1, 1 if the cluster is selected and 0 if
not. This matrix is different for each sample member. Note,
the term cluster and source term group refer to the same

quantity.
(C) is a column vector of length n whose members C are the mean
consequence in consequence measure ¢ for cluster 1. This

vector is different for each sample member if consequence
issues are to be considered, but otherwise is the same for all
sample members. Note also that mean consequences are used,
weather data are not considered except in the average.

The risks are sorted, and the 5th-, 50th-, and 95th-percentiles, mean and
variance are calculated, The logarithmic midpoint of all sample members having
risk greater than zero is found, and the number of sample members above and below
the midpoint is counted.

The calculation of risk entails a very large number of sample multiplications and
additions, which are repeated for each consequence measure and sample member.
By far the greatest part of the code is devoted to the analysis of results,
rather than tc the simple calculation of risk outlined above.
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B5.1.2.1 Analysis of Contributions to Risk

The code computes the fraction of risk attributable to each frequency, each
source term bin, and each consequence cluster. For example, the fraction of risk
attributable to sequence s is:

f (s) = r (s8)/R

where:
r(s) is the risk for sample member i attributable to sequence s,
R is the total risk for sample member i.

8122 Detailed Analysis of Individual Sample Members

As an option, a detailed analysis of a selected group of sample members can be
carried out, For each sample member selected, for each sequence, the risk
attributable to each source term bin as well as the consequence cluster selected
for that bin is shown. Also, the fractions of risk for each sequence, bin, and
cluster are given. The selection of sample members for detailed analysis is
completely arbitrary.

B.1.3 Structure of Code
LIST OF SUBROUTINES IN RISQUE

RISQUE: Main routine; controls the flow to some subroutines, and initializes
and resets baseline variables,

REDATA : Reads input data. See Section B.1.4 for description of data
requirements.

FOINT: Calculates and accumulates risk.

OUTRISK: Output of risk. Sets up and selects data for regression.

PCTILE: Calculates percentiles of an ordered array.

NORMINV: The inverse normal distribution; given Q(z), determine z.

ONSITCOS: Calculates average discounted onsite cost.

SORT: Sorts a one-dimensional array in ascending order. A subsidiary

array (probability, sample number, or dummy) is carried along.

OUTCOST: Calculates and outputs annual average costs of meltdown accidents.
FRESID: Controls solution of regression equations, calculates residuals and
F ratio.
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SOLVE:

SIGNIF:

STUDENTS :

FACT:

RISKRED:

COSTBEN:

RETEMAC:

RECODES :

REDEVNT:

REDPOINT:

REDCONS :
FCHISQ:
QCHISQ:
DETANAL:

CCDF:

Solves a system of simultaneous linear equations by the method of

Gaussian Elimination.

Calculates percentage points of the F distribution.
Calculates percentage points of the Student’s-t distribution.
Cai.culates a ratio of factorials used in SIGNIF.

Calculates and outputs differential risk and risk ratio.
Calculates and outputs costs and benefits of safety options.
Reads the TEMAC frequency file.

Reads names of source term bins.

Reads event tree output file.

Reads file of pointers from source term bins to clusters.
Reads the file of mean consequences.

Calculates the value of chi-squared.

Calculates percentage points of the chi-squared distribution.

Detailed analysis of selected sample members.

Calculates complementary cumulative distribution functions of risk

for each sample member.
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B.1.4 Input Data Requirements

Two versions of the code can be used; the versions differ only in input data
requirements. In one version, all input data are included in a single data
stream. In the other version, separate files are called for from the main data
stream; the separate files contain much of the detailed data. The second version
was used in the NUREG-1150 study and is the version described below. Because
many of the options available in the code were not used, "dummy" input data was
used for variables related to these options. Dummy input data was used for
Record numbers 7 through 11A and 24 through 30.

Note that most of the data will be entered in "free" format. The few exceptions
are noted below.

Record Format Description
Number (if not
free)
...... s cnmsunsfiosnmpenbonis anttnbhEr s RN R a e REN SR ey SN e
1 .- NUMBAS = Number of base cases to be run,
2 ABO NAMBAS = Name of base case
3 A80 HDR_WORDS = Identifying or descriptive text.
4 - NUMALT, NUMSAMP, NUMCFG, NUMCFM, NUMREL, NUMCSQ

NUMALT = Number of safety options to be run (max. = 21)
NUMSAMP = Sample size (max. = 150)
NUMCFG = Number of plant damage states (max. = 15)

NUMCFM = Number of source term bins or containment failure
modes (max. = 100)

NUMREL = Number of consequence clusters (max. = 45)
NUMCSQ = Number of consequence measures (max, = 6)

5 “e- KCOS, KDOS, KFAT, KILL, KLAT
KCOS = Index of consequence measure for property damage.
KDOS = Index of consequence measure for population dose.

KFAT = Index of consequence measure for early fatality.
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Record Format
Nvmber (if not
free)

bR e s 4w $on

6 20L1

Description

------------------------------------------------

KILL = Index of consequence measure for early illness.

KIAT = Index of consequence measure for Jatent cancer
fatalities.

(10PT(J) ,J=1,13)

I1f I10PT(1)=.TRUE.; risk is conditional on core melt.
otherwise, risk is absolute risk per year.

1f 10PT(2)=.TRUE.; a limited set of sequences will bz used,
otherwise, all sequences will be used.

1f IOPT(3)=.TRUE.; the base case risk will be printed.
1f 10PT(4)=.TRUE.; safety option risk will b2 printed.

1f IO0PT(5)=.TRUE.; safety option differential risk will be
printed.

1f I0PT(6)~.TRUE.; safety option risk ratio will be printed.

I1f IOPT(7)=.TRUE.; output for STEP will be written on file
STEPOUT . DAT

I1f 10PT(8)=.TRUE.; a chi-squared test of base case risk will
be performed.

If IOPT(9)=~.TRUE.; a detailed analysis of selected sample
members will be written out.

1f I0PT(10)=,TRUE,; CCDFs will be calculated for each sample
member. See section 5.2.3.6 for input data required for
CCDFs.

1f IOPT(11l)=.TRUE.; Probability sums will be normalized to
one.

If I0PT(12)=.TRUE.; Probability sums out of tolerance will
abort the run.

If I0PT(13)=.TRUE,; Bin not in bin list will abort the run.
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Record Format
Number (if not

free)

e Ponnesshe AN
6A -

6B .-

7 T

8 ABO

9 L

10 AB0

11 10L1

11A “an

(Repeat records 9

12

Description

(Only if IOPT(9)=.TRUE.)

NUMSEL=Number of sample members for detailed analysis.

(only if IOPT(9)=.TRUE.)

(ISEL(JSEL) ,JSEL=1,NUMSEL)

ISEl=ranking (from bottom) of sample members selected for
detailed analysis.

NUMISSGP=number of issue groups
(NAMISSCP(ISSGP) ,ISSGP=1 ,NUMISSGP)

Names of issue groups. This record is repeated NUMISSCGP times.
NUMISS(ISSGP) , (NUMLVL(ISS,ISSGP),18S=1 NUMISS(ISSGP))
NUMISS=Number of issues in this issue group.

NUMLVL=Number of levels for this issue.

NAMISS(1SS,1SSGP)=Name of issue. Repeat record 10 NUMISS
times.

(NOMINAL(ISS,ISSGP),18S=1,NUMISS(ISSGP))

If NOMINAL~.TRUE.; this is a nominal or categorical variable.
If NOMINAL~ FALSE.;this is a ratio or interval variable.
(For each issue for which NOMINAL is .FALSE.)

(SLVL(ISS, 1SSGP,LEVEL) , LEVEL~]1 NUMLVL(1SS,ISSGP))
SLVL=physical quantity correspondiig to this level.

through 11 or 11A NUMISSGP times)

VECTFIL=Name of file from which sample is to be read.



Record
Number

13

14

15

16

17

18

19

20

21

22

20L1

ABD

AB0O

Description

NUMSEQ=Number of sequences (max. = 20).
NAMSEQ (ISEQ) , ICFGS (ISEQ)
NAMSEQ(ISEQ)=Name of sequence ISEQ

ICFCS (1SEQ)=Index of plant damage state to which sequence
belongs (Repeat record 14 NUMSEQ times).

TEMFIL=Name of TEMAC file from which sequence frequencies will
be read.

(Only if IOPT(2)=.TRUE.)
(IUSE(ISEQ), ISEQ=1,NUMSEQ)

IUSE=.TRUE.; this sequence will be used, otherwise this
sequence will be bypassed.

CODEFIL = Name of file from which source term bin names
("codes") will be read.

CFGFIL = Name of file from which source term bin (contairnment
failure mode) probabilities will be read. (Repeat record 18
NUMCFC times)

POINTFIL = Name of file from which pointers from source term
bins to consequence clusters will be read.

NUMCSQVECT = Number of consequence vectors to be read in,
This will be one if there are no consequence issues.
NUMSEQVECT is the number of unique combinations of consequence
issues if consequences are varied, and & coding change will be
required in Subroutine REDCONS.

CONS_WORDS =« Descriptive information about consequences.

(NAMCSQ(ICSQ),ICSQ=1 ,NUMCSQ) = Name of consequence measure.
(Repeat record 22 NUMCSQ times).
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Record
Number

23

24

26

27

28

29

30

Format Description
(1f not
free)
...... Fovsnapoffssamine s AR aRe i s b Badensdngnemy s udskssssfiesbotosess

- CONSFIL = Name of file from which consequences will be read.

+ % s JBLT,JUSLIF,JPRES (Note: all integer)
JBLT = Calendar year in which plant was built.
JUSLIF = Estimated useful life at time on-stream.
JPRES = Present calendar year .

- PMWE , CAPF,DISCR,ESCR
PMWE = Plant power, MVe,
CAPF = Average capacity factor, percent.
DISCR = Average capital discount rate.
ESCR = Average fossil fuel escalation rate.

.- (PPCI(I),I=1,3) = Low, middle, and high power cost
differential.

.- (CPKWI(I),I~1,3) = Low, middle, and high cost per kilowatt
installed.

.- (CCUP(I),I=1,3) = Low, middle, and high casts of cleanup after
core damage accidents,

.- (CDEC(1),I=1,3) = Low, middle, and high costs of
decommissioning.

.- (OSHC(I1),I~1,3) = Low, middle, and high onsite health costs
due to core damage accidents.

Output Data

Bik.5

Input data are not, in general, written out; the reason is that output is quite
voluminous even without repeating the input. 1f the user needs to refer to the
input data, a printout of the input files is suggested. The sample member levels

are printed out--by issues--so that the user will have an ordered input sample
to refer to.
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B.1.5.1 Base Case Data

There will be no printout of base case data, except for cost data, unless input
option 3 is selected. If the base case is to be printeu out the first segment
of output data will be the distribution of core damage frequency.

For each consequence measure, the following are printed out:

(1) Cumulative probability distribution of risk.

(2) Issue levels for each sample member, ordered by increasing risk.

(3) Fractional contribution of each sequence to risk.

(4) Fractional contribution of each source term bin to risk.

(5) Fractional contribution of each release (consequence cluster) to risk.
(6) Results of one-at-a-time rank regression.

(7 1f input option 8 ‘s selected, results of chi-squared analysis.

If input option 9 is selected, the detailed analysis of selected sample members
follows. The following is printed out for each consequence measure:

(1) Ranking of selected sample member.
(2) Issue levels for sample member.

(3) For each sequence, the bins whose contribution to that sequence is at
least 1%, the consequence cluster selected for the bin, the mean
consequence for the cluster, and the contribution of the bin to risk for
the sequence, Following the individual sequence information, the
fractional contributions of each sequence, bin and cluster are given. The
output for the detailed analysis of selected sample members is quite

voluminous, and judgment should be exercised to avoid being inundated by
output,

The last set of output data is the annual costs of meltdown accidents. For each
component of cost, the code prints out the mean and 5th-, 50th-, and 95th-
percentiles of cost.
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B.1.6 Listing of Typical Data Files (Version 2--RISQUE_2)

Explanatory text enclosed in brackets does not appear on the input file,
B.1.6.1 Listing of File INFILE.DAT

1 [File begins here]

SPECIAL PLANT LLH
CONSEQUENCES BY MACCS, SEQ. BY TEMAC, ST BY SPSOR

0 150 S 93 24 6 [No safety options]
6 5 1 2 &
FFTFFFFTTF [Base case risk, chi-sq., and

details printed]
20
123456789 10 141 142 143 144 145 146 147 148 149 150
[Details of lowest and highest
10)
4
FRONT END ISSUES [Names of issue groups)
CET ISSUES
ST ISSUES
CONS ISSUES
S K- & & k-2
SLC FAILURE TO ACTUATE [Names of front end issues)
STUCK OPEN SRV VAC BRKR
DUMMY I1SSUE
FAILURE TO VENT
SW MOD A VS, MOD B
TTTTT
16 2 4 42268453554 34213
SIZE CF SP RvYPASS [Names of CET issues)
CONT FAIL PRESS (T<500)
CONT FAIL PRESS (800-1200F)
SIZE CONT FAIL RAPID
SIZE CONT FAIL SLOW
VB MODE FOR HI-P FLOW MELT
DUMMY 1SSUE
CONT PR BEF VB (LONG-TERM TB)
PRESS RISE @ VB
DELTA-P INTERACTION
DRY DW MT
WET DW MT
DW MT W/ HP MELT EJ
H2 BURNS IN RB
DW SPRAY
DUMMY ISSUE
TTTTTTTTTT
TTTTTT
12 4 4 5554444456
IN-VES RELEASE [Names of s urce term issues]
CSI DECOMP
IN-VES REL LEAKED




S POOL DF

S POOL DF, VOL 1

REVOL AFTER VB

CC1 REL

RB DF

REF BAY DF

LATE IODINE

DUMMY ISSUE

DUMMY 1SSUE

TTTTTTTTTT

TT

18

DUMMY ISSUE

T

'SPVECTOR . DAT'

5

‘TR’ 1

'TBUX' 2

v ¢l

'TCSX' 4

'"TCSRX2’' 5

'SPSEQFREQ.RIS'

*SPBIN.KEP'

'SPTBR.RIS'

*SPTBUXR.RIS'

*SPTBUR.RIS’

*SPTCSXR.RIS’

'SPTCSRX2R .RIS'

'*SPFINAL.CLS'

1

CONSEQUENCES BY MACCS 9/01/85

EARLY FATALITIES

EARLY ITLLNESS

IND. RISK OF FATALITY

LATENT CANCERS

POP. DOSE 50 MI.

PROPERTY DAMAGE

"MACCS_SPEC.OUT’
1974 40 1985
1065. 65. .04 .06
1.9E45 2.2E+5 ”.0E+5
1500. 3000. 4500,
8.E+8 1.7E+9 2.5E+9
1.E48 1.E+8 1.E+8
0. .65E+7 1.3E+7

B.12

[Sample file]
[Sequences--for this rum,

sequences and plant damage
states are identical]

[TEMAC file]
["Codes" |
[Bin probability files]

[Cluster file]

[Consequence file]
[Cost data]

[End of INFILE,DAT)
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B.1.6.3 Listing of File ’'SPBIN.KEP'

KEPT BINS: SPECIAL PLANT ACCIDENT PROGRESSION [Start]
6 93 |
AAAAAA |
AAAAAB :
AAABAA
AAACAA
AAACAB
AABAAA ;
AABABA |
AABABB |
AABBAA
AABBBA
AABCBA
AABCBB
BAAAAA
BAAAAB |
BAABAA
BAACAA |
BAACAB |
BABAAA |
BABAAB
BABABA
BABABR
BABBAA
BABBBA
BABCAA
BABCBA
BABCBB
CAAAAA
CAAAAB
CAABAA
CAA<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>