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Preface

This report describes the main results of the PROB-SAM (PROBabilistic techniques
for Severe Accident Management) project, ECN project 7.1062. It has been carried out
from July 1995 till June 1996 in the context of a two-year post-Msc course at the Delft
University of Technology (TUD) on mathematical modelling. The work was performed
at the ECN site in Petten under supervision of Ad Seebregts and Tim Bedford. A
slightly different version of this report will be published as TUD report.

The results of the project were presented to the examination board of the "Wiskundige
Beheers- en Beleidsmodellen" course in Delft at June 19, 1996, which consisted of:

Prof. Dr. R.M. Cooke Delft University of Technology
Dr. T.J. Bedford Delft University of Technology
Dr. H. van der Weide Delft University of Technology
Ir. A.J. Seebregts Netherlands Energy Research Foundation ECN
Ir. S. Spoelstra Netherlands Energy Research Foundation ECN

keywords: Severe Accident Management, Probabilistic Safety Assessment, Decision
Analysis, Influence Diagrams, Decision Trees, Containment Event Trees.
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Abstract

A review of relevant methodologies based on Influence Diagrams (IDs), Decision
Trees (DTs), and Containment Event Trees (CETs) was conducted to assess the
practicality of these methods for the selection of effective strategies for Severe
Accident Management (SAM). The review included an evaluation of some software
packages for these methods. The emphasis was on possible pitfalls of using IDs and on
practical aspects, the latter by performance of a case study that was based on an
existing Level 2 Probabilistic Safety Assessment (PSA). The study showed that the use
of a combined ID/DT model has advantages over CET models, in particular when
conservatisms in the Level 2 PSA have been identified and replaced by fair
assessments of the uncertainties involved. It is recommended to use ID/DT models
complementary to CET models.
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SUMMARY

This report is the main result of the ECN PROB-SAM project which intends to explore
PROBabilistic techniques for assessing Severe Accident Management (SAM) strategies.
It presents and analyses a mixed Influence Diagram / Decision Tree (ID/DT) model to
evaluate the uncertain effects of selected SAM strategies for Nuclear Power Plants
(NPPs).

Severe accident management is the whole of actions taken by plant staff and operators
during a severe accident. Influence diagrams are directed graphs with nodes representing
events and decisions and arrows between them representing the (probabilistic)
dependencies. Decision trees are tree diagrams with branches for events and decisions.

Proposed severe accident management strategies are modelled for an important class of
severe accidents for the selected NPP. The containment phenomena and data are taken
from the Probabilistic Safety Assessment (PSA). Two modelling techniques have been
used. The decision analysis approach using a mixed ID/DT model is compared with the
more traditional approach using Containment Event Trees (CET). The comparison
includes construction, implementation and analysis of the two models. Prior to the model
construction a review of practical and theoretical aspects of influence diagram modelling,
and an evaluation of the ID/DT software tool Decision Programming Language (DPL)
has taken place.

The ID representation of the model allows the analyst to explicitly express his or her
belief in the probabilistic dependencies that exist between the events. A logic associated
with influence diagrams provides conditional independence statements that are implied
by the chosen model structure. These statements help the analyst understand the
probabilistic structure of the model. The disadvantages of ID models compared with e.g.
DT models mainly concern the fact that ID models do not distinguish individual event
sequences. We use a mixed ID/DT model that combines the advantages of both modelling
techniques.

It turns out that the scope of the decision analysis approach using ID/DT models exceeds
that of the CET analysis. The decisions are "flexible" in the ID/DT models whereas they
are "hardwired" in the CET. The ID/DT analysis subjects include various types of
sensitivity analysis, worst case analysis, conditionalisation on observations and
calculating expected value of perfect information. The quantitative results show that the
conservative assumptions made in the used PSA make this PSA not directly suited for
decision analysis. For an honest strategy ranking, best estimate assumptions for all
phenomena are needed.
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1. INTRODUCTION

1.1 Background

Severe accidents for nuclear power plants are being extensively analysed in various
international research projects. The research results can be applied for the design of
new, advanced nuclear power plants and for modifications of operating plants. The
results can also be applied in further plant operation optimization and in Severe
Accident Management (SAM). With respect to the latter topic, it is not yet evident
which additional information, methods and techniques are needed to successfully apply
the severe accident research results.

In modelling the severe accidents and SAM strategies, we use probabilistic techniques.
These are based on an existing Probabilistic Safety Assessment (PSA), a framework to
assess the risks of a nuclear power plant, incorporating uncertainty [Ful88].

The traditional modelling method for severe accidents in PSAs makes use of
Containment Event Trees (CETs), that describe the accident progression and
containment behaviour in severe accidents. Recently, decision analysis methods using
Decision Trees (DTs) and Influence Diagrams (IDs) have been proposed for application
in the severe accident management area, e.g. see [Kas93] and [Cat94]. Although the
techniques seem to be promising, for ECN it is not clear how practical these methods
really are, and how they compare with the traditional methods used in PSAs.
Therefore, in cooperation with TUD, ECN started the PROB-SAM (PROBabilistic
techniques for Severe Accident Management) project.

1.2 Objective

The objectives of the PROB-SAM project are to:

1) Assess the feasibility and practicality of the modelling techniques using IDs and
DTs for the determination and evaluation of effective SAM strategies. These
techniques will be compared with standard methods.

2) Design and analyse models to determine and compare effective SAM strategies
using the ID, DT and CET techniques.

Section 1.4 presents a detailed list of questions of interest to ECN.

1.3 Approach

The project can be subdivided into two phases. The first phase consists of a brief
overview of the SAM area, a review of the relevant modelling methodologies, and a
relevant software familiarization. The second phase is a case study, that results in the
design and analysis of the SAM strategy models.

Phase I

The SAM background study summarizes the concepts of PSA and SAM, and discusses
some relevant terminology [NEI94]. We will discuss the three SAM modelling
techniques using IDs, DTs and CETs here briefly.
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IDs and DTs for SAM

ID modelling and analysis is a relatively new technique. ECN Nuclear Energy did not
have any experience with it. This is why the second part of the first phase consists of a
literature study about ID modelling [How90], [Pea90], [Mat90] and [Smi95]. We will
compare IDs with DTs and CETs, and we will review the NUREG/CR-6056 report's
use of ID modelling and analysis [Kas93].

For implementation and analysis of quantified ID models, we have chosen to use the
computer software tool Decision Programming Language (DPL). The third part of the
first phase consists of DPL familiarization [DPL95].

Phase II

The case study starts with the selection of a nuclear power plant, a class of severe
accidents and a set of proposed SAM strategies. The selected accidents must contribute
significantly to the core damage frequency and to the risk of the plant. The proposed
SAM strategies have both beneficial and adverse effects.

We will model the accidents and the proposed SAM strategies, using the different
modelling methods. The analysis results will be compared.

1.4 Important Aspects for ECN

The first column in Table 1.1 lists the aspects that are particularly important to ECN.
For each aspect, the second column contains a characteristic question.
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Introduction

Table 1.1: Important aspects for ECN

Aspects Important to ECN Characteristic Questions

Influence Diagrams

Definition and Terminology

Construction

Evaluation and Analysis

Comparison with DTs

NUREG\CR-6056 Review

DPL Evaluation

Model Definition

Evaluation and Analysis Features

User Interface

Case study: ID and DT versus CET

Data Needs

Complexity

Qualitative Analysis

Quantitative Analysis

Case Study: DPL versus NUCAP+

Analysis Features

Analysis Output

Quality Assurance

What exactly is an ID?

How do we create an ID model?

What do we learn from ID model analysis?

Relation, similarities and differences?
Advantages and disadvantages?

How does the NUREG study use IDs and
DTs?

What exactly is a DPL model?

Which analyses does DPL support?
- Decision Analysis
- Sensitivity Analyses
- Uncertainty Analysis
- Real Time Use DPL

Which input is needed, which output
provided?

Which data is needed in both models?

How complex are the models?

How do qualitative model analyses
compare?

What are the differences and similarities?

Which analyses do both packages provide?

How practical is the analysis output?

Can we reproduce and verify input and
output?

ECN-R--96-004



3
era

to

0
C/3

D
H

n•z

OS

d'

13
O

Q
•-1

>

Initiating
events
(frequency)

Event trees
P< probabilities
with uncertainites)

Selected
plant damage
states

Accident
sequences
(frequency)

Plant damage
states
(frequency)

Accident progression/
containment
event tree
end states and their
frequencies

Accident progression/
containment
event trees
(X probabilities
with uncertainties)

Release
categories/bins
and their
frequencies

Conditional
consequonce
bins

Risk
integration

Sum =
total core
damage
frequency

Very large
number of
soquences

10-20
release
catogorios/bins

£ 15 20
consequence
bins per
consequence
measure

Various risk
measures

Sensitivity analysis

Reconsideration of very infrequent sequences with high consequences



2. PSA AND SEVERE ACCIDENT MANAGEMENT

2.1 Introduction

This study is concerned with the application of decision analysis techniques like IDs
and DTs in the Severe Accident Management (SAM) area. This Chapter discusses the
subjects and terminology of SAM.

The first section discusses the Probabilistic Safety Assessment (PSA) framework of a
Nuclear Power Plant (NPP), and the terminology associated with it. Important concepts
within the PSA framework are Plant Damage States (PDSs), CETs and Source Term
Categories (STCs).

The second section discusses some SAM strategies that have been proposed in the
literature for the accident scenarios we have selected for our the case study (Chapter
5). These strategies include cavity flooding, containment venting, containment spraying
and hydrogen reduction.

The last section discusses the traditional SAM modelling technique using CETs and
alternative, decision analysis approaches using IDs and DTs.

2.2 Probabilistic Safety Assessment

The risk of a plant is defined as the probability-weighted sum of the consequences of
all possible core melt accidents:

X (the probability of the accident) • (the consequences of the accident)
accidents

Nuclear power plants typically have small probabilities on severe accidents, or accident
frequencies, but severe consequences associated with some accidents. The risk, or
equivalently, the safety of a plant is assessed by performing a PSA.

A PSA is a systematic approach to performing a theoretical analysis of the plants'
safety. It includes all events of safety significance and it models all possible accident
sequences, from initiating events to the long-term off-site consequences of them.

Until the '70-s, safety analyses did not explicitly consider probabilities. All safety
requirements were checked by deterministic analyses on the individual safety systems.
In case of large uncertainties on failure probabilities, conservative, or pessimistic
assumptions were made in order to ensure that the results were on the safe side.
Nowadays, after the publication of the WASH-1400 report and the Three Mile Island
accident, there is a need for an integrated safety analysis incorporating all safety
significant events, including the ones that are very scarce.

The main purpose is to quantify the 'risks' concerned with the plant. These risks are
expressed as the expected individual risk or the population group risk. But additional
to these results, an integrated safety analysis provides additional insights in the plant
operation and design. For example, the PSA identifies the important events for the
plant under consideration, the important parameters, and the important uncertainties.

ECN-R--96-004 11



IDs and DTs for SAM

There are some aspects of the PSA that need special precaution. First of all, the data
needed for the PSA is often hard to gather and sometimes highly uncertain. If no
sufficient plant-specific data is available, most PSAs use generic data. For both plant-
specific and generic data, we can distinguish two types of uncertainty. Uncertainty as a
result of variability in the data, and uncertainty as a result of lack of knowledge. The
variability in failure data can be estimated, except when they lead to actions to prevent
recurrence of the failure. But often, there is no data available, simply because the
(postulated) failures have never occurred. As a result of a lack of knowledge of the
physical processes, the uncertainties must be estimated by experts. Other problems
concerned with PSA are the hard to model human factors and common cause failures
and the often very low probabilities that are concerned with many events.

Figure 2.1 shows a schematic overview of the PSA framework. We will now discuss
the definition and structure of the PSA framework. Most of this is from reference
[Ful88].

The objectives of PSA are to:

- identify initiating events and event sequences that might contribute significantly to
risk;

- provide realistic quantitative measures of the likelihood of the risk contributors;
- provide a realistic evaluation of the potential consequences associated with

hypothetical accident sequences; and
- provide a reasonable risk-based framework for making decisions regarding nuclear

plant design, operation and siting.

A PSA study is an extensive project, during which all safety aspects of the nuclear
power plant are identified, correlated, modelled, quantified and analysed. It consists of
three levels [NEI94]:

Level 1: The first part of the PSA consists of the system analysis that considers
accident sequences starting from the initiating events to the onset of core damage; it
results in an estimate of the frequency of core damage.

Level 2: The second part of the analysis can be subdivided in:

- Accident progression and containment performance analysis, that considers the
course of the accident from the onset of core damage until the release of radioactive
fission products to the environment.

- The source term analysis that quantifies the magnitude of radioactive material
released from the fuel to the environment. The source terms are expressed as fractions
of the radionuclides present in the core.

Level 3 : The final part of the PSA comprises the consequence analysis that determines
the dispersion of the radioactive material in the environment, which results in an
estimate of the public risk.

The output of the level 1 analysis is a total core damage frequency, together with a
grouping of the accident sequences into PDSs. About 1000 potential accidents
sequences are grouped together to about 25 - 50 PDSs. A PDS is defined by the
occurrence of some prescribed events, and the state of some important plant systems at
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PSA and SAM

the time of core damage. Each accident sequence is assigned to the PDS that best
describes the state of the plant at the onset of core damage. If some aspects of this
state are unclear, the sequence is conservatively assigned to the severest of the
proposed PDSs. All accidents in the same PDS are treated alike during the level 2 part
of the analysis. The level 2 part of the analysis is modelled with CETs.

These PDSs are input to the level 2 analysis. This analysis assigns for all PDS
conditional probabilities to a series of containment threats and related events. For each
PDS, the result of this analysis is an accident progression sequence distribution over
about 100 sequences. Associated with each accident progression sequence is a single
containment failure mode. These sequences are grouped together into STCs, similar to
the end of level 1 PDS grouping. Usually, there are 1 0 - 2 0 distinct STCs. A STC is
defined by the occurrence of some events during the level 1 or level 2 analysis, like
the containment failure mode, and their timing. All accident progression sequences
assigned to the same STC are treated alike during the level 3 phase of the analysis.

2.3 Severe Accident Management

SAM is restricted to the level 2 part of the analysis. The goals of SAM are to prevent
vessel failure, containment failure and minimize off-site release in case of a severe
accident, after core damage has already occurred. We take a closer look at the input
and output of the level 2 analysis. The level 1 and level 3 analyses are beyond the
scope of the case study model.

Severe accidents are defined as accidents in which core damage occurs. SAM is the
whole of actions taken by plant operating and technical staff during the course of a
severe accident.

The goals of SAM are to [NEI94]:

- terminate core damage progression and retain the core within the vessel;
- maintain containment integrity; and
- minimize on-site and off-site releases and their effects.

To mitigate severe accidents and minimize off-site releases of fission products, the
staff should make full use of plant systems and equipments. This means that all safety
systems may be used to achieve the safety goals, even if they are not designed for that
task. We concentrate on severe accidents in which vessel integrity is already lost, and
in which the containment is threatened. Table 2.1 discusses some examples of
containment failure modes.

ECN-R--96-004 13



IDs and DTs for SAM

Table 2.1: Containment Failure Modes

Failure Mode Description

Direct Bypass The containment fails directly at the time of core damage, for
example because a tube through the containment wall
ruptures.

Isolation Failure The containment fails directly after core damage as a result
of for example an open door, or a stuck open valve.

Steam Explosion The shock wave, or a launched missile as a result of a steam
explosion fails the containment.

Hydrogen Explosion The shock wave, or a launched missile as a result of a
hydrogen explosion fails the containment.

Overpressurization Steam production and generation of other gases cause high
pressures that make the containment fail.

Basemat Penetration The molten core melts through the basemat.

Examples of SAM measures to prevent the failures mentioned above are:

- Venting the containment by opening filtered valves to prevent containment
overpressurization.

- Spraying the containment to prevent containment overpressurization and wash out
fission products.

- Deliberately provoke early, local hydrogen burns to avoid late, more severe
hydrogen combustions or explosions.

- Cavity flooding to prevent basemat penetration ("The China Syndrome").

Often, proposed SAM measures do not only have uncertain accident mitigating effects,
but uncertain adverse effects as well. For example, besides it's depressurizing effect,
spraying the containment reduces the steam concentration in the containment. In some
situations, this makes hydrogen burns more likely.

Traditionally, the effect of individual SAM measures on the level 2 development of the
accident sequence is modelled using the PSA level 2 CETs.

The CET models a series of containment threats, containment failure modes and other
related phenomena. Each phenomenon is represented by a discrete variable in the
model. The analyst orders the variables consistent with causality and expected timing
of the events, and constructs a tree by branching at the variables for all their possible
states, conditional on the states of the variables earlier appearing in the tree. Each path
through the tree corresponds to a possible accident progression. Figure A.7 of
Appendix A shows an example of such a CET.

The CET framework is the same for all PDSs. But the CET branch probability
assignments can differ for different PDSs. The analyst assigns probabilities to all the
branches, conditional on all of the "history" of the path. This history includes the PDS
characteristics, as well as the realisations of the variables occurring earlier in the tree.
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For each PDS, multiplying the probabilities along a path results in a probability for the
corresponding accident progression. Associated with each accident progression is a
containment failure mode, and associated with a PDS / failure mode combination is a
release of fission products. These releases are grouped into STCs. Like at PDS
assignment, the PSA assigns the different releases to the STC that best describes the
conditions of the containment and the fission products at the time of release. Again, in
case of doubt, the assignment is conservative.

These STCs are input to the level 3 analysis. This calculates the dispersion of fission
products and a series of risk measurements as e.g. individual or group doses and risks
or economic consequences. These consequences are expressed in for example the
expected number of early fatalities, the expected number of latent cancer fatalities or
the expected economic loss.

Our study is concerned with level 2 SAM modelling. We do not perform level 1 or
level 3 analysis. We associate with each STC the fraction of Csl that is released from
the containment at the failure. The amount of Csl that is released is a good indicator
for the expected number of early fatalities, and individual risk.

2.4 Modelling Techniques

CET

To evaluate possible SAM strategies, the current practise is to adjust the existing PSA
level 2 CET. The analyst defines new variables representing hardwired decisions and
their possible consequences, as far as they differ from already modelled events. Each
variable representing a decision becomes a 0-1 variable.

This modelling technique only compares hardwired decision alternatives: One of the
decision alternatives has probability 1, the others have probability 0. There is no
possibility of anticipating on the accident progression.

Using CETs for decision analysis consists of calculating an STC distribution, and an
associated expected consequence for each strategy, and ranking the strategies with
respect to the expected consequence.

A decision analysis approach allows the analyst to distinct between decisions to be
made, uncertain events to be assessed, and consequences to be evaluated. A decision
analysis not only consists of ranking the different strategies with respect to their
expected consequences. It provides additional analyses like sensitivity for important
parameters and uncertainty analysis. It also provides possibilities for incorporating new
information and calculating value of information of important events.

DT

A decision analysis approach is suggested by e.g. [Kas93] to compare different SAM
strategies. This approach anticipates on observed events during the accident
progression. One way of modelling decisions is to create a DT. This DT is exactly the
same as a CET, except for the variables representing decisions. Instead of setting the
decision at one of its alternatives, the decision can be taken with knowledge of the
accident progression up to the time the decision becomes relevant. This makes several
strategies possible. After defining a value function, a decision analysis reveals the

ECN-R--96-004 15
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optimal strategy. It is clear that the optimal strategy in this DT model, is at least as
good with respect to the value function, as the best strategy in the corresponding CET
model.

Both the CET and the DT model assign conditional probabilities to the branches at
each variable. The probabilistic dependencies between the variables are accounted for
during the assignment process and implicitly represented by different assignments on
different paths. It is difficult to adjust such a tree to incorporate new data, or even
more difficult, to change the probabilistic structure as a result of new insights. This is
the reason that a new decision analysis modelling technique is proposed: ID modelling.

ID

An ID is a directed acyclic graph with nodes representing the variables, and arrows
representing the probabilistic dependencies between the variables. The variables can be
either probabilistic variables representing probabilistic events, deterministic variables
representing deterministic events or parameters, or decision variables representing
decisions. It is possible to construct DTs from IDs, thus making decision analysis
possible as described above. It is also possible to make implicit dependencies in CET
or DT models explicit, and create an ID from them. In this respect, an ID is nothing
more than a different representation of a DT.

But, there is more to IDs. They can be manipulated according to logic rules, revealing
additional insights in the modelled probabilistic structure. They can be easily adjusted
incorporating new decisions and/or additional phenomena. Chapter 3 investigates the
ID features and compares them with DTs. The case study compares the decision
analysis approach using ID/DT models with that of using CET models.

16 ECN-R--96-004



3. INFLUENCE DIAGRAMS

3.1 Introduction

The previous chapter proposed a decision analysis approach in modelling SAM
strategies. The two modelling techniques for decision analysis problems are IDs and
DTs. DTs are very much like CETs, with the exception that whereas a CET
incorporates SAM decisions "hardwired", a DT incorporates them "flexible". The SAM
strategies in a CET must be prescribed by rules before the tree can be evaluated and
analysed. A DT contains all possible SAM strategies and allows optimization
techniques to select the best of them during the analysis.

IDs are strongly related to DTs. The difference is that IDs do not have a tree structure,
but a graph structure. A DT focuses on the sequence of events, represented by the
model's variables, but an ID focuses on the probabilistic relationships between the
events. Unlike DTs, IDs have a logic associated with them, which allows the analyst to
obtain new insights in the probabilistic structure of the model. The elements of this ID
logic are so-called conditional independence statements.

Since the ID modelling technique is relatively new, we performed a literature study.
The objectives of this study are to become familiar with all theoretical and practical
aspects of ID modelling, and to compare ID models with DT models. The literature on
the theoretical aspects of ID modelling is [Pea90], [How90] and [Smi95]. The practical
aspects are from [Kas93].

The results of this study include the following aspects of IDs:

- What are the ID definition and terminology?
- Which is the ID logic and how does it relate to the notion of probabilistic
(in)dependence?
- Which are the ID construction guidelines and model adjustments and
manipulations?
- How do we analyse ID models?
- What are the similarities and differences between ID models and DT models?
- How does [Kas93] construct and analyse ID models?

Throughout this chapter, an example will be used to illustrate the terminology, logic
and other subjects. This example is taken from the DPL user guide [DPL95] and
illustrates all aspects of ID modelling. It will be introduced in the next section of this
chapter.

3.2 Definition and Terminology

Like DTs, IDs are decision problem models. Before we discuss the definition of IDs,
we first discuss the decision problem model's elements.

A decision problem model consists of:

- Decision variables representing the decision alternatives at several stages of the
process.
- Probabilistic variables representing phenomena that are uncertain.

ECN-R--96-004 17



IDs and DTs for SAM

- Deterministic variables representing deterministic functions of decisions and
uncertain phenomena.
- A unique quantity of interest, or utility function against which the decisions are
judged.

These elements are connected by a structure that incorporates the influence decisions
have on the other variables, and the (probabilistic or deterministic) dependency
between the variables. Associated with each possible combination of realisations of
decisions and uncertain phenomena is a utility, which expresses the preferences of the
decision maker. The decision analysis consists of determining the succession of
decisions that corresponds with the best expected utility.

An Influence Diagram is a graphical representation of a decision problem.

Definition

An ID is a directed acyclic graph (DAG), with nodes representing the decision
problem's variables, and arrows between them representing the variables dependency
structure.

Directed means that the edges that connect the nodes in the graph are directed. Acyclic
here means, that an ID does not contain a directed cycle: It is not possible to start at a
node, follow a directed path through the graph, and return to the start node.

An ID distinguishes four types of nodes:

- Decision nodes representing decision variables.
- Chance nodes representing probabilistic variables.
- Deterministic nodes representing deterministic variables.
- A unique value node representing the quantity of interest.

In literature, there are some drawing conventions: Decision nodes are square, chance
nodes are circular and deterministic nodes are rounded squares.

Example

Figure 3.1 shows an example of an ID from [DPL95]. The problem represented by
this diagram is to decide whether to drill for oil or not (Drill), or to do tests first
(Test), and then make the drilling decision. The quantity of interest, or the quantity
to which the different strategies are judged is the expected profits given the strategy
denoted by Profits. The uncertain variables in this model are the test results, if any,
denoted by Exp Seismic Test, the Seismic Structure, the Amount of Oil, and the
costs of both decisions. The revenues are deterministically dependent of the amount
of oil, and the profits depend deterministically on the revenues and the costs.
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Figure 3.1: An Influence Diagram Example

In this report, we only consider discrete variables. Decisions are always one-of-finite;
probabilistic variables always have a finite number of possible values, or states. The
value of a deterministic variable is fully determined by the values of the other
variables. The quantity of interest is a special case of a deterministic variable. This
means that the decision problem has a finite state space, the direct product of the
variables' domains.

An ID distinguishes two types of arrows between the nodes:

- Influence arrows denoting "conditional dependency".
- Information arrows denoting "information flow".

The arrow structure represents the analyst's belief about the (probabilistic)
dependencies between the variables in the model. Influence arrows are always directed
to chance nodes or deterministic nodes, information arrows are always directed to
decision nodes.

An ID is not only a graphical picture of the problem, but also a data input frame in
which all relevant information can be stored. The chance variables and deterministic
variables can be quantified, consistent with the (probabilistic) structure of the diagram.
This quantification consists of:

- For each chance variable, the analyst assigns probabilities to all value alternatives,
conditional on the values of the variables represented by the nodes from which an
arrow enters the current node.

- To each deterministic variable, the analyst assigns a deterministic function of the
variables represented by the nodes from which an arrow enters the current node.
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This quantification can only happen properly if there are no directed cycles within the
graph. A directed cycle in the graph leads to a situation in which for all the variables
in the cycle, the data is assessed, indirectly conditional on itself. This leads to
contradictions.

Example

The chance variable Drilling Costs in the example is believed to only be influenced
directly by the decision Drill. The costs themselves are uncertain, and are discrete
into three categories: Low, Medium and High. Dependent on the decision made at
Drill: Yes or No, a distribution among these values is assigned:

Yes

Low

Drilling_Costs

Drilling_Costs

Figure 3.2: A Data Input Frame

Terminology

We have already used the terms decision node, chance node, deterministic node and
value node, as well as influence arrow and information arrow.

The quantity of interest represented by the value node is called outcome or utility
function. It is a deterministic function of the other variables in the model. Since we
will not deal with utility theory here, we use the term value function rather than utility
function in this report.

A node at the end of an influence arrow is called a child or direct successor of he
node at the begin of the arrow. In return, the latter is called a parent or direct
predecessor of the first.

A node that can be reached from another node via a directed path in the graph, and is
not a child of the other, is called a descendant or weak successor of the other node. In
return, the latter is called an ancestor or weak predecessor of the first.

An ID without decision nodes is often called a belief net, relevance diagram or
knowledge map.

A basic ID is an ID such that an expert can assess probabilities to all nodes,
conditional on all it's parent nodes, as described above.

A basic ID with all conditional probabilities assigned is called fully specified.
Otherwise it is called partially specified.
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Example
To illustrate some terminology concerning the arrows structure, we give some
examples from Figure 3.1:

- Amount of Oil is a parent of Seismic Structure.
- Amount of Oil is a weak predecessor of Exp Seismic Test.
- Profits is a child of Test Costs.
- Profits is a weak successor of Test.

3.3 Influence Diagram Logic

IDs have the Markov property: A variable is conditionally independent of all its non-
descendants, given its parents. This means that given its parents, all events that are
realisations of the variable are conditionally independent of all events concerning its
non-descendants.

Example
In Figure 3.1, the variable Drilling Costs is conditionally independent of the variable
Seismic Structure, given Drill. This means that all following statements hold:

- Given Drill, the event Drilling Costs ^ High is conditionally independent of the
event Seismic Structure = Open
- Given Drill, the event Drilling Costs = Low is conditionally independent of the
event Seismic Structure - Open
- Given Drill, the event Drilling Costs = High is conditionally independent of the
event Seismic Structure •= Closed
- Given Drill, the event Drilling Costs » Low is conditionally independent of the
events Seismic Structure = Closed

ID logic consists of making Conditional Independence Statements (CISs). These ID
CISs are strongly related to the structure of the joint probability distribution functions
on the set of probabilistic variables, given the possible strategies. Unconditional
Independence Statements (UISs) can be interpreted as conditional independence given
no information.

Throughout this section, we assume that we already have a basic ID.

Firstly, we discuss the set of initial CISs that [Pea90] calls "the input list". These are
the statements the analyst deliberately includes the model. If one or more of these
statements is contrary to the expert's belief in the process' probabilistic structure, the
model must be adjusted.

Secondly, we discuss the axioms that can be used to derive new CIS from these initial
statements, or already derived CIS. CISs derived by the ID logic are called "valid
consequences" ([Pea90]).

Thirdly, we discuss some logically derived consequences of the axioms. These allow
us to verify statements of a special structure. The most important consequence is the
so-called d-separation criterion, which allows us to verify any statement.

Finally, we discuss the relation between ID CISs and conditional independence with
respect to the underlying probability distribution function.
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The Input List

Order the nodes in the diagram such that each node appears after all its (weak)
predecessors, and before all its (weak) successors. Let X be a node in the diagram. Let
Z be the set of X's parents, let Y be the set of X's weak predecessors.

We now say that X is conditionally independent of Y, given Z. Notation ([Pea90]) :
KX, Z, Y)

Note: Actually, this notation should have been I({X}, Z, Y), but we associate a set
containing a single node with that node.

A way of thinking of conditional independence is to say ([Smi95]):

"Once Z is known, Y is irrelevant for predictions about X".

All information on Y (the set of X's ancestors) that is relevant for X, is inherited by Z,
and passed on to X via Z. There is no information skipping a generation. X's identity
is totally determined by it's parents. We may call this the Markov property for IDs.

Let X be a node without parents. Let Y be the set of nodes earlier in the list. Then X
is independent of all nodes earlier in the list. Notation: I(X, 0 , Y).

A way of thinking of independence is:

"Any information on Y is irrelevant in predicting X".

These (conditional) independence statements together form what [Pea90] calls the input
list.

The Axioms

The concept of conditional independence is not restricted to statements on triplets
(node, parents of the node, weak predececcors of the node) as in the input list. It can
be extended to arbitrary disjunctive sets of nodes. Both [Pea90] and [Smi95] formulate
some axiomatic rules that CISs must fulfil, in order to obtain a properly defined
concept. The axioms of [Pea90] are:

PI: I(X, Z, Y) => I(Y, Z, X) symmetry

P2: I(X, Z, YuW) =* [I(X, Z, Y) and I(X, Z, W)] decomposition

P3: I(X, Z, YuW) =* I(X, ZuW, Y) weak union

P4: [I(X, ZuY, W) and I(X, Z, Y)l => I(X, Z, YuW) contraction

The next two axioms from [Smi95] are equivalent to PI to P4:

S1:I(X, Z, Y) <=* I(Y, Z, X)
S2: I(X, Z, YuW) <=> [I(X, Z, Y) and I(X, ZuY, W)]
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To clarify their meaning, we shortly discuss the four axioms of [Pea90]. To avoid
confusion with the probabilistic conditional independence, we use Smith's
formulations.

Suppose Z is known, then the axioms state that:

(PI) If Y is irrelevant for predicting X, then X is irrelevant for predicting Y.
(P2) If Y and W together are irrelevant in predicting X, then each of them separately

must be irrelevant too.
(P3) If Y and W together are irrelevant in predicting X, and we learn W, then Y is

still irrelevant in predicting X.
(P4) If Y is irrelevant in predicting X, and after learning Y, W is irrelevant in

predicting X too, Y and W together are irrelevant in predicting X.

Example

Examples of CISs from the input list are:

1) I(Drilling Costs, Drill, {Test, Exp Seismic Test, Seismic Structure, Amount of Oil}),
or "Once we know Drill, all information on Test, Exp Seismic Test, Seismic
Structure and Amount of Oil is irrelevant in predicting Drilling Costs."

2) I(Drill, {Test, Exp Seismic Test}, {Seismic Structure, Amount of Oil}), or
"Once we know Test and Exp Seismic Structure, all information on Seismic
Structure and Amount of Oil is irrelevant in deciding Drill."

3) I(Amount of Oil, 0 , Test), or "Amount of Oil is independent of Test."

Examples of valid consequences of these three statements are:

From 1) using (P2) we derive:

4) I(Drilling Costs, Drill, Exp Seismic Test), or "Once we know Drill, all information
on Exp Seismic Test is irrelevant in predicting Drilling Costs."

From 4) using (PI) we derive:

5) I(Exp Seismic Test, Drill, Drilling Costs), or "Once we know Drill, all information
on Drilling Costs is irrelevant in predicting Exp Seismic Test."

From 1) using (P3) we derive:

6) I(Drilling Costs, {Drill, Test}, {Exp Seismic Test, Seismic structure, Amount of
Oil}), or "Once we know Drill and Test, all information on Exp Seismic Test,
Seismic Structure and Amount of Oil is irrelevant in predicting Drilling Costs."

From 1) using (P3) and (P2) we derive:

7) I(Drilling Costs, {Drill, Exp seismic Test}, Seismic Structure), or "Once we know
Drill and Exp Seismic Test, Seismic Structure is irrelevant in predicting Drilling
Costs."
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From 4) and 7) using (P4) we can derive:

8) I(Drilling Costs, Drill, {Seismic Structure, Exp Seismic Test}).

Consequences of the ID Logic

The axioms are constructive rules; applying them on valid CISs results in new CISs.
But often an analyst wants to verify a certain statement of interest, without listing the
complete input list and all it's valid consequences. There are three non-inductive,
general CISs, that can be of help in verifying statements. The first two apply to
statements with a special structure. The third one is the so-called d-separation criterion.

Cl) Let X be a single node, Z the set of X's parents and Y the set of all X's non-
descendants, except X's parents, then I(X, Z, Y). ([Pea90])

C2) Let X be a single node. Let Z the set that contains all X's children, all X's
parents, and all the parents of X's children. Let Y be the complement of Z united with
{X}. Then X is conditionally independent of Y, given Z, or I(X, Z, Y). ([Pea90])

Example

Applying C2) on the diagram of our example, we can verify that:

I(Drilling Costs, {Profits, Test Costs, Revenues, Drill}, {Test, Exp Seismic Test,
Seismic Structure, Amount of Oil})

The d-Separation Criterion

The third consequence of the ID logic is a criterion which tells whether a certain
statement is a valid CIS in the diagram [Smi95].

Let X, Y and Z be disjoint sets of nodes in the ID. We want to verify whether I(X, Z,
Y), or "X is conditionally independent of Y, given Z". Smith claims that this statement
is valid if and only if Z d-separates X and Y. To verify whether Z d-separates X and
Y, we must follow the next three steps:

1 Construct the (directed) subgraph induced by the nodes in X, Y and Z, and all their
(weak) predecessors.

2 For each node in this subgraph: if two parents are not connected by an arrow,
connect them. This way, for each node, its parent nodes and their connections form
a complete subgraph.

3 I is the underlying undirected graph.

Z is said to d-separate X and Y if and only if each path in I from any node in X to
any node in Y passes a node in Z.

So, if there is any path in I between a node in X and a node in Y, bypassing all nodes
in Z, then I(X, Z, Y) is not a valid statement. We can interpret such a case as: Y holds
information relevant for predicting X, that is not passed on to X via Z. This
information is passed on to X through the diagram by a path in I, bypassing Z.
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Example

o—-©

©

©

Figure 3.3: All Possible Belief Nets on Three Nodes

Figure 3.3 shows all possible belief nets with three chance variables. Applying the d-
separation criterion on each of these IDs, we obtain the (conditional) independence
statements discussed in Table 3.1.

Table 3.1: (Un)Conditional Independence Statements

Belief Net

1

2

3

4

5

6

CIS

KB, A, C)

KB, A, C)

-

KB, A, C)
KA, B, C)

KA, B, C)
KA, C, B)
KB, A, C)

KC,
KB,
KC,

* = all the symmetric equivalents

B,
c,
A,

are

A)
A)
B)

alsc

UIS *

:

-

KA, 0 , C)

KC, 0 , A)
KC, 0 , {A,

KA, 0 , B)
I(A, 0 , {B,
I(B, 0 , {A,

KC,
B »

KA,
c»
c»

0, B)

0, C) I(B, 0, C)
I(C, 0 , {A, B»

) directly obvious from the diagram

ECN-R--96-004 25



IDs and DTs for SAM

Discussion:

Belief net 1 does not reveal any structure. This means that any joint distribution
function on three variables can be modelled by belief net 1 of Figure 3.3. If the analyst
has no initial information on the structure of the distribution function, this is the only
belief net that can be used.

Belief nets 2 and 3 reveal exactly the same structure. They can be derived from each
other by applying the arrow reversal rules on the arrow between A and C. This rule
will be discussed later.

Belief net 6 contains all (conditional) independence statements one can think of, all
variables are totally independent. If any (conditional) independence statement does not
hold for a joint distribution function, the analyst should not use belief net 6.

We see that there are only 6 possible IDs representing a probability distribution on
three variables, two of which contain exactly the same information. Since there are a
lot more different dependency structures conceivable on three variables, IDs cannot
correspond one-to-one with real probability distribution functions. For a given real
dependency structure, the analyst must strive for the "best fitting" ID.

Belief nets 2 and 3 are different IDs containing exactly the same CISs. So, in general,
a "best fitting" ID for a problem is not necessarily unique.

ID Dependence versus Probabilistic Dependence

We have seen that there cannot be a one-to-one correspondence between CISs in an ID
and probabilistic conditional independence between the random variables that are
represented by the ID nodes. [Pea90] provides construction rules that ensure that CISs
in the ID correspond with conditional independence with respect to the joint
probability distribution function. But in general, the ID does not reveal all existing
conditional independencies. These construction rules will be discussed in the next
section.

Suppose we have a set of discrete random variables. Let P be the joint distribution
function on them. Suppose, a belief net is constructed from P according to the
construction rules. Let X, Y and Z be disjunctive subsets from the node set of the
belief net.

Then, according to [Pea90] the following correspondence between CISs in the ID and
conditional independence with respect to P holds:

1) I(X, Z, Y) => P(X I Z , Y) « P(X I Z)

2) I(X, 0 , Y) => P(X I Y) - P(X)

This means that conditional independence between nodes in the ID implies conditional
independence with respect to the probability distribution, and that independence
between nodes in the ID implies independence between the random variables with
respect to the probability distribution.

Both claims above cannot be reversed.
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These claims assure that an ID constructed according to the theoretical guidelines
contains only (conditional) independence statements that correspond with (conditional)
independence statements with respect to the probability distribution function. This does
not only hold for the statements of the input list, but this does also hold for statements
derived from these, applying the axioms or the consequences of the axioms, like the d-
separation theorem.

The fact that the reverse implications do not hold means that the ID does not
necessarily reflect all of the probability distribution function's structure. In general, an
ID model does not fit the distribution function "tightly". If it does, and all (conditional)
independencies with respect to P correspond with CISs in the ID, we call the ID a
perfect map. The belief net 6 of Figure 3.3 necessarily is a perfect map, since it reveals
all possible (conditional) independence statements.

3.4 Influence Diagram Construction

Until now, we assumed that we already have an ID model for our problem. The
question is: How do we construct one?

First we will discuss the theoretical construction guidelines from [Pea90]. Applying
these ensures us the validity of the ID logic and the CISs derived using it.

In order to be able to apply these guidelines, the analyst must already know the
random variables and the joint probability distribution function. In practice, this is
often not the case. [Kas93] uses heuristic construction guidelines. We will discuss
these more practical guidelines here too.

Finally, when a basic ID has been constructed, this diagram can be adjusted and
simplified by the concepts of node removal and arrow reversal. These concepts are
justified by the ID logic as defined by the axioms.

Theoretical Construction Guidelines

Suppose that the discrete random variables describing the process are defined. For the
time being, we neglect the decision variables.

Let

Xv ... , Xn be the discretized random variables
n

be the state space of the process

and let P be the probability distribution function on Q.

Then in general:

V(x, ,..., xJeQ: P(X,=Xl ,..., Xn=x,)=

P(Xx=xx) - P(X2=x2 | XY=xY) - P(Xn=xn | X,=Xl ,..., Xn=xn_x)=

f[P{Xj=xj\Xi=xi,ie{\ , . . . , y - l »
/i
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The random variables will be represented by nodes with the same name and the
following procedure selects the arrows that will be drawn:

For all j e {1, ... , n} select a subset C(j) of {1, ... , j-1} with minimal cardinality such
that :

: f[P{X=x \ Xt=xp ie{\,...J-
y=i

rXj | Xt=xp ieC(J))

Then, an arrow is drawn from node X- to X: if and only if i is in C(j).

For any order of the discrete variables, this procedure results in a belief net that
represents the joint probability distribution function. By choosing the order such that
the total number of elements of C(j) for all j is as small as possible, the resulting ID
fits as "tightly" as possible. In practice, the C(j) sets are smallest if the variable
ordering is consistent with causalities and time ordering. If for assessing a variable, all
information about an earlier variable in the list may be forgotten, the arrow between
the two can be left out. This reflects the Markov property for IDs.

The final phase of the ID construction consists of adding the decisions, information
arrows between them indicating their order, information arrows between chance nodes
and decisions indicating that the decision will be made with knowledge of the
realisation of the random variables, and influence arrows between decisions and chance
nodes indicating direct influence of the decision on the chance node.

The CISs from the input list are all statements of the form

/( Xp {Z,, ieC(j)h {Yp ie{!,...j}\C(f)} )

These represent the a priori knowledge of the author about the dependency structure.
The valid consequences, the CISs derived by applying the axioms, can be seen as new
knowledge about the dependency structure.

Heuristic Construction Guidelines

The theoretical guidelines assure the construction of a "valid" diagram, in the sense
that all (conditional) independence within the ID represents real existing (conditional)
independence with respect to P. In practise, these guidelines can usually not be applied,
because the probability distribution function is not known. This lack of knowledge may
lead to a diagram in which there are arrows between every two nodes, that is, an ID
without CISs, without real structure.

Another important practical problem is that the random variables of interest, the chance
nodes in the ID, are usually not clearly defined. The modeler must select events, define

28 ECN-R--96-004



Influence Diagrams

variables, make their state space discrete, before the actual construction will take place.
Therefore, in practice, other construction guidelines apply.

The following describes a step by step practical construction procedure, that is partially
taken from [Kas93] and [DPL95].

1. Describe the quantity of interest of the problem.

2. Describe the decisions that can be made to influence this quantity.

3. Draw a directed acyclic graph that consists of decision nodes for each decision, a
value node representing the value of interest, information arrows between the
decision nodes indicating the order, and arrows from each decision node to the
quantity of interest, indicating that the decisions influence the value of the quantity
of interest.

4. Describe the discrete random variables that influence the value directly, such that
the value function can be specified.

5. Give these variables an order consistent with chronology and causality.

6. Extend the graph by adding chance nodes representing the random variables. Draw
arrows:
- from the chance nodes to the value node.
- from decision nodes to chance nodes if the decision directly influences the random
variable;
- between two chance nodes if one random variable directly influences the other;
- from chance nodes to decision nodes if the decision will be made with knowledge
about the realisation of the random variables.

Remove the arrows between the decisions and the value node, if there is no direct
influence from the decision on the value anymore.

When drawing new arrows, be sure not to create cycles.

7. Try to specify the chance nodes, by assigning probabilities conditional on their
parents.

8. For those chance nodes that cannot be specified, describe the discrete random
variables that influence these nodes directly, such that they can be specified.

9. Repeat from 4, until all chance nodes can be specified. We have constructed a basic
ID.

10. (optional) Simplify the ID by successive arrow reversals and node removals.

ID simplification allows the analyst to construct smaller diagrams from originally
created ones, that still contain all information of interest for the analyst. This way, the
analyst can focus on important parameters and events.

One of the advantages of ID models, compared with tree models, is that they allow
adjustments resulting in new diagrams that may be easier to assess, evaluate and/or
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analyse. These adjustments are the concepts of chance node removal and influence
arrow reversal. Node removal leads to a diagram with less variables, which may be
easier to evaluate or analyse. Arrow removal allows the modeler to assess conditional
probabilities in the same format as he or she has data available. Successive arrow
reversals and node removals may result in a diagram only containing decision nodes
and deterministic nodes. So, these concepts provide an ID evaluation algorithm too
[Sha86].

Chance Node Removal

Any chance node X can be removed. But in order to keep the model valid, a node
removal must be followed by adding several arrows:

1) Add arrows from all X's parents to all X's children.
2) Suppose that U and V are two of X's children, connected by an arrow from U to

V. Then additional arrows between U's parents and V must be added.
3) Connect all X's children such that the ID remains a DAG.

Usually, this procedure leads to a diagram with much more arrows than the original
one. Special cases in which the resulting diagram becomes less complex are for
example:

- A node without children can be removed without adding arrows.
- A node with only one child can be removed, in which case the child inherits the
removed node's parents.

A fully specified ID must be quantitatively adjusted too: X's former children's
conditional probabilities must be updated using Bayes' rule.

Example:

Node X of Figure 3.4a will be removed. In order to remain valid, the new model must
have arrows:

1) From all nodes in {Nodel, Node2, Node3} to all nodes in {Node5, Node6, Node7}
2) From Node4 to Node6.
3) From Node6 to Node7, and from Node5 to Node7.

The resulting, "simplified" diagram in Figure 3.4b contains one node less, but six
arrows more. So, maybe we should not speak of simplifying in this case.
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Figure 3.4a: ID Before Removal of Node X...

Figure 3.4b: ...Simplified ID After Removal of Node X
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Example:

If a node with only one child is to be removed, no additional arrows need to be
included, so in that case, one can speak of simplifying. The conditional probability on
the child node must be updated using Bayes' formula.

Let X be the node that is to be removed, Y the child node and let Pj, ... , Pn be X's
parents. Let Xj, ... , xm be the possible values of X. Then the updated probabilities on
Yare:

P(Y | Pl ,..., P,)=ip(Y | X=x)-P(X=Xi
/i

Influence Arrow Reversal

Any arrow between two chance nodes X and Y can be reversed, as long as the ID
remains a directed acyclic graph. This means that except for the arrow between X and
Y, there may not be another directed path from X to Y in the graph. Again, in order to
keep the model valid, this arrow reversal must be followed by adding arrows:

1) Between X's parents and Y.
2) Between Y's parents and X.

A special case of arrow reversal is:

- An arrow between two nodes X and Y, X having no parents, X being Y's only
parent, can be reversed without adding arrows.

A fully specified ID must be quantitatively adjusted too: Both X and Y's conditional
probabilities must be updated using Bayes' rule.

Example

From the example of Figure 3.1 the arrow between Seismic Structure and Exp Seismic
Test will be reversed. This because the expert has less difficulty in assessing
conditional probabilities on Seismic Structure given Exp Seismic Test, then the other
way around. The resulting ID is presented in Figure 3.5.
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Figure 3.5: ID of Figure 3.1 after Arrow Reversal

Example:

Given a fully quantified ID. Suppose that an arrow from X to Y, both without other
parents must be reversed. Then the conditional probabilities on X and Y must be
updated according to the following formula's.

Let Xj, ... , xn be the possible values for X. P(X) and P(Y I X) are given in the
original fully specified diagram. The conditional probabilities P(X I Y) and P(Y) in the
adjusted diagram will be given by:

P{Y) =
/=!

X=x) - P(X=x)

P(X I Y) =
P(Y | X=x) • P(X=x)

P(Y)

3.5 Evaluation and Analysis

ID Evaluation Methods

The main goal of decision analysis is to compare the strategies with respect to the
expected value of the value function, given the strategies. Calculating the optimal
strategy with respect to the value function is what we will call here ID model
evaluation. We will shortly discuss two ID evaluation methods. The first method
consists of constructing a DT from the ID, and apply a DT evaluation method. The
second method consists of simplifying the diagram by successive chance node
removals. [Smi95] discusses another method of creating junction trees from IDs. We
will not discuss that method here.
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The first evaluation method consists of constructing a DT from the ID, and evaluating
this tree. This is the way [Kas93] evaluates it's models.

The second method consists of successive chance node removal and value function
updating. The whole procedure results in a single node diagram with a single value.
This is the expected value of the value function given the optimal policy.
Note that the value node has no successors. Add arrows from all nodes to the value
node. Since the value node has no successors, adding these arrows does not create
cycles. Since the resulting ID is a DAG, there is always at least one node with only the
value node as a child. We remove this node, and update the value node:

- A chance node can be removed, and the value function can be updated by taking the
expected value over all possible values of the chance node.

- A decision node without information arrows from chance nodes can be removed, and
the value function can be updated by taking the best decision.

- A decision node with incoming information arrows from chance nodes can also be
removed, but the value function must be factorized into conditional value functions,
conditional on the values of the chance nodes. For each of these conditional value
functions the process can be continued.

This new ID still is a DAG, but with one node less. The node removal procedure can
continue until one node is left, containing all information.

Value of Perfect Control

Important issues in decision analysis are the expected value of perfect control and the
expected value of perfect information.

Suppose that we manage to fully control an uncertain variable. By calculating the
expected value of the outcome for each value of this variable, we can obtain a
preferred value, with an expected value of the outcome that is at least as good as in the
initial case. The difference is called the expected value of perfect control. This value
shows to what extent the expected value of the quantity of interest can be improved by
investments on controlling the uncertain event. This information can help us in
deciding for which uncertain phenomena we may try to invest in control.

Value of Perfect Information

Suppose that we can observe the value of an uncertain variable before making a
decision. Then the expected value of the problem is at least as good as in the initial
case, in which we made the decision without knowledge. The difference is called the
expected value of perfect information. This value helps us in deciding for which
uncertain phenomena it pays off to invest in observing the events.

When using DTs, it is possible to calculate the value of information by changing the
order of the chance variable and decision variable, and then evaluate the tree again.
[Mat90] shows that one has to be very careful doing this, since it is possible to
overlook additional joint dependencies between the decision and chance variable of
interest and other chance variables in the model. By simply changing the order of the
two, this dependency may be changed.
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3.6 Comparison of IDs and DTs

Fully specified ID and DT models for the same decision problem must result in the
same solutions and results. It is therefore not surprising that it is possible to construct
an ID from a DT model, and vice versa. Both types of models are equivalent, although
they emphasize different aspects. Whereas ID models emphasize the (probabilistic)
relationships between the variables in the model, DT models emphasize the sequence
of events. Both approaches have their pros and cons. We discuss these and other
differences between ID and DT models briefly.

Creating a DT from an ID Model

Suppose we have a fully specified ID. Since it is a DAG, the variables can be ordered
such that all nodes are listed after their (weak and direct) predecessors, and before all
their (weak and direct) successors. Often, more than one order applies. Select one of
the possible orders, this one becomes the order of the variables in the DT. For the time
being, neglect the deterministic variables that have no chance nodes as successors.

We first create a fully extended DT, by branching at each variable, for all its possible
states. (Recall that all the variables are discrete.) Then assign the probabilities at the
chance variable branches, conditional on all their parents in the ID, that are earlier in
the list. We can delete all branches with zero probability, and everything stemming
from these branches. At the deterministic variables, there will always be one branch
with probability 1, all other have probability 0. In the final DT, the deterministic
variables will effectively disappear from the tree.

For each path in the resulting tree, calculate the value of the outcome with help of the
value function from the ID.

Creating an ID from a DT Model

Suppose we have a fully specified DT. Each path in the DT has a value, each branch
at a chance variable in the DT has a probability. The DT's decisions and variables
become the ID's decision nodes and chance nodes.

Two nodes X and Y will be connected by an arrow if X is earlier in the DT and the
probability assignment on the branches of Y in the DT differ on different paths
stemming from the different branches of X.

Then define a value node, and assign the DT value function to it.

Comparison of ID and DT Models

Table 3.2 summarizes the ID and the DT model differences and characteristics. The
conclusions are generally the same as those in [Kas93].

ECN-R--96-004 35



IDs and DTs for SAM

Table 3.2 : A Comparison of Influence Diagrams and Decision Trees

Influence Diagrams Decision Trees

Compact Picture.

Shows Conditional Independence.

Shows input data needs.

Adjusting model to data by Arrow Reversal.

Simplifying model by Node Removal.

Shows possibilities for Value of Perfect
Information.

Hides the states of the variables.

Shows no individual sequences.

Causality is not explicitly expressed.

Variables are not ordered uniquely.

Tree over several pages.

Hides Conditional Independence.

Hide input data needs.

not possible

not possible

Changing order of nodes is tricky.

Shows the states of the variables.

Shows the individual sequences.

Shows causality.

Variables are ordered uniquely.

In general, an ID representation requires less space than the corresponding DT. The
information lost by using the ID representation instead of the DT representation
concerns the (im)possibility of certain individual sequences of events, possible
causalities between events, and the domains of the variables.

As said before, ID models emphasize the probabilistic relationships between the
variables. By verifying CISs, the analyst gathers information about the implicitly
modelled independencies. These are not shown by the DT representation. The ID
manipulations as node removal and arrow reversal provide the analyst possibilities to
adjust and simplify the model without losing information.

3.7 Review of Kastenberg's report

The NUREG\CR-6056 report [Kas93] discusses the ID modelling approach for SAM.
This discussion was the reason ECN started this PROB-SAM project.

Before we will perform a case study to compare the ID modelling technique with the
CET modelling technique, we take a closer look at the modelling and analysis
approach of [Kas93].

The objective of the review is to find out how experts in the field of SAM use IDs to
model SAM strategies. We want to know to what extent they use the (theoretical) ID
modelling features. The subjects of interest are:

- How do the authors of this report construct IDs?
- How do they evaluate the diagrams?
- Which additional analyses do they perform?

Our approach is to first list a set of more detailed questions that we want to answer.
These answers will help us to formulate the set-up for the case study. Secondly, we
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will discuss the [Kas93] models and their analysis results briefly. Finally, we will
discuss the review list questions.

Review Questions

The report presents three ID models for SAM strategies for selected NPPs and accident
sequences. We are interested in the following questions about the ID construction and
analysis:

Construction:
- What are the construction guidelines the NUREG report follows?
- How does the report select the value function?
- How does the report select the decisions?
- How are the model data presented?
- Does the report explicitly use the ID logic?
- Do the used models have some special characteristics?

Analysis:
- Which evaluation algorithms are used?
- Which decision analysis is performed?
- Which sensitivity analyses are performed?
- Does the report perform uncertainty analysis?
- Does the report discuss the value of perfect control or perfect information?
- Does the report perform additional, what-if analyses?

The NUREG Report Models

1) PWR short term station blackout: one decision

Problem

For a Pressurized Water Reactor (PWR), it considers a short term station power
blackout sequence. This sequence starts with a loss of off-site power as initiating event
followed by the failure of the emergency diesel generators to provide backup AC
power. In addition, the auxiliary feedwater system fails to provide emergency
feedwater to the steam generators. The increasing temperature in the Reactor Core
leads to a coolant loss through the power operated relief valves. The loss of AC power
results in an unavailability of all emergency core cooling systems. If power is not
recovered, continued coolant loss leads to core uncovery and core damage.
The SAM strategy under consideration is to flood the cavity which surrounds the
reactor vessel. The beneficial effects of this strategy is that it cools the vessel from the
outside and it prevents high pressure melt ejection of core material in case the core
melts down. This may prevent core-concrete interaction if the vessel fails anyway.
There are also two adverse effects associated with this strategy. The first is that
keeping the core inside the vessel causes a continued exposure of the steam generator
tubes to hot circulating gases. This may cause a steam generator tube rupture. The
other is that if the vessel fails anyway, the molten core falls in a flooded cavity which
may lead to an ex-vessel steam explosion.
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Model

The model considers only one decision with two alternatives: flood the cavity or do
nothing (apart from the already existing procedures). It considers two value functions
with respect to which the strategies will be ranked. The first is the number of early
fatalities, the second is the number of latent cancer fatalities. Both value functions are
considered separately.
The decisions don't have incoming information arrows from chance nodes.
All chance nodes have conditional probabilities in the form of point estimates assigned
to them.

Analysis

The analysis consists of:
- risk comparison for all strategies;
- conditional probabilities for all important parameters (conditional on strategy);
- sensitivity analysis for important point-estimated probabilities;

- two way independent sensitivity analysis for two important point-estimates.

2) BWR long term station blackout: one decision

Problem

For a Boiling Water Reactor (BWR), it considers a long term station blackout
sequence. This sequence is very much like the sequence described above. The
difference is that the time to core uncovery is larger.
The SAM strategy under consideration again is to flood the cavity which surrounds the
reactor vessel. The benefits of this strategy are outside cooling of the cavity and
reduction of the chance for a liner melt through if the vessel fails. The probability of
an ex-vessel steam explosion is an adverse effect of this strategy.

Model

The decision alternatives are the same as in the previous model: flood the cavity or
not. Again, the number of early fatalities and the number of latent cancer fatalities are
the two consequence measures under consideration. They are each treated separately.
The decisions don't have incoming information arrows from chance nodes.
The chance nodes all have conditional probabilities in the form of point estimates
assigned to them.

Analysis

The analysis consist of calculation of:
- risk probability distribution;
- sensitivity analysis for important point-estimated probabilities.
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3) PWR short term station blackout: two decisions

Problem

The accident sequence and plant type are the same as in the first model. The model
considers three SAM measures, and all eight combinations of them as SAM strategies,
subdivided into two decisions: one with four alternatives, one with two.

The first decision considers the alternatives:
- flood the cavity;
- depressurize the containment by venting;
- do both simultaneously;
- do nothing.

The second decision considers the alternatives:
- feed and bleed as soon as AC power is recovered;
- do nothing.

Feed and bleed means that the feedwater system is reactivated after AC recovery in a
situation that the core is already damaged. The cooling effect of the feed is beneficial
in principle. But there exists a possibility of core damage as a result of quick
temperature drop. This adverse effect is called the bleed.

Model

The second decision has an incoming information arrow from a chance node. This
chance node represents the occurrence of AC recovery before vessel breach. The feed-
and-bleed strategy can any be applied when AC power is recovered in time. So, if this
condition is not fulfilled, the decision alternative chosen is necessarily the do nothing
alternative. In the model evaluation this arrow is removed and replaced by an arrow
from the chance node to a chance node representing the success of the decision. This
trick allows the analyst to rank the "hardwired" strategies.
The chance nodes have probability distributions assigned to them, characterized by 5%,
95% and mean values. The report distinguishes four types of distribution functions:
lognormal, uniform, discrete and expert opinion. The base case decision analysis is
performed with the mean point estimates for the probabilities. The distributions are
propagated through the model by a Monte Carlo process.

Analysis

The analysis consists of calculating:
- strategy ranking with respect to conditional expected value outcome;
- strategy ranking with respect to standard deviation uncertainty propagation;
- ranking importance deterministic variables;
- sensitivity analysis important point-estimated probabilities;
- two-way independent sensitivity analysis for two important deterministic variables.

Remarks

- Almost all data needed for the different models is taken from the NUREG-1150
report [USN90].
- The discrete distribution functions are propagated by taking the values 0 and 1
with probability (1- mean) and mean respectively.
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- Since the 5% percentiles of the expert opinion distribution sometimes is 0, and the
95% percentiles sometimes are 1, there is a problem in deciding how to propagate
these distributions. The report does not tell how this was performed.

The Use of ID Modelling Features

Construction

The construction guidelines of [Kas93] uses are discussed in Section 3.4. First the
decisions are defined as actions that operators can perform at the onset of core damage,
given the respective level 1 behaviour of the accident sequences. Then two generally
accepted, and highly correlated accident severity measures are chosen, the number of
early fatalities and the number of latent cancer fatalities. The next step is to describe
the containment failure modes that contribute to both measures. This results in the
definition of some chance variables. The value functions are specified as deterministic
functions of these chance variables. The probabilistic dependencies between the newly
defined variables is quantified, and the influence the decision alternatives have on these
variables is quantified. If this is not directly possible for some probabilistic
dependency, new chance nodes are defined.

The report neither uses the ID logic of deriving CISs during the construction process,
nor afterwards. It does discuss and apply the concept of chance node removal for
special cases. Some chance nodes with only one child which is not the value node are
removed from the first and third model. Unfortunately, in some cases the probability
updating procedures have not been performed properly. This leads to simplified models
that differ from initial models.

The report also discusses the concept of arrow reversal in case both nodes do not have
other parents. This concept is not applied in any of the models.

Analysis

The report discusses the ID evaluation method by successively removing nodes, but
does not apply this. From each ID model, a DT is constructed which is used to
evaluate and analyse the model. The trees are implemented in SUPERTRE, a software
package designed to analyse DTs. Above, we have described which analyses were
performed on the different models. These include strategy ranking for hardwired
strategies, sensitivity analysis for important probability estimates for selected strategies
and uncertainty propagation. The analyses do not include obtaining value of perfect
information or perfect control. The reason for this is that the different strategies are
evaluated "hardwired". The analyses do not include what-if analyses like "what
happens if a steam explosion does occur with certainty?", or "what happens if we
observe a steam explosion?". These are important analysis questions that can be
answered by using ID models.

3.8 Conclusions

A decision analysis approach using ID or DT models has some major advantages over
"hardwired strategy" ranking as performed in e.g. [Kas93]. This approach allows the
analyst to investigate different types of "what-if' questions considering worst case
scenarios and incorporation of observations. It also provides information about the
expected value of perfect information and control.
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ID modelling seems to have some major advantages over DT modelling. These concern
particularly the representation of probabilistic structures and logical manipulations.
From the literature though, it is not clear how practical these advantages are in real life
problems. [Kas93] does not fully exploit the features.

ID modelling also has some drawbacks as compared to DT modelling. These
disadvantages especially concern deterministic dependencies like chronology and
causality, and the sequence of events. It is clear that for many real life problems, these
drawbacks seem hard to overcome.

A preliminary conclusion of the literature study is that a decision analysis approach
using IDs has promising prospects in the field of SAM modelling. On the other hand,
we cannot afford to use ID models only, since they tell us nothing about the sequences
of events. These are very important in the SAM area. We need associated DT models
to express the sequences.
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4. DPL EVALUATION

4.1 Introduction

The software package Decision Programming Language (DPL) uses mixed ID/DT
models for decision analysis. The ID contains the (probabilistic) dependency structure
of the problem; the DT shows which event sequences must be evaluated. The
conditional probabilities for the variables are assigned in the ID, the value function is
defined in the DT. A DPL model combines the features of ID and DT modelling.

DPL needs MS-Windows and has facilities to automatically communicate with Excel
and Lotus 1-2-3.

Since we had no experience with DPL, we have evaluated version DPL 3.1 before we
used it for the case study. The objective of this evaluation is to find out which features
DPL has and to decide whether we can use it for our case study.

The aspects of evaluation concern the definition of DPL models, it's model analysis
features and it's user interface. A extensive list of evaluation aspects is given in the
next section.

4.2 Aspects of Evaluation

We will evaluate DPL with respect to three main aspects. For each aspect we define a
detailed list of questions that we would like to answer:

Definition of a DPL model:

- Which are a DPL model's variables and what are their characteristics?
- How are these variables connected, what is a DPL model's structure?
- How are the graphical and textual representations of a DPL model related?
- Which input data is needed before a model can be analysed?

DPL model analysis features:

- Which model evaluation algorithms are available?.
- Which sensitivity analysis features are supported?
- Are there possibilities for uncertainty propagation?
- Are there possibilities to calculate value of information and control?
- Is it possible to use DPL models at "real time"?

DPL user interface, input and output:

- How do we construct a DPL model graphically?
- Which are the input data formats?
- Can we adjust DPL models, and if so, how?
- How do we analyse a DPL model, and what are the results?
- How is the analysis output data formatted?
- Which are the quality assurance features for input and output?
- How is the DPL interface with other software?
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4.3 Definition of a DPL Model

4.3.1 Variables: definition and characteristics

A DPL model distinguishes the three types of variables from a decision problem:
Decision variables, chance variables and deterministic variables. They are represented
by nodes in the ID and branched events in the DT.

Decision Variables

A decision variable represents a decision moment, at which a choice must be made
from at least two and at most six decision alternatives. The decision criterion is the
expected value of the quantity of interest given the decision alternative. The modeler
must state whether this expected value must be maximized or minimized. It is possible
to associate with each decision alternative a (conditional) value. This value can
represent a cost or reward for taking that decision. This is only relevant if these values
contribute to the quantity of interest. A decision variable appears both in the ID as in
the DT.

In DPL, decision variables are represented by square, yellow nodes.

Chance Variables

A chance variable represents a quantity whose value is uncertain. This quantity is
discrete and has at least two and at most six states. These states must be mutually
exclusive and exhaustive: during the process the DPL model models, it takes exactly
one state. Associated with each state of a chance variable is a conditional probability
and a, optionally, a conditional value. These values are only relevant if the value
function incorporates them. A chance variable appears both in the ID as in the DT.

In DPL, chance variables are represented by circular, green nodes.

Deterministic Variables

A deterministic variable represents a quantity whose value is a deterministic function
of other values in the model. These variables only appear as variables in the ID, not in
the DT. Their values can occur in the DT as "get" or "pay" expressions at the branches
of decision or chance variables. It is possible to define the value function as a
deterministic variable in the ID, and to incorporate it's values as "get" or "pay"
expressions at the final branches of the DT.

In DPL, deterministic variables are represented by blue, rounded squares.

4.3.2 Structure: dependence, event sequences and the value function

As mentioned in the introduction, a DPL model is a mixed ID/DT model. The ID part
models the dependence between the variables by the arrow structure, the DT part
models the individual event sequences. The value function can be defined explicitly in
the ID, by creating a deterministic variable. This deterministic variable must occur in
the DT as "get" or "pay" expression at the final branches. The value function can also
be defined implicitly by "get" and "pay" expressions at all the branches in the DT.
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The Dependence Structure

The dependence structure is modelled in the ID part of the model.
DPL distinguishes four types of arrows. The colour of the arrow heads indicates which
of the probability or value must be assigned conditionally.

The colours of the arrow heads are:
- Black: only indicating the variable evaluation order.
- Green: indicating conditional probability assignment.
- Blue: indicating conditional value assignment.
- Burgundy: indicating both conditional probability and value assignment.

Information arrows, incoming arrows in decision nodes, can only be black or blue. If
no values are assigned to a chance node, the influence arrow can only be black or
green.

The DPL ID definition slightly differs from the definition in Chapter 3, with respect to
the values that can be assigned to the nodes. This makes the no cycles requirement
slightly different:

No data cycles are allowed. This means that no directed cycle consisting of blue,
green and burgundy arrows may exist in the ID. If such a cycle exists, the data
definitions are ambiguous.

No sequence cycles are allowed: this means that no directed cycle consisting of
blue, burgundy and black arrows may exists. If such a sequence cycle exists, there is
no unambiguous order of events as they must appear in the DT at the evaluation.

One type of cycle though is allowed: A cycle consisting of green and black arrows
between chance nodes. In this case, the order of the events in the DT must be
consistent with the black arrows. The conditional probabilities for the nodes connected
by green arrows are automatically updated using Bayes' formula, if the nodes appear in
a different order in the DT.

The Event Sequences

The event sequences are modelled in the DT part of the model. The order of the
events, or the order in which the decision and chance variables occur in the tree, must
be consistent with the direction of the blue, burgundy and black arrows in the ID. If
this requirement is violated, DPL is not able to evaluate the DT.

Two chance events, connected with a green arrow may occur in reversed order in the
tree. This is only possible, if by reversing the two chance events, the consistency with
blue, burgundy and black arrows is not violated. In this case DPL is still able to
evaluate the tree, since it can rewrite the conditional probabilities on the two variables
using Bayes' formula.

A DT can be symbolic, meaning that the tree is not expanded, but merely symbolically
represented by the sequence of variables. This symbolic tree represents the symmetric
tree that incorporates all event sequences, all combinations of decisions and chance
variable realisations. But it is also possible to incorporate asymmetry into the model,
by excluding certain paths. Sometimes this is necessary, for example if a decision is

ECN-R--96-004 45



IDs and DTs for SAM

only relevant given a certain event history. At other times, it is helpful for problem
representation, or to avoid enormous 0-1 probability assignments in the ID for
combinations of events and decisions that cannot occur.

Each path in the DT has a value, defined by the value function. These values are
incorporated in the DT by get or pay expressions.

The Value Function

As mentioned above, the value function can be defined in the ID, and be represented
by a deterministic variable. In this case, the variable must be included as a "pay" or
"get" expression in the DT.

It is possible to define the value function implicitly by get and pay expressions at all
branches in the DT. In this case, each path in the tree has as value the sum of the
values assigned to it.

4.3.3 Representation of DPL model: graphical and textual

DPL provides ID and DT drawing features, with help of which a fully specified ID/DT
model can be constructed. This model can be evaluated and analysed, using DPL's
features.

A mixed ID/DT model can be translated unambiguously to a DPL program. This
program consists of a definition section, corresponding to the ID, and a sequence
section, corresponding to the DT. The sequence section consists of statements
describing the roll forward and roll back algorithm for evaluating a DT.

Example: Associated with the ID from Figure 3.1 is a DT representing the
individual event sequences. This tree is printed in Figure 4.1.

It is partially symbolic: The tree includes all the branches for Drilling Costs,
Amount of Oil, Seismic Structure and Exp Seismic Test and all possible paths
stemming from them. By drawing these parts of the tree symbolic, we manage to
draw it on one page.

It is partially edited: Test and Drill are edited to indicate that different types of tests
are followed by different types of relevant events. By editing the tree, one deletes
paths that have probability 0.

The value function Profits is implicitly defined by the pay expressions Test and
Drilling_Costs and the get expression Revenues.
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Figure 4.1: Decision Tree Associated With ID of Figure 3.1

4.3.4 Input data needs

Before a DPL model can be evaluated, the data must be assigned to the variables,
consistent with the arrow structure in the ID. For each node type, the following input
data is required:

- Each chance variable must have probabilities assigned to its states, conditional on
its parent nodes with which it is connected via green or burgundy arrows. These
probabilities are point estimates. For each condition, the states' probabilities must
sum to 1.

- Each chance variable can have values assigned to its states, conditional on its
parent nodes with which it is connected via blue or burgundy arrows.

- Each decision variable must have the selection criterion maximize value function
or minimize value function assigned to it.

- Each decision variable can have values assigned to its alternatives, conditional on
its parent nodes with which it is connected via blue arrows.

- Each deterministic variable must have a value assigned to it.

- Each path in the DT must have a value assigned to it.

4.4 DPL Analysis Features

4.4.1 Introduction

A fully specified ID/DT model can be analysed using standard DPL analysis features.
These analyses include DT evaluation, sensitivity analyses and sensitivity comparisons
to rank the importance of events and deterministic values. We will discuss the standard
analysis methods and results in this section.
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Other analyses like obtaining values of perfect control and information, or the use of
an ID/DT model in real time analyses, incorporating observations, can be performed by
adjusting the model slightly. We will shortly discuss the method to do this in the last
subsection.

The guidelines for performing these analyses in DPL will be treated in the next
section.

4.4.2 Evaluation methods

DPL evaluates the ID/DT model, and calculates the optimal strategy by a DT
evaluation algorithm. Dependent of the size of the model, the analyst can choose one
of three methods to evaluate the model:

Methods

All evaluation methods use the roll forward and roll back algorithm, explained below.

The roll forward phase consists of calculating the strategy, the probability and the
value of each path in the tree. The probability of the path is the product of all
conditional probabilities of the states of the chance events on the path. The strategy is
the combination of decision alternatives on the path. This results in a joint probability
and value distribution of the problem for each strategy.

The roll back phase consists of determining the best strategy and it's expected value:
At each chance node, calculate the expected value of the process given the path up to
the chance node, by weighing the values with the branch probability. At each decision
node, select the alternative with the best expected value given the path up to the
decision node.

The rolling forward phase can be done by selecting one of three alternative algorithms.

1. Full enumeration: calculate expected value and the probability of all possible paths

This is done as described above.

2. Sequence optimization: use special structure problem

If there exist independencies within the ID and the value function is linear or
multiplicative, it is possible to do the rolling forward phase not for the whole tree at
once, but for parts of the tree. The results are then stored at the end nodes of the parts
of the tree. This can save a lot of initial calculations.

3. Simulation: sample from possible paths

For very large trees, the number of calculations can be very great. For these trees,
there is an option not to calculate the probabilities and values of each path, but from a
sampled selection of the paths. There are three sampling strategies. The results are not
exact anymore.
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Results

By running the option "Run Decision Analysis" and selecting one of the evaluation
methods discussed above, DPL provides the following standard decision analysis
results from these evaluations:

1) Optimal strategy with its expected value of the value function.
2) Outcome distributions for the optimal strategy and the optimal strategy given the

other initial decision alternatives.
3) Marginal probabilities of the chance variables and the fractions of the decision

alternatives given the optimal strategy.

4.4.3 Sensitivity analyses and comparisons

1. Sensitivity for deterministic variable

Use the option "Run Value Sensitivity Analysis". This analysis determines the impact
of a change of value for a deterministic variable on the expected value of the outcome,
given the optimal strategy. For several (partially selected) values for the variable, the
tree is evaluated: The optimal strategy and the expected value of the outcome given
this strategy are calculated. Note that for different values of a variable, the optimal
strategy may change.

By functionally coupling deterministic variables, it is possible to perform a sensitivity
analysis on simultaneously changing variables. It is not possible to perform standard
two-way sensitivity analyses on two independent deterministic variables.

2. Value sensitivity comparison

Use the option "Run Value Sensitivity Comparison". The results of these one-way
sensitivity analyses can be combined into a sensitivity comparison. This results in a
ranking of importance of the deterministic variables with respect to the expected value
of the outcome.

3. Event sensitivity comparison

Use the option "Run Event Sensitivity Comparison". DPL provides three types of
determining the impact of uncertainty about chance variables on the optimal strategy
and the expected value of the outcome. These are:

3 a) Nominal: Define for all chance nodes low, nominal and high states. Then, for
each chance node, vary its state from low to high, while keeping the other
chance variables at their nominal states. A Base Case analysis results in the
outcome of the problem, given all the nominal states. This results in a
comparison of the variance of the outcome, as a result of variance in a selected
chance variable.

b) Deterministic: For each chance node: run the model, replacing all other chance
nodes' values by their expected values. This too results in a comparison of the
variance in the outcome as a result of variance in the selected chance variable.
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c) Probabilistic: For each chance node: run the model, replacing this chance
nodes' values by its expected value. This results in a comparison of the
variance in the outcome remaining after the selected chance variable has been
made "deterministic".

4.4.4 Other analyses

Uncertainty Propagation

This is not a standard option in DPL. By coupling deterministic variables to
spreadsheet variables in for example Excel, it is possible to propagate the uncertainty
in deterministic variables through the model. To do this, we can follow this procedure:

1. Define deterministic variables for all parameters whose uncertainty must be
propagated.

2. Create Excel worksheet with named variables for each of these parameters.

3. In DPL, couple the variables via the data input icon.

4. In Excel, define functions describing the parameters' distributions, using the random
number generator.

5. In MS-Windows define a macro which interchangeably recalculates the Excel
worksheet and re-evaluates the DPL model. The DPL output is written to the log.

Since the Excel random number generator uses a non-reproducible procedure to
generate random numbers, the uncertainty propagation calculations can not be
reproduced exactly. By keeping track of all generated random numbers, the
calculations can be verified.

The following analyses can be done by adjusting the diagram.

Value of Perfect Information

By reversing the order of a decision node and a chance node in the DT, it is possible
to obtain the value of perfect information on the event. This is only possible if in the
ID, a black arrow can be added between these nodes, without causing illegal directed
cycles. If by this process, the order between the chance variable and other chance
variables is reversed too, the DT branch probabilities will be updated automatically.

The value of perfect information is the difference in the expected outcome of the initial
model, and that of the adjusted model. This value expresses how much can be won
maximally with respect to the value function, by obtaining more information on the
event.

As mentioned above, it is not possible to reverse the direction of an existing arrow in
the ID, and have DPL update the probabilities automatically.
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Value of Perfect Control

By using the option "control branch" in the DT, it is possible to obtain the value of
perfect control on the event. The chance node is then replaced by the preferred state.

The value of perfect control is the difference in the expected outcome of the initial
model, and that of the adjusted model. This value expresses how much can be won
maximally with respect to the value function, by influencing the event.

What - if questions

By removing a chance variable from the DT, and using the option "Set Branch" at an
earlier node, it is possible to incorporate an observation on the chance variable into the
model. The observed state is "set", and all chance events following the node at which
it is set, will be updated using Bayes' rule.

By using the option "Control Branch", a variable can temporarily be set at a fixed state
with (unconditional) probability 1. This way, worst case scenarios can be evaluated:
The DT is effectively reduced to the paths for which the selected variable has the
selected value.

4.5 User Interface

4.5.1 The Windows

DPL works under MS-Windows. We will shortly discuss the DPL Windows and their
functions.

The Main Window

The Main Window controls the DPL session. It contains the log in which all
calculations are stored, and the analyst can open other windows from the Main
Window.

The Draw Window

The Draw Window is a graphical editor for mixed ID/DT models. It has two "faces":
the ID and the DT faces. The analyst can switch from one to the other by using the
Tab-key. This window can be used for ID/DT model construction and adjustments.
Adjustments include addition and deletion of variables, change of variable types,
change of possible states, change of the order of variables in the DT and change of the
dependency structure in the ID. Most changes in the ID must be followed by changes
in the DT and vice versa.

The Program Window

The Program Window is a textual editor for mixed ID/DT models. It has two sections:
The definition section corresponding with the ID, and the sequence section
corresponding with the DT section. All model adjustments listed above can be made in
the textual editor too.
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The option "convert to code" automatically creates a textual program from a graphical
one. There is no option to automatically create a graphical model from a textual one.

The Command Window

The Command Window is a command editor to calculate conditional, marginal and
joint probabilities, (conditional) values, and to communicate with other software like
Excel. The results of the commands are echoed to the log in the Main Window.

4.5.2 Analysis Output

All analysis output can be presented both graphically and textually.

Decision Analysis Output

The graphical standard output in the Decision Policy Window consists of a fully
expanded tree with at each decision the best alternative highlighted. The branches show
conditional probabilities and conditional values. This information is also presented
textually, using the DPL words "gamble", "decide", "get" and "pay".

The outcome distribution given the optimal strategy is graphically presented as a
cumulative distribution function or a frequency histogram. It is presented in the
Distribution Window. The frequency histogram data can be saved in comma separated
values format, which can be input for other software tools.

The marginal probabilities for all chance events given the optimal strategy are both
graphically and textually presented in the Policy Summary Window.

Sensitivity Analysis Output

The output of value sensitivity comparisons is presented as so called "tornado
diagrams". An example of such a diagram is printed in Figure B.3 of Appendix B. The
x-axis shows the expected outcome, the variables in the comparison are ranked along
the y-axis and represented by bars in the graph. The ranges within which the variables
vary are not graphically shown. The width of the bars shows how the expected
outcome varies as the variable of interest varies. A change of colour of the bars
indicates a change of optimal strategy. We will discuss some examples of these
comparisons at our case study. DPL also provides "event sensitivity comparisons"
which can help ranking the chance events according to their importance for the
expected outcome. We will not discuss all DPL's features with that respect here.

The output of value sensitivity analysis is presented in a traditional manner: The x-axis
shows the range within which the variables vary, the y-axis shows the expected
outcome given the optimal strategy. An example of a sensitivity analysis output graph
is printed in Figure B.4 of Appendix B. The vertical lines indicate a change of optimal
strategy. We will discuss some examples of these value sensitivity analyses in our case
study.
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4.5.3 Quality Assurance

Data Input

By using DPL commands in the Command Window, the analyst can check all data
input. The output is echoed to the log in the Main Window.

Verification and Reproducibility

The results of all calculations performed at execution of DPL commands in the
Command Window and at decision analysis and sensitivity analyses are echoed to the
log in the Main Window. These logs can all be saved and verified.

Analysis Output

The results of decision analysis and sensitivity analyses can be saved in data files. The
graphical output cannot be saved automatically, but by copying them via the clipboard
to other software packages like Excel or Powerpoint, the graphs can be saved in those
applications. An exception of this is the graphical output of sensitivity comparisons:
these can be saved in DPL files.
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5. CASE STUDY DEFINITION

5.1 Introduction

The first part of the study has shown that a decision analysis approach in modelling
severe accident management strategies is very promising. It provides the analyst a lot
of analysis features that the traditional CET modelling method does not support. We
have seen that DTs have strong similarities with CETs. The main difference, i.e. the
"flexibility" of the strategies in a DT, allows the analyst to perform a more
sophisticated decision analysis, than just hardwired strategy ranking. This analysis
includes obtaining value of information, evaluating worst case scenarios and
incorporating observations in the analysis.

Both CET and DT models are event sequence emphasizing tree models. They show the
deterministic dependence between events. The probabilistic dependencies between the
events are implicitly accounted for in the data assignment. During the modelling
process, these dependencies must be expressed separately, which makes it difficult to
assess conditional probabilities. For the same reason, it is also very difficult to adjust
these models, both qualitatively and quantitatively. New insights in the dependency
structure or conditional probability assignment ask for such a model adjustment.

ID modelling emphasizes exactly on these model aspects. They express the dependency
structure, they store the data consistent with the conditional probabilities and are they
easy to adjust, both qualitatively and quantitatively. A drawback of IDs is that they
neither show the event sequences, nor the deterministic dependency between events.

By combining ID and DT representations of the problem, as the software package DPL
does, the positive qualities of both modelling techniques are combined. The second
part of the study is concerned with the question how practical this decision analysis
approach using mixed ID/DT models is in the SAM area. We perform a case study to
compare the ID/DT model analysis and the DPL features with a CET model analysis of
the same problem. The CET software we use is NUCAP+ ([Ful92]).

The purpose of the case study is to make a comparison between the methods and
software. It is not intended to identify the best possible SAM strategies for the selected
plant, the Borssele NPP, a 472MWe PWR. Therefore, a selection was made with
respect to the accident sequences, the additional SAM decisions, and the value
function. A generic model was constructed from this. More detailed models and data
would be needed to select or validate specific Borssele SAM strategies.

5.2 Objectives and Approach

Objective

The objectives of the case study are twofold:

1) A comparison of the ID/DT and CET models.
2) A comparison of the DPL and NUCAP+ software packages.

The first comparison is concerned with the construction process of both models and the
qualitative and quantitative analysis results of them.

ECN-R--96-004 55



IDs and DTs for SAM

The second comparison is concerned with the analysis features both packages support.

Scope and Limitations

Because of resource constraints, we make some restrictive assumptions.

Firstly, to keep the models sufficiently small, we don't consider the total set of
possible accident sequences, but select an important subset with a certain degree of
similarity. This limitation restricts the plant-specific SAM analysis results, but it does
not effect the results of the study with respect to the objectives described above.

Secondly, we will not design a completely new model for this group of severe
accidents, but modify an existing PSA model by incorporating SAM decisions. This
means that we don't consider new containment phenomena, and use the existing model
for the phenomena as far as they are not influenced by the SAM decisions. This
limitation indeed saves a lot of time and money, but it also effects the results with
respect to our objectives.

The main effect of this limitation is that we only consider the containment phenomena,
and the probabilistic relationship between them, as defined in the existing model. This
means that we will not be able to fully exploit the ID modelling feature of iteratively
constructing new (intermediate) models, incorporating newly obtained probabilistic
information.

The difference between the CET and ID/DT models consists of the way decisions and
their uncertain effects on the phenomena will be incorporated in the model. The
variables representing the phenomena will be exactly the same in both models.

In order to compare the software package analysis features, we broaden the scope of
the study. We will generalize the models introducing variables for some plant-specific
probability estimations.

Approach

The case study consists of two phases:

1) The definition and modelling phase:

- Select the group of accident sequences and creation of the initial CET.

- Select the proposed SAM decisions and value function.
- Create the initial CET representing the PSA model for the selected accidents.
- Create the initial ID/DT representing the PSA model.
- Incorporate the additional SAM strategies in the CET model.
- Incorporate the additional SAM strategies in the ID/DT model.

2) The analysis phase:

Software independent:
- Comparing the complexity of all the CET and ID/DT models.
- Deriving deterministic dependencies from the CET models.
- Deriving CISs from the ID/DT models.
- Performing a qualitative decision analysis on the new CET and ID/DT models.
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Software dependent:
- Implementing all models and comparing the input needs.
- Performing decision analysis on both new models, using the respective software
features.
- Comparing the decision analysis results.
- Comparing the software features for decision analysis

5.3 Accident and Data Selection

This section is concerned with the selection of an important accident initiating event.
To restrict the number of phenomena we will need to consider, we make some
additional assumptions. This restriction must result in a set of PDSs with sufficient
similarities to be able to apply the same SAM strategies on them. On the other hand,
the selected set of PDSs must be relevant for the plant's risks. We will discuss the
relevance of the thus selected accidents.

Initiating Event

As mentioned in the previous section, we use an existing PSA model as basis of our
new models. This means that we limit ourselves to containment phenomena as
considered in this particular PSA for a PWR. Although all NPPs are different, as well
as their PSAs, there are a lot similarities between them. It is no real restriction to
choose a particular NPP and it's PSA and treat it as a generic model, by introducing
changing variables for some key probabilities and phenomena.

As discussed in Chapter 2, the interface between level 1 and level 2 analysis consists
of PDSs. The PSA we use lists about 100 different possible PDSs at the end of the
level 1 analysis. All these PDSs have their own characteristics. Some of them are
bypasses, meaning that there is a direct flow-path from the damaged vessel to the
outside, bypassing the containment. For these PDSs, the PSA approach leads directly to
a source term. So SAM strategies, that focus on maintaining containment integrity in
order to prevent releases, are less useless. We will select a group of non-bypass PDSs.

Additional Assumptions

To simplify the analysis, the PSA makes some general, mostly conservative
assumptions. The main purpose of this is to group a large class of accidents together,
and treat them all alike, as the most pessimistic scenario among them. We won't
discuss these assumptions here, since they are given in the PSA.

Despite these assumptions, the possible accident sequences resulting from this initial
event incorporate many containment phenomena, which will make the number of
variables in our model very large. Many of these phenomena have such a low
probability that they hardly contribute to the plant risk. To remove these from our
models, we make some additional assumptions:

Additional conservative assumptions:

- The accident initiates in a power operating state.
- The amount of fission products in the core is high as a result of long operation time.
- The debris resulting from core damage is neither cooled in-vessel nor ex-vessel.
- The containment heat removal systems are not available after core damage.
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Other additional non-conservative assumptions are:

- The containment does not fail from the on-set of the accident (see above).
- External power sources are available, as in almost all cases.
- In-vessel injection pumps are available, as in almost all cases.
- The reactor coolant system pressure is low or intermediate.

The sequences for which these last four assumptions do not hold have very low
probability, meaning that they contribute very little to the plant's risk.

Relevance

Considering all assumptions, the PDSs selected this way cover 60 % of the total core
damage frequency. Considering the fact that 26 % of the core damage accidents don't
lead to a release, the selected accidents cover an important range; our models describe
the containment behaviour of more than 8 out of every 10 accidents leading to a
release. This means that despite the assumptions, our selection is a relevant one with
respect to the accident frequency.

The PSA distinguishes twelve different STCs associated with the containment failure
modes. The selected accidents contribute to four of them. These are, in order of
severity: early ruptures and late ruptures, leaks, and late venting. The sequences as we
consider them are responsible for:

80 % of the early ruptures,
83 % of the late ruptures,
75 % of the leaks, and
85 % of the late venting (vented).

This means that our selection is a relevant one with respect to these categories, but an
irrelevant one with respect to the other eight STCs.

5.4 SAM Strategy and Value Function Selection

In order to be able to define SAM strategies, we must first know what the containment
threats are, if the selected accidents progress without additional SAM measures. Two
procedural SAM measures to prevent containment overpressurization are to spray the
containment after a few days, and to vent the containment using a filter, when the
pressure reaches a critical value.

Containment Threats

These selected sequences cause three main containment threats. Each of these threats
distinguishes two or more modes. The threats, and their associated containment failure
modes are:

- Initial loss of cooling and actuation of in-vessel injection pumps may cause an in-
vessel steam explosion that directly fails the containment. The PSA categorizes the
severity of such a failure in two possible failure modes: an early rupture or a leak.
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- During the accident, by interactions between the melting core and it's surroundings,
hydrogen is produced, which may cause burns or combustions. Again, two categories
are distinguished: an early rupture or a leak.

- The injection of feedwater together with the absence of containment heat removal
causes the containment pressure to rise, eventually leading to containment
overpressurization. This overpressurization can be prevented by spraying the
containment, which has as adverse effect the possibility of a late hydrogen burn. Such
a burn again can cause a late rupture or a leak. Another measure is to vent the
containment. Except for the fact that fission products are released by doing this, there
are no adverse effects. If this is done successfully, the severity category is vented. If
neither of these measures is taken, the containment either fails because of
overpressurization, which causes a leak, or the core will melt through the basemat.
This last containment failure mode is the least severe since the radioactivity will not be
dispersed through the air. The PSA model conservatively categorizes this failure as
vented.

Accident Mitigation: SAM Strategies

The PSA incorporates two SAM decisions that are taken according to the accident
procedures guide. These are concerned with the threat of containment
overpressurization. The first of the two is to use the containment spraying system,
which will condensate the steam. The second decision is to open filtered valves, and
vent the containment.

The venting decision does not have an adverse effect, but the spraying decision does:
the initially inert hydrogen-oxygen-steam mixture changes because of the steam
condensation and becomes inflammable, which may result in a hydrogen burn or
combustion. This adverse effect is modelled in the original PSA, but the decision's
positive effects are not.

Since we are concerned with reducing the consequences of severe accidents, spraying
the containment, and thus washing out the aerosols contributes a great deal to the
safety. This is why we consider the decision to spray in our model.

Another approach to reduce the risk is to try to avoid burns by reducing the hydrogen
concentration. The three newly proposed SAM measures concentrate on this issue.

This can be done by using recombiners that safely, without burning, combine hydrogen
with oxygen to water. A shortcoming of recombiners (but not an adverse effect) is that
they work slowly. They may prevent burns in the late phase of the sequence
(deflagrations), but they do not prevent early hydrogen combustions (detonations).

To avoid severe early burns, or detonations, a hydrogen concentration reducing strategy
can be to deliberately burn it locally, by using igniters. This method works fast, but
can cause the containment failure you intended to avoid.

Finally, instead of waiting to use the spraying system later, we can use it from the
onset of core damage. The same positive and adverse effects can be expected as for the
late decision: It reduces the amount of fission products floating around in the
containment, but it also condenses the steam, possibly causing hydrogen detonations.
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Value Function Selection

In order to compare different strategies, we need a measure with respect to which we
can compare them. This measure must express the severity of an accident after
applying the SAM strategies.

A proposed indicator for the severity of accidents is the fraction of fission products
released from the containment at an accident. A very important fission product is
iodide in the form of cesium iodine Csl. The expected number of early fatalities and
individual risk are strongly correlated to the amount of Csl released. The PSA model
provides for each STC the associated expected fraction of Csl that will be released at
the containment failure.

The value function we propose is the expected fraction of Csl released, given the
selected PDSs and the applied SAM strategy. So, with each strategy, an expected
release fraction is associated. The best SAM strategy is that one with the lowest
expected fraction of Csl released.
In formula:

Value {strategy) = £ P(failure mode \ strategy) *C(failure mode \ strategy)
failure modes

where P is the probability and C the consequence, the expected release fraction of Csl.

5.5 The Initial PSA Models

This section presents the initial CET and ID/DT models for the selected accidents and
value function. The CET model is taken from an existing PSA by restricting the model
to the selected accidents. The ID/DT model is created from it by making the implicit
conditional dependencies explicit. We discuss the variables and their relationships
below. The model data and CET and ID/DT representations are given in Appendix A.

5.5.1 The Chance Variables

Each variable in the PSA model represents a phenomenon important for the behaviour
of the containment. The variables are discrete, which means that for all variables, one
of it's possible alternative states will be realised during the accident progression. In
fact, each accident is characterized by the states that these variables take. Some states
for some variables represent containment failure modes. Once such a state is attained,
the containment analysis stops and the accident is assigned to an STC.

The variables and their possible states represent the relevant phenomena for the
selected sequences in the PSA CET model. These variables are the nodes in the ID.

steamexplosion This variable denotes whether an early containment failure due to
an in-vessel steam explosion occurs. If such an explosion occurs,
the state will be Yes, if not, it will be No.

EARLYCF The containment can fail early because of a steam explosion and because
of a containment isolation failure at core melt. EARLYCF denotes
whether, and if so, which failure occurs. It's three states are None,
Rupture and Leak, the latter two being the failure modes.
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h2concent We distinguish two classes of hydrogen concentrations at the time an
early hydrogen combustion may occur: High and Low. When the volume
percent is over 10%, it is High, otherwise it is Low.

continent If steam production makes hydrogen burns impossible, the containment is
called inert and the variable has state Yes. Otherwise, it is No.

earlcf This variable represents the severity of early hydrogen burns or
combustions. Burn represents burns without containment failure. CF
represents a combustion severe enough to fail the containment. For
symmetry purposes the state None is defined to represent the situation that
no burns occur.

H2EARLYCF We distinguish two containment failure modes as a result of early H2
combustions: Leak and Rupture. If no containment failure occurs, the
states can be Reduced or None.

spraying During the late phase of an accident, the containment spraying system is
activated. The Yes state represents the actuation of the system. The No state
represents the failure of the spraying system.

lateburn If the hydrogen concentration is not reduced earlier, a late hydrogen
combustion may occur. This is represented by the Yes state. If no hydrogen
combustion occurs this state is No.

venting At the final phase of an accident, to prevent failure by overpressurization,
the containment is vented. This is represented by the Yes state, whereas the
No state represents the case that the venting system fails.

LATECF Represents the late failure modes, as a result of an progressing accident
without early containment failures. It can be a Leak, a Rupture or the
core will melt through the basemat, denoted by Base Pent. If the venting
systems works properly, the failure mode in Vented.

5.5.2 The Probabilistic Relationships

The variables are related to each other probabilistically. These relationships are
implicitly incorporated in the CET model. The ID part of the ID/DT model for the
accidents contains arrows for these relationships. As discussed in Chapter 3, the arrow
structure describes the conditional independencies modelled. Given it's parents in the
ID, a node is conditional independent of all its non-descendants in the diagram. When
assigning conditional data at a node, we only have to consider the states of the node's
parents. We discuss the arrows here.

steamexplosion —» EARLYCF
If a steamexplosion occurs, the early failure mode will be Rupture with probability 1.
If this does not happen, this mode is Leak with probability 0.00064 because of the
probability of a not isolated containment at core melt. If none of this is the case, the
variable attains the None state.
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continert ~-» earlcf
If the containment is inert, no early failure occurs, so earlcf»» None with probability 1.
If it is not inert, earlcf = Burn or CF, dependent on the hydrogen concentration.

h2concent —» earlcf
If the containment is not inert, and the hydrogen concentration is high, earlcf » CF
with probability 0.05. If the hydrogen concentration is low, this probability is 50 times
smaller: 0.001.

earlcf -> H2EARLYCF
If there is no burn, the state of H2EARLYCF « None. If there is a burn without
containment failure, the state is Reduced. If there is a burn with a containment failure,
the state is Leak or Rupture, dependent on the hydrogen concentration.

h2concent -» H2EARLYCF
If earlcf « CF, and the hydrogen concentration is low, the state of H2EARLYCF is
Leak with probability 1. If the hydrogen concentration is high, the state is Rupture with
probability 0.05 and Leak with probability 0.95.

spraying —> lateburn
If the containment is not inert because of actuation of the spray system, a late
hydrogen burn can occur if H2EARLYCF » None, with probability 0.09.

H2EARLYCF -» lateburn
If the state of H2EARLYCF « Reduced, the probability of a late burn is 0.

lateburn -> venting
If a late burn occurs, venting is no longer an option. If no late burn occurs, the
probability of successful venting is 0.9958.

lateburn -» LATECF
If a late burn occurs the failure mode is Leak with probability 0.9 and Rupture with
probability 0.1. If no late burn occurs and the venting system works properly, the state
is Vented. If the venting system fails, the state can be Leak or Base Pent, both with
probability 0.5.

Table 5.1 lists the variables of the PSA model, their discrete states and the variables on
which they are conditioned. This information can be expressed in the ID representation
of the ID/DT model. The order in which the variables are evaluated is expressed in the
CET model and the DT representation of the ID model.

62 ECN-R--96-004



Case Study Definition

Table 5.1 : The variables and relationships in the PSA models

Variable States Conditioning Variables

steamexplosion Yes, No

EARLYCF None, Leak, Rupture steamexplosion

(from now on all probabilities are conditional on EARLYCF « None)

h2concent High, Low

continert Yes, No

earlcf None, Burn, CF continert, h2concent

H2EARLYCF None, Reduction, Leak, Rupture h2concent, earlcf

(from now on all probabilities are conditional on H2EARLYCF - None or Reduced)

spraying Yes, No

lateburn Yes, No H2EARLYCF, spraying

venting Yes, No lateburn

LATECF Base Pent, Vented, Leak, Rupture venting, lateburn

5.5.3 The Value Function

The severity of an accident in the original PSA model is entirely determined by the
containment failure mode. It does not consider the decontamination effect of spraying.
The PSA assigns each failure mode to a STC. Associated with each STC is a release
fraction of Csl. This release fraction is a good indicator for the consequences of the
failure mode, to which it is assigned. The next table shows the release fraction of Csl
for each failure mode, and the STC to which the failure mode is assigned. In our
models, the release fraction of Csl is assigned to the containment failure mode.

Table 5.2 : Failure Mode Assignment and Release of Csl in the PSA Models

Variable Failure Mode STC Release Csl

EARLYCF Leak STC1 3.80 E-4

Early Rupture STC2 3.72 E -2

H2EARLYCF Leak STC1 3.80 E -4

Early Rupture STC2 3.72 E -2

LATECF Vented STC4 6.00 E-5

Base Pent STC4 6.00 E -5

Leak STC1 3.80 E -4

Late Rupture STC3 1.39 E-2
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5.5.4 Implicit PSA Model Assumptions

We shortly discuss some implicit PSA model assumptions. Assumptions 1) and 2)
consider the procedural SAM strategies, assumptions 3) and 4) are conservative
assumptions that we will delete in the SAM models.

1) The PSA model incorporates the decision to spray during the late phase of an
accident. It only models the adverse effect of possible late hydrogen burns due to
containment de-inertness.

2) The PSA model incorporates the decision to vent in order to prevent
overpressurization.

3) The probability of ignition given the existence of a combustible gas mixture is
conservatively taken 1.

4) The positive decontamination effects of spraying are not accounted for in the model.

Tables A.I to A. 10 of Appendix A contain the probabilistic data. Figure A.I shows the
CET and Figures A.2 to A.4 the DETs for the CET model. Figures A.5 and A.6
contain the ID and DT part of the mixed ID/DT model, respectively.

5.6 The SAM Models

5.6.1 The Decision Variables

The PSA model incorporates two hardwired decisions: spraying and venting the
containment in the late phase of the accident to prevent containment overpressurization.
The ultimate SAM model will treat them as flexible decisions. A strategy to reduce the
amount of fission products in case of a failure is to start spraying earlier. Finally,
literature proposes two strategies to reduce the hydrogen concentration: using
recombiners and igniters [NEI94].

The decision variables in the SAM model are:

Spray_Jate Denotes the procedural use of the containment spray system in the late
phase of an accident to prevent late overpressurization. The PSA model
already accounts for the adverse effects of de-inertness by the probability
of a late burn. A positive effect of spraying is that it reduces the amount
of fission products released in a late failure.

Venting Denotes the procedural venting in the late accident phase, in case
containment failure cannot be avoided.

Spray _early Denotes the use of the containment spray system in an early phase of the
accident, in order to reduce the amount of fission products released in
case of a hydrogen burn. An adverse effect is that it condenses steam and
may de-inert the containment.

Recombiners Denotes the use of recombiners in order to reduce the amount of
hydrogen. This process is relatively slow and has no adverse effects. It
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does not have any impact on the probabilities of an early hydrogen
explosion. It's effect is on the late hydrogen concentration.

Igniters Denotes the use of igniters to provoke local hydrogen burns. It's positive
effect is that such a burn reduces the hydrogen concentration. It's adverse
effect is that such a burn may lead to an early containment failure.

5.6.2 The Additional Chance Variables

In order to incorporate the effects of the decisions, and the probability that a system
may fail, we need extra chance variables in our model. For each chance variable the
decision variable with which it is associated is mentioned in the description.

earlyspray Represents the successful actuation of the containment spray system in an
early phase of the accident as a result of Spray_early.

de-inert Represents the probability of de-inertness of the containment due to the
actuation of the containment spray system Spray_early.

ignition Represents the existence of sparks that may inflame combustible gases.
These can occur spontaneously or deliberately by the use of Igniters.

latespray Represents the successful actuation of the containment spray system in a
late phase of the accident, or the effectiveness of the Latespray decision.

recombined Represents the successful actuation of the Recombiners. If so, the late
hydrogen concentration is reduced.

5.6.3 The Additional Probabilistic Relationships

The new variables interact with the old ones and with each other as described below.

Sprayearly —» earlyspray
The probability of successful early containment spray system actuation is taken as
0.9287, the probability of successful late containment spray actuation in the PSA
model.

earlyspray —» de-inert
The probability of containment de-inertness due to early spraying is estimated to be
0.09, equal to the probability of containment de-inertness due to late spraying.

de-inert —» continert
Containment de-inertness due to early spraying clearly influences continert.

Igniters —» ignition
The use of igniters causes ignition with probability 1.

Recombiners —» recombined
The probability of successful recombination of the hydrogen in the late phase of the
accident due to the use of recombiners is taken 1, since the amount of time passing
between possible early hydrogen burns and late failures is estimated to be more than
two days.
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recombined -» H2EARLYCF
The probability of hydrogen reduction given successful recombination is 1.

earlyspray —» latespray
We assume that if the decision to spray early was taken unsuccessfully, the decision to
spray late will also fail, and that if this early decision was successful, the late will be
too. If the decision to spray early is not taken, the probabilities on late spray remain
the same as in the PSA model.

Spray late --» latespray
The probability of successful late spray containment system actuation is 0.9278 if the
decision not to spray early was taken, as in the PSA model.

EARLYCF -» Sprayjjarly
The accident analysis continues only if EARLYCF - No. Other states of EARLYCF
represent failure modes.

H2EARLYCF -» SprayJate
The accident analysis continues only if H2EARLYCF - No or Reduced. Other states
of H2EARLYCF represent failure modes.

earlyspray —> Igniters and h2concent —> Igniters
These information arrows indicate that the decision Igniters is made with full
knowledge of the realisations of the variables earlyspray and h2concent.

Table 5.3 lists the variables and their states, and summarizes the relationships
mentioned above. This information suffices to adjust the PSA ID to the new SAM ID.
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Table 5.3 : The variables and relationships in the SAM Models

Variable States Relevant Variables

Recombiners

steamexplosion

EARLYCF

Sprayearly

earlyspray

h2concent

de-inert

continent

Igniters

ignition

earlcf

recombined

H2EARLYCF

Spray late

latespray

lateburn

Vent

venting

LATECF

Yes, No

Yes, No

None, Leak, Rupture steamexplosion

(from now on all probabilities are conditional on EARLYCF = None)

Yes, No

Yes, No

High, Low

Yes, No

Yes, No

Yes, No

Yes, No

None, Burn, CF

Yes, No

EARLYCF

Sprayearly

earlyspray

de-inert

Igniters

ignition, continert, h2concent

Recombiners

None, Reduction, Leak, Rupture h2concent, earlcf, recombined

(from now on all probabilities are conditional on H2EARLYCF = None or Reduced)

Yes, No

Yes, No Sprayearly, Spray late, earlyspray

Yes, No H2EARLYCF, latespray

Yes, No

Yes, No Vent, lateburn

Base Pent, Vented, Leak,
Rupture

venting, lateburn

5.6.4 The Deterministic Variables

We have two reasons to introduce these variables. The first is to adjust (probabilistic)
data in the PSA model, in order to loosen conservative assumptions or adjust plant
specific probabilities. The second is to incorporate the effect of our newly defined
SAM strategies.

CF_high The probability that containment failure occurs in case of an ignited
inflammable mixture with a high hydrogen concentration. We need this
variable to do sensitivity analysis on the plant specific probability. The
SAM model value will be the same as the PSA model value, CF_high =
0.05.
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CF_Iow Idem, for low hydrogen concentrations. The SAM model value will be the
same as the PSA model value, CFJow » 0.001.

sponjgnition The probability that ignition occurs spontaneous. We need this to
loosen the conservative assumption in the PSA model that
inflammable mixtures always combust because of spontaneous sparks.
The SAM model value is sponignition ^ 0.5

decontjactor Decontamination factor. This variable represents the reduction of
released fission products as a result of an actuated containment spray
system, earlyspray » Yes or latespray « Yes. We need this to loosen
the conservative assumption in the PSA model that spraying does not
reduce the amount of released fission products in case of a
containment failure. The SAM model value is deconMactor - 0.2

inert This variable represents the probability of an inert containment if no early
spray is considered. The SAM model value will be the same as the PSA model
value, inert » 0.99.

de inert This variable represents the probability of de-inertness of the containment as
a result of the actuation of the containment spray system in the early phase
of the accident, earlyspray - Yes. The SAM model value will be the same
as the probability of containment de-inertness as a result of late containment
spraying, de_jnert == 0.09.

recomb succ Represents the successful hydrogen recombination in the late phase of
the accident as a result of the use of Recombiners. The SAM model
value will be recomb_succ - 1, indicating that the use of recombiners
is always successful.

5.6.5 The Adjusted Value Function

This model has the same value function definition as the PSA model. The only
difference is that spraying reduces the release to a factor 0.2 of the original release
fraction.

The ID represents this by the arrows between earlyspray —» H2EARLYCF and
latespray —> LATECF. In DPL, these arrows have blue arrowheads indicating that
only the consequences of the failure modes are conditional, not the probabilities.

Table 5.5 shows for each failure mode the assigned expected releases.

Tables A.ll to A.23 of Appendix A show the conditional probabilities as assigned to
the variables. Figure A.7 shows the CET and Figures A.8 to A.ll the associated DETs
of the SAM model. Figures A. 12 and A. 13 show the ID and the DT part of the mixed
ID/DT for the SAM model.
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Table 5.5 : Failure Mode Assignment and Release of Csl in the SAM models

Variable

EARLYCF

H2EARLYCF

LATECF

Failure Mode

Leak

Rupture

Leak

Leak

Rupture

Rupture

Vented

Vented

Base Pent

Base Pent

Leak

Leak

Rupture

Rupture

Reduction

-

-

earlyspray

-

earlyspray

-

latespray -

-

latespray «

-

latespray =

-

latespray -

-

*=Yes

- Yes

Yes

Yes

Yes

Yes

STC

STC1

STC3

STC2

STC1

STC4

STC3

STC8

STC7

STC8

STC7

STC2

STC1

STC6

STC5

Release of Csl

3.80 E -4

3.72 E -2

7.60 E -5

3.80 E -4

7.44 E -3

3.72 E -4

1.20 E -6

6.00 E -5

1.20 E-6

6.00 E -5

7.60 E -5

3.80 E -4

2.78 E -3

1.39 E -2

5.6.6 The SAM Model Assumptions

This section lists the assumptions and choices for the SAM model as far as they differ
from the PSA model.

1) Igniters —> ignition
We assume that the use of igniters never fails, so the probability of ignition *= Yes
given Igniters <= Yes is 1.

2) Venting
The decision to vent is taken in the final phase of the accident, when it is the only
measure left to prevent overpressurization resulting in a leak. Since it has only
positive effects, it's default value is Yes.

3) Latespray
Since this decision is procedural, we assume that the default value is Yes.

4) CFJow - 0.02 * CFJiigh.
The probabilities of containment failures as a result of early burns at high hydrogen
concentrations and at low hydrogen concentrations are highly correlated. We assume
that they are deterministically connected, and that the probability of containment
failure as a result of burns at high concentrations is 50 times greater than at low
concentrations.
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6. ANALYSIS RESULTS

6.1 Objectives and Approach

Objectives

As discussed previously, the main objectives of the case study are to compare the
ID/DT and CET modelling techniques and the DPL and NUCAP+ analysis features. In
order to do so, we compare the created models both qualitatively and quantitatively.

The objectives of the qualitative model comparisons are to:

- Compare the models' complexity.

- Derive qualitative information from the models' structures.

The objectives of the quantitative model analyses are to:

- Evaluate the (combined) effect of the three additional SAM decisions.

- Perform additional (sensitivity, what-if) analyses.
- Generalize these results for plants with smaller containments.
- Perform decision analysis and strategy ranking.
- Compare the results for both modelling techniques and software.
Approach

The first subject of qualitative comparison concerns the complexity of the created
models. The parameters capturing this complexity are e.g. the number of variables
defined, the amount of input data needed and the number of possible accident
progression sequences.

The qualitative information that can be derived from the models' structures concerns
deterministic and probabilistic dependence analyses. The deterministic dependence
analysis consists of determining which accident sequences are incorporated in and
which are excluded by the tree structure. The probabilistic dependence analysis consists
of deriving CISs from the ID structure.

In order to perform decision analysis and to generalize the results for plants with
smaller containments we define two cases, which only differ with respect to some key
parameters, and six SAM strategies. We only need to analyse the two SAM models
quantitatively, since the first strategy is "do nothing", in which case the SAM models
correspond with the PSA models. Section 6.2.1 describes the cases and strategies. We
will perform the same analyses for all cases and strategies. Some of the analyses
though can only be performed on the ID/DT model using DPL, so we can not compare
both models with respect to these.

Two types of quantitative analysis subjects are the same for both types of models.
These are strategy evaluation and a worst case analysis. Four types of analysis subjects
are only applicable on the ID/DT model using DPL. Section 6.2.2 describes the
quantitative analysis subjects in more detail.
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6.2 Quantitative Analysis Set-Up

In order to perform decision analysis we must compare the different strategies. Since
we have three SAM decisions, each with two decision alternatives, we must consider
eight possible strategies. Two of these, the strategy to install recombiners and igniters
and not use the containment spray system early, and the strategy to install recombiners
and use the containment spray system early but not use igniters, are excluded from the
analysis results discussion. The reason for this is that the analyses point out that if
recombiners are used, the adverse effects of both other decisions are dominant. So, in
these cases the optimal policy will always be Spray early » No and Igniters »« No.
The other six are described below.

To quantify the effect of igniters, we must remove the conservative assumption that
combustible gases always ignite spontaneous. It was for this reason that we introduced
the variable spon ignition. To include the positive effect of spraying, we must remove
the conservative assumption that spraying the containment has no positive effect. This
is why we introduced the variable decont_factor. To include the negative effect of
early spraying, we introduced the variable deinert. To include the positive effect of
recombiners, we introduced the variable recombsucc. In order to generalize the
results to plants with smaller containments, we have introduced the variables CFhigh,
CF_low and inert.

The cases that we define have the same model structure, and only differ with respect to
the values for these variables.

6.2.1 The Cases and Strategies

The Cases

Case 1 is the same as that of the PSA model, except for the conservative assumptions
on sponjgnition and decont factor. Additionally, we need realistic estimates for
these two variables. For Case 1, we have made the following choices:

1) The probability of spontaneous ignition, spon ignition «« 0.5. We have chosen this
value since we have absolutely no information on this probability and we do not want
it to be 1 as in the PSA model, nor 0, in which case there is no danger of spontaneous
ignition.

2) Spraying reduces the release at containment failure by a factor 5: decont_factor =
0.2. This value is based on earlier performed ECN MAAP analyses.

3) The probability of successful recombination, recombjsucc ** 1. Since the time
elapsing between core damage and possible late containment failure is several days, the
chemical process of recombining hydrogen and oxygen to water will reduce the
hydrogen concentration effectively with certainty.

4) The probability of containment de-inertness as a result of spraying the containment
early, de_inert «* 0.09. This value is chosen because the probability of de-inertness as
a result of late spraying is 0.09 in the PSA.

Case 2 has a smaller containment. This means that the probability of containment
inertness is smaller, and that the probability of de-inertness as a result of spraying early
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is higher. Also, the probability of containment failure in case of an early hydrogen
burn is higher. The values for the variables inert, de_inert, CF high and CF low are
correlated with the containment size, and with each other.

Since we do not have the resources to exactly investigate their correlation, we assume
that the four variables are linearly coupled. The most important of the four is
CFJiigh, so we couple the other three linearly with CFhigh. "Ideal" containments
have the values CFJhigh * 0, CFJow « 0, de inert » 0 and inert - 1, resulting in:

CFJow - 0.02 * CFJiigh
inert - 1 - 0.2 * CFJiigh
de inert - 9/5 * CFJiigh

Table 6.1 gives the values for the deterministic variables for both cases.

Table 6.1: The Values for the Deterministic Variables in the Cases

Deterministic Variable

decont factor

spon ignition

inert

de inert

CF high

CF low

recombjsucc

PSA model

1

1

0.99

-

0.05

0.001

-

Case 1

0.2

0.5

0.99

0.09

0.05

0.001

1

Case 2

0.2

0.5

0.95

0.45

0.25

0.005

1

The Strategies

Strategy 1: Do nothing

This "do nothing" strategy incorporates the SprayJate and Venting decisions
hardwired, since they are procedural. It does not include any of the additional SAM
strategies. By comparing the Case 1 results with the PSA model results, we can
quantify the effect of replacing the conservative assumptions on sponjgnition and
decontjactor by our realistic estimates. By comparing the Case 2 results with the
Case 1 results, we can quantify the effect of smaller containments.

Strategy 2: Only Igniters is available

This strategy assumes that of all SAM measures, only that of using igniters is
available. The CET model necessarily incorporates this decision "hardwired", the
ID/DT model "flexible": One can decide to use them, dependent on the observed
hydrogen concentration. The expected release of Csl given the optimal policy in
Strategy 2 for the ID/DT model will be equal to or less than the expected release in
Strategy 2 given the hardwired Igniters « Yes decision for the CET model. By
comparing the results, we can determine how much can be won by the "real time"
use of igniters.
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Strategy 3: Only Sprayearly is available

In this strategy, only the strategy to use the containment spraying system early is
available. This strategy can be used to investigate the two effects of early spraying:
- The de-inertness effect, which makes early burns more probable.
- The decontamination effect, which reduces the release of Csl.

The Spray early decision must be made without any knowledge of the state of the
other variables in the model. If the optimal policy is Sprayearly «« No the results
of the ID/DT model are the same as those of Strategy 1, if the optimal policy is
Spray early •« Yes they are the same as the CET results for Strategy 3.

Strategy 4: Both Igniters and Spray early are available

This strategy can be used to investigate the joint effect of the two SAM decisions.
The Spray early decision in the ID/DT model must be made without any
knowledge, the Igniters decision is made with knowledge of the hydrogen
concentration and the results of the Spray early decision. As in Strategy 2, the
expected release given the optimal policy is equal to or lower than the expected
release given the hardwired decisions in the CET model.

Strategy 5: Only Recombiners are available

This strategy can be used to investigate the effect of recombiners, that have no
adverse effects and only effect the late containment behaviour. The decision must be
made a priori.

Strategy 6: All SAM strategies are available

All SAM decisions are available. The Sprayearly and Recombiners decisions
must be made a priori, the decision to use Igniters can be made with knowledge of
the hydrogen concentration, the earlier made decisions and the result of the
Spray_early decision.

It should be noted that all strategy analysis results obtained by the CET model, can
also be obtained by the ID/DT model too. By using the "Branch Control" option, we
can make the decisions in the ID/DT models hardwired. The analysis results of DPL
and NUCAP+ are the same when the DPL strategies are hardwired.

6.2.2 Quantitative Analysis Subjects

DPL is especially designed for decision analysis. It provides several tools for
sensitivity analysis and obtaining additional information, that NUCAP+ does not
provide. In order to compare the two models, we perform model evaluation and a
worse case analysis for the models for both cases and all strategies. The differences in
the results are all caused by the "flexibility" of the decisions in the ID/DT model and
the "hardwiredness" of these decisions in the CET.

Additional to these analyses, we will perform sensitivity and other analyses with DPL.
These illustrate the additional analysis features DPL provides.

The analyses that will be performed are the following:
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1) Model Evaluation

The following three steps are automatically performed by DPL:

- Calculate optimal policy for the strategy.
- Calculate STC distribution, given the optimal policy.
- Calculate expected release Csl given the optimal policy.

DPL provides several output graphs. One shows a policy tree, which is an expanded
DT with the optimal policy and it's associated expected release fraction of Csl.
Another shows the release fraction Csl distribution given the optimal policy. Figure
B.I of Appendix B shows an example of a policy tree.

NUCAP+ provides a quantified CET and a STC ranking table, given the strategy.
Figure B.2 of Appendix B shows an example of such a quantified CET.

Table B.I of Appendix B shows the DPL and NUCAP+ results for both cases and all
strategies.

2) Worst Case Analysis: High Hydrogen Concentrations

As an example of a worst case analysis, we assume that the early hydrogen
concentration will always be high. By re-evaluating the ID/DT model for this
assumption with DPL, we obtain the consequence of this worst case assumption for the
optimal policy in each strategy.

The respective output is the same as in 1).

We obtain the worst case results for DPL by using the option "Control Branch" in the
DT at variable h2concent, and choosing the state High, to temporarily change branch
distributions into 0 - 1 probability assignments. Model evaluation now results in the
worst case optimal strategy and expected release fraction.

We obtain the worst case results for NUCAP+ by changing the probabilities for
h2concent in the DET for H2EARLYCF into 0-1 probabilities. Model evaluation now
provides the worst case results.

Table B.2 of Appendix B shows the DPL and NUCAP+ results for both cases and all
strategies for this worst case situation.

3) DPL Sensitivity Analysis Comparison

For all cases and all strategies we perform a DPL sensitivity analysis comparison.

A sensitivity analysis comparison ranks the importance of the deterministic variables
for the value function. Each value is varied within a range, keeping the other variables'
values constant at their default values. For the range extremes and the default value,
the optimal strategy and associated expected release are calculated. The output graph is
a so-called tornado diagram. Each variable is represented by a bar. The bars are
ordered with respect to their width, together forming the "tornado". If the optimal
strategy changes for different estimations for the variables, the colour of the bar
changes. The x-axis shows the expected release fraction of Csl, as a function of
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varying deterministic variables. The vertical line indicates the expected release given
the default values for the variables.

Keeping in mind the coupling of the variables CF high, CFJow, inert and dejnert,
and assuming that the other three can vary between 0 and 1, the ranges of the
deterministic variables for this comparison are:

CFJiigh: [0,0.5]
CFJow: [0,0.01]
inert: [0.9, 1]
dejnert: [0,0.9]
spon ignition: [0, 1]
decont factor: [0, 1]
recomb succ: [0, 1]

Figure B.3 of Appendix B shows a tornado diagram example.

4) Sensitivity for Containment Size

Case 1 and Case 2 only differ with respect to the variables that are related to the
containment size, CFJhigh, CFJow, inert and dejnert. By varying them
simultaneously according to their linear coupling, we obtain a sensitivity analysis for
the containment size.

The output graph shows how the expected release fraction of Csl given the optimal
policy changes as a results of simultaneously changing deterministic variables. The x-
axis shows the value of CFJiigh, the values of the other three can be calculated using
the linear relationships defined above.

The value of CFJiigh *» 0.05 corresponds with Case 1, the value of CFJiigh «• 0.25
with Case 2.

Figure B.4 of the Appendix shows a sensitivity analysis output graph example.

5) Sensitivity Analyses

If the sensitivity analysis comparisons give rise to it, we will perform sensitivity
analysis on individual deterministic variables. The output graphs have the same format
as that of Figure B.4 of Appendix B.

6) Observation: Containment is not Inert

This analysis is different from worst case analysis, since we incorporate an observation.
This provides us not only with information on the variable continert, but also on it's
predecessors in the ID. Although in practice we can make this observation at any time
during the process, we assume that we observe that continert = No right at the
beginning. The output is a policy tree as in Figure B.I.
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7) Expected Value of Perfect Information

We take the decision Igniters, with full knowledge of the hydrogen concentration. We
ask ourselves, what is the expected win, in terms of expected release decrease, because
of this assumption.

We take the decision Sprayearly without knowledge of the hydrogen concentration.
We ask ourselves, what would be the expected win if we knew the hydrogen
concentration before making this decision.

For both questions, the difference between the expected value of the value function
with and without knowledge is called the expected value of perfect information on the
event for the decision. We calculate this quantity by performing decision analyses on
the SAM model after changing the order of event and decision in the DT. We will
only do this for Case 2 and Strategies 2, 3 and 4.

6.3 Qualitative Analysis Comparison

6.3.1 Complexity

The complexity of the model concerns some quantities that describe the size of the
models, and incorporates for example the number of variables, the number of paths,
and the number of needed data assignments. We do not consider the ID/DT models'
deterministic variables that are only used for sensitivity analysis.

Table 6.3 summarizes the results of this comparison. We first list some assumptions
and preliminary remarks that clarify the aspects for comparison as stated in the table.

- The total number of variables includes the decision and chance variables of the
ID/DT models, and the total number of DET headings in the DETs associated with
the CET models. Some of these may be double-counted, if they appear in more than
one DET.

- Although Venting and Spray_late are modelled in the ID/DT models, we do not
count them, since they are not modelled in the CET models. These decisions will
not be incorporated in the analysis comparisons either.

- The potential strategies of ID/DT model including SAM strategies are different with
respect to the conditions.

- The CET models do not have arrows or values.
- The total number of branches is simply the total number of DET endpoints for the

CET models and the total number of branches in the DT for the ID/DT models.
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Table 6.3: Complexity Comparison

Aspect for Comparison

Total number of Variables

# Decision Variables

# Potential Strategies

# Chance Variables

# Probability Arrows ID

# Information Arrows ID

# Value Arrows ID

# Order Arrows ID

# Assigned Probabilities

# Assigned Values

# Endpoints DT or CET

CET PSA

11

0

1

10

-

-

-

-

61

8

12

ID/DT PSA

10

0

1

10

11

0

0

1

61

8

9216

CET SAM

19

3

8

14

-

-

-

-

94

14

54

ID/DT SAM

17

3

32

14

20

4

2

0

94

14

4.7 E 6

6.3.2 Deterministic Dependence in the CETs

This section lists some a priori analysis results with respect to the possible accident
sequences, that can be derived directly from the models. The ID/DT models do not
exclude impossible combinations of events. The CET models on contrary show only
the possible accident sequences. We list some of the results from the CET models, that
can not be derived from the ID/DT models' structure.

CET for PSA model:
- If steamexplosion = Yes
- If steamexplosion - No
- If continert » Yes
- If earlcf - Burn
- If earlcf =« CF and h2concent - Low
- If earlcf - None
- If Venting » Yes

CET for SAM model:
- If steamexplosion » Yes
- If steamexplosion - No
- If earlyspray - No
- If de-inert « Yes
- If continert - Yes
- If ignition •* No
- If earlcf = Burn
- If earlcf = CF and h2concent - Low
- If earlcf -» None
- If Venting - Yes

then EARLYCF - Rupture
then EARLYCF - Leak or None
then H2EARLYCF - None
then H2EARLYCF - Reduced
then H2EARLYCF - Leak
then H2EARLYCF - None or Reduced
then LATECF - Vented

then EARLYCF - Rupture
then EARLYCF - Leak or None
then de-inert » No
then continert ** No
then ignition ~ No
then earlcf » None
then H2EARLYCF
then H2EARLYCF
then H2EARLYCF

Reduced
Leak
None or Reduced

then LATECF - Vented
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6.3.3 Probabilistic Dependence in the IDs

As mentioned before, the power of IDs is in the explicit representation of the
probabilistic dependencies between the variables in the model. This structure consists
of CISs. We will derive some CISs for the ID/DT models, that may not be expressed
by the CET models.

ID/DT for PSA model:

I(steamexplosion, EARLYCF, {all other variables})

This means that given the state of EARLYCF, the questions whether there has been
a steam explosion or not is not relevant for the rest of the process.

This is a very clear observation from the CET too, since steam explosions directly
lead to early containment failure, and so there is no rest of the process in this case.

I(continert, 0 , h2concent)

This means that these phenomena are independent. This is an important observation
that the CET models only incorporate in the data assignment, and do not explicitly
express.

I({continert, earlcf, h2concent}, H2EARLYCF, {lateburn, latespray, venting,
LATECF})

This means that given the state of H2EARLYCF, the late containment behaviour is
conditionally independent of the early containment behaviour. This too is an
important observation.

ID/DT for SAM model:

I(continert, de-inert, earlyspray)

This CIS states that for assessing continert, the information on earlyspray is
irrelevant as soon as we have the information on de-inert.

I(early containment behaviour, {H2EARLYCF, latespray}, late containment
behaviour)

This CIS states that given the events represented by the variables H2EARLYCF
and latespray, the late containment behaviour is independent of the early
containment behaviour. This Markov statement allows us to forget the entire history
of the accident except the states of H2EARLYCF and latespray when we want to
assess the mode of late failure LATECF. This is a very strong assumption that is
implicitly made in the CET model, but explicitly expressed in the ID/DT model.

By applying the ID logic, it is possible to design algorithms to automatically generate
all valid CISs in an ID.
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6.3.4 Qualitative Decision Analysis

The most important differences between the two types of models is that the CET
models incorporate the decisions "hardwired", meaning that they have to be made a
priori, without any knowledge of the process, and that the ID/DT models incorporate
the decisions as variables.

The CET model can only be used to compare the eight different strategies that are
formed by combining the three decisions. The ID/DT model can be used to do the
same, but also to perform a real decision analysis. This includes choosing different
decision alternatives for different values of chance variables that are known at the time
the decision must be made.

For the ID/DT model, the decision to install recombiners or not must be taken on
forehand, and the decision to use the containment spray system early must be taken
directly after vessel failure, and is only a reasonable option if no early failure has
occurred.

The decision to use igniters can be taken at real time, knowing the hydrogen
concentration and whether the spraying system is activated or not. This means that for
all four combinations of realisations of these two variables, the decision to use igniters
must be taken. This results in eight potential strategies for this decision alone. In
combination with the four combinations of the other two decisions, we have a total of
thirty-two potential strategies.

Note that the situation Sprayearly » No and earlyspray ** Yes is impossible, but that
is not directly clear from the ID/DT model. This is only clear after data assignment.

6.3.5 Conclusions

The ID part of the ID/DT model clearly reveals CISs representing Markov assumptions
made by the analyst. These statements are very useful when evaluating the model
critically. The CET model does not reveal the assumptions this clear.

The schematic DT part of the model allows the analyst to consider much more possible
accident sequences, without representation problems as the CET/DETs model has. The
disadvantage is that a schematic DT reveals no information about individual sequences.
Many of the considered sequences have probability 0. By editing the DT, a
compromise can be found between the fully schematic DT and the fully edited version
which will have exactly the same structure as the CET.

6.4 Quantitative Analysis Comparison

This section discusses the quantitative analysis results for both SAM models, strategy
by strategy. It is completed with a comparison of the strategy rankings, obtained via
the DPL and NUCAP+ analyses.
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6.4.1 Strategy 1: No additional SAM decisions

Preliminary Remarks

This section discusses the "do nothing" strategy, no additional SAM decisions are
considered. The DPL and NUCAP+ results are necessarily the same. By comparing the
PSA model results with the other two cases, we see the impact of our assumptions
about the values of the deterministic variables. The results of the other strategies will
be compared with these base case results.

1) Model Evaluation

Table B.I of Appendix B shows the STC distributions for all cases and strategies.

Comparing the totals for the four failure modes for the PSA model Case 0 with those
of the SAM model Case 1, we see that the assumption on sponignition hardly
influences the failure mode distribution. Checking the sprayed fractions for all failure
modes, and comparing the expected release for the PSA model and Case 1, we see that
the assumption on decont factor has an enormous impact on the expected release.
Taking into account the decontaminating effect of spraying reduces the expected
release to about a third of the release in the PSA model.

Comparing the STC distributions for Case 1 and Case 2, we see that Case 2 has a
much larger probability for early ruptures, and a slightly larger probability for leaks.
The expected release is slightly higher for Case 2.

The DPL and NUCAP+ results are the same as expected, except for some rounding
errors.

2) Worst Case: Hydrogen Concentration is High

Table B.2 of Appendix B shows the failure mode distributions for all cases and
strategies.

For Case 1, the expected release has increased only slightly with respect to the base
case model evaluation. For Case 2 this increase is more substantial, from 8.71E-5 to
9.40E-5. This is caused by a shift from late to early failures, the latter being
unsprayed.

Again, the DPL and the NUCAP+ results are exactly the same.

3) DPL Sensitivity Analysis Comparison

The variable decontfactor is by far the most important for the expected release at
both cases. The other variables are more important for Case 2 than for Case 1.

4) Sensitivity for Containment Size

The expected release increases quadratically as the containment size decreases. Even
for extreme high values of CFhigh, the expected release remains small compared to
the PSA model.
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5) Observation: Containment is not Inert

The expected release given this observation increases for both cases. For Case 1, this
increase is from 8.10E-5 to 9.46E-5, an increase of 17%. For Case 2, the expected
consequences increase more dramatically, from 8.71E-5 to 2.05E-4, an increase of
almost a factor 2.5. So, without additional SAM measures, this observation is bad news
for both cases.

6.4.2 Strategy 2: Only Igniters are available

Preliminary Remarks

This subsection discusses the strategy to install igniters to deliberately provoke early
hydrogen burns. The differences between the DPL and NUCAP+ results are caused by
the flexibility of the decision in the ID/DT model and the hardwired Yes alternative
that is chosen in the CET model. Before the decision is taken in the ID/DT model, the
decision maker knows whether the hydrogen concentration is Low or High.

1) Model Evaluation

The optimal policy for both cases in the ID/DT analysis is:
If h2concent » Low then Igniters - Yes
If h2concent =» High then Igniters - No

Although this policy slightly changes the STC distribution, for Case 1 the effect on the
expected release is insignificant. The effect of this policy on the expected release for
Case 2 is very small too (less than 0.5%).

The negative effects of the hardwired decision in the CET are more substantial. For
Case 2, the expected release given Igniters «= Yes increases with about 7% compared
to the base case decision Igniters ™ No.

2) Worst Case: Hydrogen Concentration is High

The optimal policy for both cases in the ID/DT analysis is Igniters =* No. This means
that the expected releases remain the same as the "do nothing" worst cases for both
cases.

The negative effects of the hardwired decision in the CET become even bigger. For
Case 2, the expected release increases with almost 14% compared to the worst case
situation in Strategy 1.

3) DPL Sensitivity Analysis Comparison

The sensitivity of the expected release for the deterministic variables hardly changes
compared to Strategy 1. For all variables though, a change of optimal policy occurs for
some value. This indicates that the optimal policy is very sensitive for the selected
model parameters, but that the expected decrease as a result of using igniters at proper
times is very small. So, for extreme values of the deterministic variables, the effect of
the use of igniters on the expected release remains small.

82 ECN-R--96-004



Analysis Results

4) Sensitivity for Containment Size

The shape of the graph is exactly the same as that of Strategy 1. The only difference is
that for very small values of CFJiigh, corresponding with even larger containments
than that of Case 1, a change of optimal policy occurs:

If CFJiigh < 0.01 then Igniters - Yes
If CFJiigh > 0.02 then if h2concent - Low then Igniters - Yes

and if h2concent ~ High then Igniters = No

Remind that the variables CFJow and inert are linearly coupled to CF high. The
variable de_inert is irrelevant since the decision to spray early is not considered.

5) Sensitivity Analyses

a) Sensitivity of Case 1 results for decont_factor

If decont factor < 0.005, then Igniters -» No is always the optimal policy.
If 0.005 < decont factor < 0.8, then the optimal policy is:

If h2concent - High, then Igniters ~ No
If h2concent » Low, then Igniters = Yes

If decont factor > 0.8, then Igniters » Yes is always the optimal policy.

b) Sensitivity of Case 2 results for decont factor

If decontfactor < 0.010, then Igniters - No is always the optimal strategy.
If decontfactor > 0.015, then the optimal strategy is:

If h2concent - High, then Igniters ~ No
If h2concent » Low, then Igniters » Yes.

c) Sensitivity of Case 1 and Case 2 results for CFJiigh and CFJow

If CF__high < 0.01, then Igniters =* Yes is always preferred.
If CFJiigh > 0.02, then the optimal strategy is:

If h2concent«« Low, then Igniters «= Yes, and
If h2concent » High, then Igniters -« No.

d) Sensitivity of Case 1 and Case 2 results for inert and sponjgnition

If inert = 1, then there are no early burns, and there is no difference between both
Igniters decisions.

If sponjgnition «= 1, then burns always occur if combustible gases exist. Again, there
is no difference between both Igniters decisions.

Except for values near to the range extremes, the optimal strategy is to use igniters in
case of low hydrogen concentrations, and not to use them in case of high
concentrations.
If inert - 1, no early burns can occur, and if sponjgnition =* 1, they always occur if
continert « Yes, so igniters are useless.
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6) Observation: Containment is not Inert

The optimal policies do not change because of this observation. The expected releases
become 8.77E-5 and 1.99E-4 respectively. Compared with the results given this
observation in Strategy 1, the releases have decreased. For Case 1, the decrease is
more than 7%, for Case 2, it is only about 3%.

7) Expected value of perfect information

Without information on h2concent, the optimal policy for Case 2 has become Igniters
= No. The expected releases with or without information for this strategy become:

Without: 8.72 E -5
With: 8.68 E -5

Expected value of perfect information: 0.4 E -6

The expected value of perfect information is less than 0.5% of the expected release.

6.4.3 Strategy 3: Only Spray__early is available

Preliminary Remarks

This subsection discusses the strategy to use the containment spray system in an early
phase of the accident. The decision must be taken right after vessel failure, without
additional knowledge.

1) Model Evaluation

The optimal policy for both cases is Spray_early « Yes, so the DPL and NUCAP+
results are necessarily the same. From Table B.I we see that this decision has far more
influence on the STC distribution for Case 2 than for Case 1: The probability of early
ruptures doubles for Case 2, while it slightly increases for Case 1 and the probability
for late ruptures decreases more dramatically for Case 2. The effect on the other two
failure modes is different for both cases.

When we look at the expected release for both cases for this strategy, we see that the
impact of the decision is small for both cases, but the greatest for Case 1. The reason
for this is that the main effect of spraying in Case 1 is a shift from late ruptures to
vented containments, while for Case 2 the shift is from late ruptures to early ruptures,
with the same expected release.

2) Worst Case: Hydrogen Concentration is High

Table B.2 of Appendix B shows the failure mode distributions for both cases.

For Case 1, the optimal policy remains Spray_early - Yes.
For Case 2, the optimal policy becomes Spray_early - No.
The DPL and NUCAP+ results now differ.

We can conclude that for this worst case situation, the adverse effects of spraying
become dominant for Case 2.

84 ECN-R--96-004



Analysis Results

3) DPL Sensitivity Analysis Comparison

Apart from decontjactor, the variable de_inert has become the most important
variable for Case 1, while it is the least important for Case 2. For both cases, the
optimal policy is very sensitive for CF high (and CF low) and the optimal policy for
Case 2 is sensitive for decont factor.

4) Sensitivity for Containment Size

The shape still remains the same, indicating that the strategy to spray early does not
influence the expected release very much either.

For values CF high < 0.25, the optimal policy is Spray_early «* Yes.
For values CFJiigh > 0.26, the optimal policy is Spray_early « No.

For values of the coupled variables corresponding to an extremely large containment,
i.e. CF_high is very small, the expected release decreases as CF_high increases. The
explanation for this is that for large containments, early burns are profitable with
respect to the expected release. Increasing CFJiigh values correspond with increasing
de inert values, that in return correspond with higher probabilities on early burns.

5) Sensitivity Analyses

a) Sensitivity of Case 2 for decont_factor

If decontjactor < 0.20 then Spray_early =» Yes is preferred.
If decont factor > 0.25 then Spray_early ^ No is preferred.

b) Sensitivity of Case 1 for CFJiigh and CFJow

If CFJiigh < 0.25 then Sprayearly - Yes is preferred.
If CFJiigh > 0.26 then Sprayearly «• No is preferred.

c) Sensitivity of Case 2 for CFJiigh and CFJow.

If CFJiigh < 0.27 then Spray early « Yes is preferred.
If CFJiigh > 0.28 then Spray_early « No is preferred.

For both cases we can conclude that for reasonable values of CFJiigh, the optimal
policy is Spray_early ** Yes. For Case 2 though, this optimal policy is sensitive for
decontjactor values very near to the best estimate of 0.2.

6) Observation: Containment is not Inert

For both cases, the observation that the containment is not inert does not influence the
optimal policy. For Case 1, this observation decreases the expected release to 7.04E-5,
so the observation is good news for this case and strategy. The same observation in the
"do nothing" strategy had increased the expected release.

For Case 2, this observation increases the expected release to 9.27E-5, which is though
still better than in the "do nothing" strategy.
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7) Value of Perfect Information

The expected releases with and without information on h2concent for the decision
Spray_early for Case 2 are:

Without: 8.67E-5
With: 8.41E-5

The expected value of information on h2concent for Sprayearly for Case 2 is 2.6E-
6, which is 3% of the expected release without information.

6.4.4 Strategy 4: Spray_early and Igniters are available

Preliminary Remarks

This subsection discusses the strategy of making both early SAM decisions available.
By comparing the results with those of the strategies discussed above, we can
determine the combined effects of implementing both decisions.

1) Model Evaluation

The optimal policies for both cases in the DPL are slightly different: They both prefer
Spray_early « Yes, but the Igniters policy differs:

Case 1: If early spray «» No then Igniters = No,
If earlyspray » Yes then Igniters « Yes.

Case 2: If earlyspray •» No then Igniters » No,
If h2concent « High then Igniters = No,
If earlyspray •» Yes and h2concent - Low then Igniters - Yes.

The expected release for Case 1 decreases with 10%, while the decrease for Case 2 is
only 4%, compared with the "do nothing" strategy.

The hardwired strategy Spray_early » Yes and Igniters » Yes in the NUCAP+
analysis shows a decrease of 2% for Case 1, but an increase of almost 7% for Case 2,
compared with the "do nothing" strategy.

2) Worst Case: Hydrogen Concentration is High

The optimal policy in the DPL analysis for Case 1 remains the same, but for Case 2, it
changes dramatically to Spray_early == No and Igniters - No.

This policy for Case 1 reduces the expected release to 8.02E-5, which is slightly better
than the 8.13E-5 for the worst case situation in the "do nothing" strategy.

The NUCAP+ analysis shows that for Case 1, the differences with the DPL analysis
are very small, but for Case 2, the expected release increases to 1.18E-4, which is an
increase of 45%, compared with the "do nothing" strategy.
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3) DPL Sensitivity Analysis Comparison

For Case 2, the optimal policy is very sensitive for decont_factor and CFJiigh. For
Case 1, the expected release is sensitive for dejnert, but the optimal policy is not.

4) Sensitivity for Containment Size

The optimal policy is very sensitive for containment size:

If CFJiigh < 0.065 then Spray_early - Yes and

If earlyspray - Yes or h2concent *» Low then Igniters = Yes.
If earlyspray - No and h2concent *» High then Igniters = No.

(Recall that if CFJiigh < 0.065 then CFJow < 0.0038, inert > 0.987, de inert <
0.12)

If 0.07 < CFJiigh < 0.42 then Sprayearly - Yes and
If earlyspray ~ Yes and h2concent = Low then Igniters =* Yes.
If earlyspray «= No or h2concent = High then Igniters - No.

If CFJiigh > 0.425 then Spray_early = No and
If h2concent »• Low then Igniters = Yes.
If h2concent = High then Igniters - No.

For relatively large containment sizes, the decision to spray early is preferred, but the
use of igniters remains tricky.

5) Sensitivity Analyses

a) Sensitivity of Case 2 for decont factor.

If decontjactor < 0.4, then Spray early •» Yes and
If earlyspray - Yes and h2concent « Low then Igniters - Yes.
If earlyspray - No or h2concent « High then Igniters « No.

If decontjactor > 0.45, then Spray_early = No and
If h2concent ~ Low then Igniters = Yes.
If h2concent » High then Igniters •» No.

b) Sensitivity of Case 2 for CFJiigh and CFJow.

If CFJiigh < 0.065 then Sprayearly - Yes and
If earlyspray *= Yes or h2concent *= Low then Igniters
If earlyspray = No and h2concent - ///^/i then Igniters •« No.

If 0.07 < CF_high < 0.42 then Spray_early - Yes and
If earlyspray » Fe5 and h2concent = Low then Igniters = Yes.
If earlyspray « No or h2concent » ///^/i then Igniters «» Â o.

If CFJiigh > 0.425 then Spray_early - M? and
If h2concent - Low then Igniters « Yes.
If h2concent » //ig/i then Igniters = No.

ECN-R--96-004 87



IDs and DTs for SAM

For realistic values of decont_factor, the optimal policy for Case 2 remains
Spray early - Yes. For conservative values of decontfactor, the optimal policy for
Case 2 becomes Spray_early - No.

For realistic values of CF_high and CF__low the optimal policy remains Spray__early
- Yes.

From this last sensitivity analysis we see that the impact of containment size on the
optimal policy is completely explained by the impact CF_high and CF_low have.

6) Observation: Containment is not Inert

For Case 1, this observation is good news and the optimal policy given this
information remains the same. Compared with the "do nothing" strategy, the expected
release has decreased with 36% to 6.09E-5.

For Case 2, this observation is bad news, since the expected release fraction increases
to 8.54E-5. The optimal policy remains the same. Compared with the "do nothing"
strategy, the expected release has decreased only 2%, given this observation.

7) Value of Perfect Information

The expected releases given information on h2concent for both decisions Spray_early
and Igniters are:

Without information for Spray early and Igniters: 8.67 E -5
With for Spray_early only: 8.41 E -5
With for Igniters only: 8.34 E -5
With for both Spray__early and Igniters: 8.08 E -5

Expected value of perfect information on h2concent for Spray_early : 2.6 E -6
Expected value of perfect information on hlconcent for Igniters : 3.3 E -6
Expected value of perfect information on h2concent for both decisions : 5.9 E -6

Note that the expected value of perfect information for Sprayearly is the same as in
Strategy 3, but that the expected value of perfect information for Igniters is much
larger here than in Strategy 2. The fact that spraying is considered makes information
on the hydrogen concentration more valuable for the Igniters decision.

6.4.5 Strategy 5: Only recombiners are available

Preliminary Remarks

This subsection discusses the strategy to only consider the late SAM decision to use
recombiners.

1) Model Evaluation

The optimal policy for both cases is Recombiners » Yes, so the DPL and NUCAP+
results are the same. From Table B.I it becomes clear that late ruptures do not occur
anymore, and that the expected release has decreased a lot because of that. The early
containment behaviour has not changed.
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For Case 1, the expected release has decreased with 34% to 5.33E-5, for Case 2 with
31% to 5.99E-5, compared with the "do nothing" strategy.

2) Worst Case: Hydrogen Concentration is High

The relative impact of the worst case scenario of high hydrogen concentrations is very
small compared with the effect of using recombiners.

For Case 1, the expected release in this strategy has decreased with 34%, compared to
Strategy 1, to 5.35E-5. For Case 2, the expected release has decreased with 29% to
6.68E-5. So the effect of recombiners has decreased slightly for Case 2 in this worst
case situation.

3) DPL Sensitivity Analysis Comparison

The variable recombsucc has become very important for the expected release
fraction, but not for the optimal policy, which remains the same. This is not very
surprising since recombiners have no adverse effects.

4) Sensitivity for Containment Size

The expected release still increases quadratically with decreasing containment size. The
optimal policy remains the same, use recombiners.

5) Sensitivity Analyses

Since the optimal policy is without dispute, we need no sensitivity analyses on
individual variables.

6) Observation: Containment is not Inert

The optimal policy has not changed after this observation, but the impact of
recombiners has decreased a lot for Case 2.

For Case 1, the expected release, given this observation, has increased from 5.33E-5
to 8.06E-5. For Case 2, the expected release given this observation has increased from
5.99E-5 to 1.91E-4. So, for both cases, this observation is bad news. The impact of
recombiners, given this bad news, remains the same for Case 1, but decreases a lot for
Case 2.

7) Value of Perfect Information

The value of perfect information on h2concent for Recombiners is 0 since
recombiners have no adverse effects, the optimal decision will always be Yes.

6.4.6 Strategy 6: All decisions are available

Preliminary Remarks

This subsection discusses the strategy that all decisions can be considered in DPL, and
that all decisions have been made in NUCAP-k
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1) Model Evaluation

The DPL analysis points out that for both cases the optimal policy is:

Recombiners « Yes
Sprayearly - No
Igniters »»No

This means that the DPL results are the same as the strategy 5 DPL results. The
NUCAP+ results differ from these: For Case 1, the expected release now is 5.40E-5
instead of 5.34E-5. For Case 2, the expected release now is 7.77E-5 instead of 5.99E-
5, which is a more serious difference with the DPL results.

The positive effects Spray__early and Igniters had in Strategy 2 to Strategy 4 are
annihilated if Recombiners becomes available.

2) Worst Case: Hydrogen Concentration is High

The DPL results have remained the same as in Strategy 5. The NUCAP+ results have
become even worse. For Case 1, the expected release has increased to 5.50E-5, an
increase with less than 3% compared with Strategy 5. For Case 2, the expected release
has increased up to 1.02E-4, an increase of 53% compared to Strategy 5.

In this worse case situation the early decisions spoil the positive effect of recombiners.

3) DPL Sensitivity Analysis Comparison

For Case 2 the relative importance of the deterministic variables related to the early
containment behaviour is much bigger than for Case 1. Still, the most important
deterministic variable remains decont_factor.

4) Sensitivity for Containment Size

This is exactly the same as for Strategy 5. The optimal policy remains the same.

5) Sensitivity Analyses

These are the same as for Strategy 5.

6) Observation: Containment is not Inert

The optimal policy changes for both cases to:

Recombiners - Yes
Spray early » Yes
Igniters « No

For Case 1, the expected release becomes 5.55E-5 instead of 8.06E-5 in Strategy 5.
For Case 2, the expected release becomes 7.78E-5 instead of 3.28E-4 in Strategy 5.

So, it is clear that, especially for Case 2, the combined effect of using recombiners and
spraying early benefits if it is observed that the containment is not inert.
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6.5 Strategy Rankings

Tables 6.4 to 6.11 present the strategy rankings for the ID/DT and CET models for
both cases.

Table 6.4: DPL Strategy ranking for Case 1

Strategy Optimal Policy Expected Release Csl

5 + 6
4

3
2

1

Recombmers
Recombiners

If earlyspray
If earlyspray

Recombiners
Recombiners

If h2concent
If h2concent

Recombiners

Yes Spray early = No Igniters = No
No Spray early = Yes
No then Igniters = No
Yes then Igniters = Yes
No Spray early = Yes Igniters = No
No Spray early = No
Low then Igniters = Yes
High then Igniters = No
No Spray early = No Igniters = No

5.33E-05
7.92E-05

8.00E-05
8.10E-05

8.10E-05

Table 6.5: NUCAP+ Strategy ranking for Case 1

Strategy Policy Expected Release Csl

5 Recombiners = Yes Spray early = No Igniters = No 5.34E-05
6 Recombiners = Yes Spray early = Yes Igniters = Yes 5.40E-05
4 Recombiners = No Spray early = Yes Igniters = Yes 7.93E-05
3 Recombiners = No Spray early = Yes Igniters = No 8.01 E-05
1 Recombiners = No Spray early = No Igniters = No 8.10E-05
2 Recombiners = No Spray early = No Igniters = Yes 8.12E-05

The differences in the NUCAP+ and DPL results for Strategies 3 and 5 are due to
rounding errors. The differences in the Strategy 4 and 2 results may stem from policy
differences, but are not distinguishable from the rounding errors.

Table 6.6: DPL Strategy ranking for Case 2

Strategy Policy Expected
Release of Csl

5 + 6 Recombiners = Yes Spray early = No Igniters = No 5.99E-05
4 Recombiners = No Spray early = Yes and 8.34E-05

If earlyspray = No or h2concent = High then Igniters = No
If earlyspray = Yes and h2concent = Low then Igniters = Yes

3 Recombiners = No Spray early = Yes Igniters = No 8.67E-05
2 Recombiners = No Spray early = No and 8.68E-05

If h2concent = Low then Igniters = Yes
If h2concent = High then Igniters = No

1 Recombiners = No Spray early = No Igniters = No _ 8.71 E-05

Table 6.7: NUCAP+ Strategy ranking for Case 2

Strategy Policy Expected Release of Csl

5 Recombiners = Yes Spray early = No Igniters = No
6 Recombiners = Yes Spray early = Yes Igniters = Yes
3 Recombiners = No Spray early = Yes Igniters = No
1 Recombiners = No Spray early = No Igniters = No
4 Recombiners = No Spray early = Yes Igniters = Yes
2 Recombiners = No Spray early = No Igniters = Yes

5.99E-05
7.77E-05
8.70E-05
8.73E-05
9.31 E-05
9.32E-05
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For Case 2, the differences in the "flexible" ID/DT model approach and that of the
"hardwired" NUCAP+ are more significant. If recombiners are not available, the effect
of Strategy 4 differs strongly for the two approaches.

Table 6.8: DPL Strategy ranking for Case 1, h2concent » High

Strategy Optimal Policy Expected Release Csl
5 + 6 Recombiners = Yes Spray early = No Igniters = No 5.36E-05

4 Recombiners = No Spray early = Yes and 8.02E-05
If earlyspray = No then Igniters = No and
If earlyspray = Yes then Igniters = Yes

3 Recombiners = No Spray early = Yes Igniters = No 8.06E-05
2 Recombiners = No Spray early = No and 8.13E-05

If h2concent = Low then Igniters = Yes and
If h2concent = High then Igniters = No

1

Table 6.9:

Strateqy

Recombiners = No

NUCAP+ Strategy

Policy

Sprav earlv =

ranking Case

No

1,

laniters =

h2concent

No 8.13E-05

*= High

Expected Release of Csl
5 Recombiners = Yes Spray early = No Igniters = No 5.35E-05
6 Recombiners = Yes Spray early = Yes Igniters = Yes 5.50E-05
4 Recombiners = No Spray early = Yes Igniters = Yes 8.03E-05
3 Recombiners = No Spray early = Yes Igniters = No 8.06E-05
1 Recombiners = No Spray early = No Igniters = No 8.12E-05
2 Recombiners = No Spray early = No Igniters = Yes 8.19E-05

The NUCAP+ and DPL results do not differ very much.

Table 6.10: DPL Strategy Ranking for Case 2, hlconcent - High

Strategy
5 + 6

1.2.3.4

Table 6.11

Strateqy

Optimal Policy
Recombiners = Yes
Recombiners = No

NUCAP+ Strategy

Policy

Spray early =
Spray early = 1

Ranking Case

No
SJO

2,

Igniters = No
Igniters = No

h2concent -

Expected
6.
9.

High

Expected

Release of Csl
68E-05
40E-05

Release of Csl
5 Recombiners = Yes Spray early = No Igniters = No 6.67E-05
1 Recombiners = No Spray early = No Igniters = No 9.39E-05
3 Recombiners = No Spray early = Yes Igniters = No 9.93E-05
6 Recombiners = Yes Spray early = Yes Igniters = Yes 1.02E-04
2 Recombiners = No Spray early = No Igniters = Yes 1.07E-04
4 Recombiners = No Spray early = Yes Igniters = Yes 1.18E-04

For this worse case situation, both models are clear: Do not take early SAM decisions.
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6.6 Conclusions

From the analysis results above we see that the use of recombiners is always beneficial
to reduce the expected release fraction of Csl. Additional early SAM measures reduce
this beneficial effect of recombiners. If only early measures are available, the best
strategy is to use the containment spraying system early. If the observation is that the
containment is not inert, this decision decreases the expected release a lot for the plant
we considered. If the decision maker wants to reduce the risks at the worst case
situation of high hydrogen concentrations, he or she should not take early measures at
all.
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7. CONCLUSIONS AND RECOMMENDATIONS

Conclusions

1. ID/DTs have important advantages over CETs

Firstly, ID/DT models clearly distinguish decisions from uncertain events. During the
ID modelling phase, this distinction forces the analyst to clarify exactly which
information is available before a decision is made, and which events are influenced by
the decision. During the model evaluation phase, the decisions are "flexible", meaning
that the decision is made, given the available information. This way, many policies are
considered. The CET model decisions are all "hardwired" and a priori. By
distinguishing decision variables and chance variables, we can calculate the expected
value of perfect information of chance variables for decisions.

Secondly, the ID arrow structure reveals which conditions have to be taken into
account when assigning the data to the chance variables. The qualitative step of
choosing which arrows to put in is distinct from the quantitative step of filling in the
numbers. This in contrast with CET model assignments, in which the two steps of
conditionalisation and data assignments are combined. This approach is potentially
more difficult to carry out.

Thirdly, ID/DT models can be used for more advanced analyses. Examples of these
"what-if' analyses are:
- calculating the optimal policy given an observation on one of the chance variables
- calculating the optimal policy given a worst case scenario on chance variables
- calculating the sensitivity of the optimal policy for a model parameter.

The ID logic of deriving CISs and diagram adjustments has not proven to be very
useful in our case study, since we have taken an existing CET model as our model
basis.

2. CETs have some advantages over ID/DTs

Firstly, CET modelling is very well-known in the PSA community. And, more
important, CET models can be coupled directly to PSA level 1 and level 3 analysis
tools.

Secondly, the CET structure reveals more clearly than the ID/DT structure the
deterministic dependencies that exist between the variables.

3. DPL is well suited for ID/DT modelling and analysis

DPL has a graphical user interface that supports both model construction and analysis.
It has a large number of sensitivity analysis features, like model parameter sensitivity
analysis and comparison and event sensitivity comparisons. By slightly adjusting the
DT representation, we can perform the more advanced decision analyses. All
calculations performed by DPL can be echoed to a log file for quality assurance
purposes.
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DPL does not support the ID logic of deriving CISs. In principle, these statements can
be generated automatically by applying the ID logic. It does not support automatic
Bayesian data updating either.

By coupling DPL parameters with Excel variables, it is possible to propagate
uncertainty through the model.

4. Conservative assumptions make the PSA used not directly suited for decision
analysis

Although the PSA is claimed to be a "best-estimate" PSA, it contains some
conservative assumptions in the sequences considered in the case study. When using
the PSA to show that the plant satisfies risk criteria, these assumptions do not cause
problems. But when using a PSA to perform decision analysis, conservative
assumptions must be avoided, since they may impact some decisions more than others.

Recommendations

1. In modelling SAM, use mixed ID/DT models complementary to CETs

The advantages of ID/DT compared with CETs are obvious from the conclusions
above. The disadvantage is that ID/DT models can not be coupled to PSA level 1
and level 3 software tools, and thus not replace CET models.

2. Exploit the ID logic during the modelling process

Our case study model structures and data are mainly taken from an existing PSA CET
model. Since we use an existing PSA model, we do not apply the theoretical
construction guidelines from [Pea90], nor the heuristic guidelines from [Kas93]. One of
the important ID modelling features is to iteratively construct (intermediate) ID models,
and to derive information from it by applying the ID logic. Feeding this information
back to experts leads to new insights in the problem, and to model adjustments.

We recommend that new studies explore the practicality of this construction process.

3. Consider other ID or DT modelling software tools

We have used the software tool DPL. Other tools are available, and may not show the
same shortcomings as DPL.

4. Avoid conservative assumptions, always use best estimates

When using PSA data for a decision analysis model, the analyst must replace all
conservative estimations by realistic estimations. If this is not possible, other sources of
data must be used. To incorporate other data, the model may have to be adjusted.
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Tables A.I to A. 10 contain the probabilistic data for the PSA models.

Table A.I: Unconditional probabilities for steamexplosion

steamexplosion

No Yes

0.999 0.001

Table A.2: Conditional probabilities EARLYCF

Condition EARLYCF

steamexplosion

Yes

No

None

0

0.99936

Leak

0

0.00064

Rupture

1

0

Table A.3: Unconditional probabilities h2concent

h2concent

Low High

0.5 0.5

Table A.4: Unconditional probabilities continert

continert

Yes No

0.99 0.01

Table A.5: Conditional probabilities earlcf

Conditions earlcf

continert

Yes

No

No

h2concent

any

Low

High

None

1

0

0

Burn

0

0.999

0.95

CF

0

0.001

0.05
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Table A.6: Conditional probabilities H2EARLYCF

Conditions H2EARLYCF

earlcf h2concent None Reduction Leak Rupture

None any 1 0 0 0

Burn any 0 1 0 0

CF Low 0 0 1 0

CF High 0 0 0.95 0.05

Table A.7: Conditional probabilities spraying

spraying

Yes No

0.9287 0.0713

Table A.8: Conditional probabilities lateburn

Conditions lateburn

H2EARLYCF spraying Yes No

None Yes 0.09 0.91

None No 0 1

Reduction any 0 1

Table A.9: Conditional

Condition

lateburn

Yes

No

Table A. 10: <

Conditions

lateburn

Yes

Yes

No

No

venting

Yes

0

0.9958

probabilities venting

No

1

0.0042

Conditional probabilities I

venting

No

Yes

No

Yes

LATECF

Base
Pent

0

impossible

0.5

0

.ATECF

Vented

0

0

1

Leak

0.9

0.5

0

Rupture

0.1

0

0
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Tables A. 11 to A.24 contain the probabilistic data for the SAM models.

Table A. 11: Unconditional probabilities steamexplosion

steamexplosion

No Yes

0.999 0.001

Table A. 12: Conditional probabilities EARLYCF

Condition EARLYCF

steamexplosion

Yes

No

None

0

0.99936

Leak

0

0.00064

Rupture

1

0

Table A. 13: Conditional probabilities earlyspray

Condition earlyspray

Spray_early Yes No

Yes 0.9287 0.0713

No 0 1

Table A. 14: Unconditional probabilities h2concent

h2concent

Low High

0.5 0.5

Table A. 15: Conditional probabilities de-inert

Condition de-inert

earlyspray Yes No

Yes dejnert«- 0.09 1 - de_inert

No 0 1

Table A. 16: Conditional probabilities continert

Condition continert

de-inert

Yes

No

Yes

0

0.99

No

1

0.01
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Table A. 17: Conditional probabilities ignition

Condition ignition

Ignitors Yes No

Yes 1 0

No spon ignition = 0.5 1 - spon ignition

Table A. 18: Conditional probabilities earlcf

Conditions earlcf

continert ignition h2concent None Burn

Yes any any 1 0

No No any 1 0

No Yes Low 0 1 - CF low

CF

0

0

CF low - 0.001

No Yes High 0 1 - CFJiigh CFJiigh - 0.05

Table A. 19: Conditional probabilities recombined

Condition recombined

Recombmers

Yes

No

Yes

recomb

0

succ --1

No

1 -

1

recomb_ succ

Table A.20: Conditional probabilities H2EARLYCF

Conditions H2EARLYCF

earlcf

None

None

Burn

CF

CF

h2concent

any

any

any

Low

High

recombined

No

Yes

any

any

any

None

1

0

0

0

0

Reduction

0

1

1

0

0

Leak

0

0

0

1

0.95

Rupture

0

0

0

0

0.05
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Table A.21: Conditional probabilities latespray

Conditions latespray

Sprayearly earlyspray Spraylate Yes No

any any No 0 1

Yes Yes Yes 1 0

Yes No Yes 0 1

No any Yes 0.9287 0.0713

Table A.22: Conditional probabilities lateburn

Conditions lateburn

H2EARLYCF latespray Yes No

None Yes 0.09 0.91

None No 0 1

Reduction any 0 1

Table A.23:

Conditions

Vent

any

Yes

No

Table A.24:

Conditions

lateburn

Yes

Yes

No

No

Conditional

lateburn

Yes

No

No

Conditional

venting

No

Yes

No

Yes

probabilities

venting

Yes

0

0.9958

0

probabilities

LATECF

Base Pent

0

impossible

0.5

0

venting

No

1

0.0042

1

LATECF

Vented

0

0

1

Leak

0.9

0.5

0

Rupture

0.1

0

0
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Figure A.1: GET for PSA Model
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Figure A.2: DET EARLYCF for PSA GET
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EVENT>

CONTAINMENT
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Figure A.3: DET H2EARLYCF for PSA GET
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EVENT>
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Figure A.4: DET LATECF for PSA GET
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Figure A.5: Influence Diagram for PSA Model
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Figure A.9: DET continert for SAM CET
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Figure A. 12: Influence Diagram of SAM Model
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Figure A. 13: Decision Tree of SAM Model
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Table 8.1: Decision Analysis Results

E
C

N
-R

--96

o
STC Failure Mode Description

DPL Results
1
2

1 +2
3
4

3 + 4
5
6

5 + 6
7
8

7 + 8

leak - no spray
leak - spray
leak - total
early rupture - no spray
early rupture - spray
early rupture - total
late rupture - no spray
late rupture - spray
late rupture - total
vented - no spray
vented - spray
vented - total

CaseO

7.72E-02
0

7.72E-O2
1.01E-03

0
1.01E-03
8.26E-03

0
8.26E-03
9.14E-01

0
9.14E-01

Case 1
Strategy 1

9.10E-04
7.65E-O2
7.74E-02
1.01E-03

0
1.01E-03

0
8.30E-O3
8.30E-03
7.10E-02
8.42E-01
9.13E-01

Case 2
Strategy 1

3.81 E-03
7.50E-02
7.88E-02
1.16E-O3

0
1.16E-O3

0
8.14E-03
8.14E-03
7.08E-02
8.41 E-01
9.12E-01

Case 1
Strategy 2

9.12E-04
7.63E-02
7.72E-O2
1.01 E-03

0
1.01 E-03

0
8.28E-03
8.28E-03
7.10E-02
8.42E-O1
9.13E-01

Case 2
Strategy 2

3.88E-O3
7.41 E-02
7.79E-02
1.16E-03

0
1.16E-O3

0
8.03E-03
8.03E-03
7.08E-O2
8.42E-01
9J3E-01

Case 1
Strategy 3

7.97E-04
7.43E-02
7.51 E-02
1.00E-03
5.74E-05
1.06E-03

0
7.93E-03
7.93E-03
7.10E-02
8.45E-01
9.16E-01

Case 2
Strategy 3

1.00E-03
8.58E-02
8.68E-02
1.01 E-03
1.38E-03
2.39E-03

0
6.35E-03
6.35E-03
7.08E-02
8.34E-01
9.04E-O1

Case 1
Strategy 4

7.97E-04
7.17E-02
7.25E-02
1.00E-03
1.15E-O4
1.12E-03

0
7.52E-O3
7.52E-03
7.10E-O2
8.48E-01
9.19E-O1

Case 2
Strategy 4

1.00E-03
7.74E-02
7.84E-02
1.01 E-03
1.38E-O3
2.39E-O3

0
5.36E-03
5.36E-03
7.08E-02
8.43E-01
9.14E-01

Case 1
Strategy 5

9.10E-04
1.95E-03
2.86E-03
1.01 E-03

0
1.01 E-03

0
0
0

7.10E-O2
9.25E-01
9.96E-01

Case 2
Strategy 5

3.81 E-03
1.94E-03
5.76E-03
1.16E-03

0
1.16E-O3

0
0
0

7.08E-02
9.22E-01
9.93E-01

Case 1
Strategy 6

9.10E-04
1.95E-O3
2.86E-03
1.01 E-03

0
1.01 E-03

0
0
0

7.10E-02
9.25E-O1
9.96E-01

Case 2
Strategy 6

3.81 E-03
1.94E-03
5.76E-03
1.16E-O3

0
1.16E-03

0
0
0

7.08E-02
9.22E-01
9.93E-O1

Expected Release of Cs! 2.37E-O4 8.10E-05 8.71 E-05 8.10E-05 8.68E-05 8.00E-05 8.67E-05 7.92E-05 8.34E-05 5.33E-05 5.99E-05 5.33E-05 5.99E-05

1
2

1 +2
3
4

3 + 4
5
6

5 + 6
7
8

7 + 8

teak - no spray
leak - spray
leak - total
early rupture - no spray
early rupture - spray
early rupture - total
late rupture - no spray
late rupture - spray
late rupture - total
vented - no spray
vented - spray
vented - total

Expected Release of Csl

7.72E-02
0

7.72E-02
1.01 E-03

0
1.01 E-03
8.26E-03

0
8.26E-03
9.14E-01

0
9.14E-01

2.37E-04

9.10E-04
7.65E-02
7J4E-02
1.01 E-03

0
1.01 E-03

0
8.30E-03
8.30E-03
7.10E-02
8.42E-01
9.13E-01

8.10E-O5

3.82E-03
7.50E-02
7.88E-O2
1.16E-03

0
1.16E-O3

0
8.14E-03
8.14E-03
7.08E-02
8.41 E-01
9.12E-01

8.73E-05

1.03E-O3
7.61 E-02
7.72E-02
1.01 E-03

0
1.01 E-03

0
8.26E-03
8.26E-03
7.10E-02
8.43E-01
9.14E-01

8.12E-05

6.84E-03
7.31 E-02
7.99E-02
1.31 E-03

0
1.31 E-03

0
7.93E-03
7.93E-03
7.06E-02
8.40E-01
9.11 E-01

9.32E-05

7.97E-04
7.45E-02
7.53E-02
1.00E-03
5.74E-05
1.06E-03

0
7.96E-03
7.96E-03
7.10E-02
8.45E-01
9.16E-01

8.01 E-05

1.00E-03
8.69E-02
8.79E-02
1.01 E-03
1.38E-03
2.39E-O3

0
6.48E-03
6.48E-03
6.90E-02
8.34E-01
9.03E-O1

8.70E-05

8.06E-04
7.22E-02
7.30E-02
1.00E-03
1.15E-04
1.12E-03

0
7.57E-03
7.57E-03
7.09E-02
8.48E-01
9.19E-01

7.93E-05

1.21 E-03
9.70E-02
9.82E-02
1.02E-03
2.77E-03
3.79E-03

0
4.61 E-03
4.61 E-03
6.70E-02
8.26E-01
8.93E-O1

9.31 E-05

9.10E-04
1.95E-O3
2.86E-03
1.01 E-03

0
1.01 E-03

0
0
0

7.10E-02
9.25E-O1
9.96E-01

5.34E-05

3.82E-03
1.94E-03
5.76E-03
1.16E-03

0
1.16E-03

0
0
0

7.08E-02
9.22E-01
9.93E-01

5.99E-05

8.06E-O4
4.17E-O3
4.98E-03
1.00E-03
1.15E-04
1.12E-03

0
0
0

7.09E-02
9.23E-01
9.94E-O1

5.40E-05

1.21 E-03
5.55E-O2
5.67E-02
1.02E-O3
2.77E-03
3.79E-03

0
0
0

6.70E-02
8.73E-01
9.40E-01

7.77E-05



Table 8.2:Decision Analysis Results, h2concent = High

to

mn

STC Failure Mode Description

DPL Results

Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2
Strategy 1 Strategy 1 Strategy 2 Strategy 2 Strategy 3 Strategy 3 Strategy 4 Strategy 4 Strategy 5 Strategy 5 Strategy 6 Strategy 6

1
2

1 +2
3
4

3 + 4
5
6

5 + 6
7
8

7 + 8

leak - no spray
leak - spray
leak - tota!
early rupture - no spray
early rupture - spray
early rupture - total
late rupture - no spray
late rupture - spray
Sate rupture - total
vented - no spray
vented - spray
vented - total

1.03E-03
7.65E-02
7.75E-02
1.01E-03

0
1.01E-03

0
8.30E-03
8.30E-03
7.10E-02
8.42E-01
9.13E-01

6.72E-03
7.50E-02
8.17E-02
1.31E-03

0
1.31E-03

0
8.14E-03
8.14E-03
7.06E-02
8.38E-01
9.09E-01

1.03E-03
7.65E-02
7.75E-02
1.01 E-03

0
1.01 E-03

0
8.30E-03
8.30E-03
7.10E-02
8.42E-01
9.13E-01

6.72E-03
7.50E-02
8.17E-02
1.31 E-03

0
1.31 E-03

0
8.14E-03
8.14E-03
7.06E-02
8.38E-01
9.09E-01

8.06E-04
7.53E-02
7.61 E-02
1.00E-03
1.15E-04
1.12E-03

0
7.93E-03
7.93E-03
7.10E-02
8.44E-01
9.15E-01

6.72E-03
7.50E-02
8.17E-02
1.31 E-03

0
1.31 E-03

0
8.14E-03
8.14E-03
7.06E-02
8.38E-01
9.09E-01

8.06E-04
7.38E-02
7.46E-02
1.00E-03
2.30E-04
1.23E-03

0
7.52E-03
7.52E-03
7.10E-02
8.46E-01
9.17E-01

6.72E-03
7.50E-02
8.17E-02
1.31 E-03

0
1.31 E-03

0
8.14E-03
8.14E-03
7.06E-02
8.38E-01
9.09E-01

1.03E-03
1.95E-03
2.97E-03
1.01 E-03

0
1.01 E-03

0
0
0

7.10E-02
9.25E-01
9.96E-01

6.72E-03
1.94E-03
8.65E-03
1.31 E-03

0
1.31 E-03

0
0
0

7.06E-02
9.19E-O1
9.90E-01

1.03E-03
1.95E-03
2.97E-03
1.01 E-03

0
1.01 E-03

0
0
0

7.10E-02
9.25E-01
9.96E-01

6.72E-03
1.94E-03
8.65E-03
1.31 E-03

0
1.31 E-03

0
0
0

7.06E-O2
9.19E-01
9.90E-01

Expected Release of Csl 8.13E-05 9.40E-05 8.13E-05 9.40E-05 8.06E-05 9.40E-05 8.02E-05 9.40E-05 5.35E-05 6.68E-05 5.35E-05 6.68E-05

NUCAP+ Results
1 leak-no spray 1.03E-03 6.72E-03 1.26E-03 1.26E-02 8.05E-04 1.20E-03 8.22E-04 1.62E-03 1.03E-03 6.72E-03 8.22E-04 1.62E-03
2 teak-spray 7.65E-02 7.50E-02 7.61 E-02 7.31 E-02 7.56E-02 1.13E-01 7.43E-02 1.48E-01 1.95E-03 1.94E-03 6.30E-03 1.07E-01

1+2 leak-total 7.75E-02 8.17E-02 7.74E-02 8.57E-02 7.64E-02 1.14E-01 7.51E-02 1.50E-01 2.98E-03 8.66E-03 7.12E-03 1.09E-01
3 early rupture - no spray 1.01 E-03 1.31 E-03 1.03E-03 1.62E-03 1.00E-03 1.02E-03 1.00E-03 1.04E-03 1.01 E-03 1.31 E-03 1.00E-03 1.04E-03
4 early rupture - spray 0 0 0 0 1.15E-04 2.77E-03 2.30E-04 5.53E-03 0 0 2.30E-04 5.53E-03

3 + 4 early rupture - total 1.01 E-03 1.31 E-03 1.03E-03 1.62E-03 1.12E-03 3.79E-03 1.23E-03 6.57E-03 1.01 E-03 1.31 E-03 1.23E-03 6.57E-O3
5 late rupture - no spray 0 0 0 0 0 0 0 0 0 0 0 0
6 late rupture - spray 8.30E-03 8.14E-03 8.26E-03 7.93E-03 7.96E-03 6.48E-03 7.57E-03 4.61 E-03 0 0 0 0

5 + 6 late rupture - total 8.30E-03 8.14E-03 8.26E-03 7.93E-O3 7.96E-03 6.48E-03 7.57E-03 4.61E-03 0 0 0 0
7 vented - no spray 7.10E-02 7.06E-02 7.10E-02 7.02E-02 7.Q9E-O2 6.71 E-02 7.07E-02 6.31 E-02 7.10E-02 7.06E-02 7.07E-02 6.31 E-02
8 vented-spray 8.42E-01 8.38E-01 8.42E-01 8.35E-O1 8.44E-01 8.09E-01 8.45E-01 7.76E-01 9.25E-01 9.19E-01 9.21E-01 8.22E-01

7 + 8 vented-total 9.13E-01 9.09E-01 9.13E-01 9.05E-01 9.15E-01 8.76E-01 9.16E-01 8.39E-01 9.96E-01 9.90E-01 9.92E-01 8.85E-01

Expected Release of Csl 8.13E-05 9.40E-05 8.17E-05 1.07E-04 8.06E-05 9.93E-05 8.03E-05 1.18E-04 5.35E-05 6.67E-05 5.50£-05 1.02E-04
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IDs and DTs for SAM
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Figure B.2: NUCAP+ Output, GET Case 2 Strategy 4
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Appendix B
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Figure B.3: DPL Output, Tornado Diagram
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IDs and DTs for SAM
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