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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 practicali-
ty 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 Probabi-
listic 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 as complementary to CET models.

I. INTRODUCTION

Severe accidents for Nuclear Power Plants (NPPs) are
extensively being analyzed in various international research
programs. These research results together with PSAs are
applied for the design of new, advanced NPPs and for
backfitting of operating plants. This knowledge can also be
applied in order to further optimize plant operation and to
manage severe accidents. It is not yet evident which
additional information, methods and techniques are needed
to successfully use this knowledge in the area of SAM.

Recently, decision analysis methods using Decision
Trees (DTs) and Influence Diagrams (IDs) have appeared
in the SAM area.1-2 Therefore, a study was initiated at
ECN, in cooperation with TUD, with as objectives to:

assess the feasibility and practicality of the modelling
techniques using DTs and IDs for the selection of
effective SAM strategies; and
compare these methods with the standard Level 2 PSA
CET method.34

The study5 was conducted in three subsequent phases:
(1) a review of relevant methodologies with emphasis on

both theoretical and practical ID aspects1'26;
(2) an evaluation of the Decision Programming Language

(DPL)7 tool for IDs/DTs; and
(3) a case study to compare ID/DT methods with the

traditional approach using CETs, with emphasis on
practical aspects, and the respectrve software packages
DPL and NUCAP+4.

The most important aspects addressed were:
what is an ID? what denotes an arrow? which resour-
ces and data are needed?
possible pitfalls in construction of the diagram;
uncertainty propagation;
user-friendliness and appeal to PSA analysts;
real-time possibilities;
quality assurance aspects.

II. REVIEW OF RELEVANT METHODOLOGIES AND
SOFTWARE

This section summarizes the review results of our
study. First, CETs will be briefly discussed. Second, IDs
and DTs will be more elaborately discussed, including
definition of decision analysis terminology and the evalua-
tion of the DPL software.

A. Containment Event Trees

The conventional way to model the accident sequences
from core damage to containment failure and release to the
environment is the use of CETs. The top (heading) events
of the CET depict major phenomena, containment conditi-
ons and failure modes that can occur during a severe
accident. These top events are further developed into
Decomposition Event Trees (DETs), e.g., as implemented
in the NUCAP+4 software that ECN uses for Level 2 PSA,
or into Phenomenological Fault Trees (PFT)\ An alteraa-



tive way is to make a large CET, e.g. as used in the
NUREG-1150" study.

B. ID and DTs

Specific articles of Reference 6 were reviewed to
identify more theoretical, mathematical issues associated
with IDs and decision analysis. At the start of this study, it
was already known that different users of IDs used
different definitions and had different interpretations of IDs.
E.g., what does an arrow really mean, and how should they
be constructed? In order to prevent any confusion, these
issues were first investigated.

It was concluded that in contrast with DTs, that focus
on event sequences, IDs represent the analyst's belief about
the probabilistic relationships between the considered
events. Conditional independence statements (CISs) can be
verified by applying the so-called d-separation criterion. In
addition, new CISs can be deduced from the ID logic. The
theoretical construction and manipulation rules may reveal
additional insights in the probabilistic structure of the
problem and allow the analyst to adjust the model. The
practicality of the theoretical features remains unclear. This
is because the examples in the SAM area1 and the case
study (see Section III) models were not constructed from
scratch but were based on existing CET models.

In order to understand the next paragraphs and sec-
tions, some definitions and terminology is introduced. A
strategy is defined as a set of available decision alterna-
tives. A policy is defined as a strategy with the decision(s)
variable set a specific value, e.g., Yes or No. A decision
analysis requires a value Junction by which the different
strategies and policies can be compared. Generally, such a
function is an expected value of a quantity of interest
which is to be minimized or maximized.

The study Kastenberg et al.1 developed a methodology
based on IDs and DTs to select SAM strategies. The
method was intended for use prior to any accident, i.e., not
for real-time applications. The conclusions were: the use of
IDs and DTs can be very useful when the conditional
probabilities in the various chance nodes are known; a
more complete examination and evaluation of a candidate
strategy may result; and, factors sometimes overlooked may
be identified and factored into the assessment The data and
models relied heavily on the NUREG-1150 study8. The
final ED models were simplified before construction DTs
from them. These DTs were then evaluated and analysed
with the SUPERTRE software.

Another study2 focused on obtaining certain conditional
probabilities in the ID models with less subjectivity than in

the previous study. The risk results of the strategies were
however not much different from the results of the study
Kastenberg et al.

After review of the ID/DT methodologies, DPL7 was
selected as decision analysis software for detailed evalu-
ation in the TUD/ECN study5, because it was considered as
one of the most advanced pieces of software in this area. It
is PC software running under Microsoft™ Windows and
has capabilities for ID, DT, and mixed ID/DT models. DPL
solves the ID/DT model by path algorithms on the DT part
of the model.

A DPL model incorporates all possible strategies in
one integrated model. Model evaluation results in the
calculation of the optimal policy. DPL provides many
sensitivity analysis features, both with respect to the model
parameters, as to the model uncertainty. The graphical
interface allows the analyst to perform a full decision
analysis by slightly adjusting the DT part of the model, and
rerunning the evaluations. This analysis includes worst-case
analysis and can calculate the value of perfect information
(on an event for a particular decision) and optimal policies
conditional on observations of variables (what-if) or on
different strategies.

DPL was verified and tested by reproducing the
examples from the study Kastenberg et al.1. DPL model
parameters can be linked to Microsoft™ Excel spreadsheet
variables. Using the combined DPL and Excel features, also
a similar uncertainty propagation as performed by Kasten-
berg et al. could be performed with relative ease.

All calculations performed by DPL can be echoed to
a log file for quality assurance purposes.

DPL does neither support the conditional independence
statements deduction rules and logic, nor automatic
Bayesian data updating incorporating observations.

Other ID/DT software tools were not included in the
review but will possibly be evaluated in the future.

C. Discussion

CETs and DTs show the accident sequences and
incorporate the conditional probabilities on all events. CETs
and DTs differ only with respect to the accident manage-
ment decisions: in CETs, decisions are 'hardwired' in the
CET logic, while in DTs, the decisions are variables.

IDs focus on the probabilistic dependencies between
the events in the model. Like DTs, IDs have decisions
incorporated. Unlike DTs and CETs, the probabilistic
dependencies are explicit.

To evaluate a SAM strategy (i.e., a set of decisions),
the CET method requires creation of events, and hence,
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new models incorporating this strategy, while with a DT or
ID, one model can be used to rank several strategies with
respect to the value function, conditional on the SAM
strategies.

Advantages of DTs compared with IDs are that they:
show individual accident progression sequences, and

- look a lot like CETs.

Advantages of IDs compared with DTs are that they:
can easily be adjusted by adding or deleting variables
and probabilistic relationships, and
are a compact representation of the model's variables
and relationships.

But IDs have more: The modeller incorporates conditional
independencies between variables that are believed to hold.
Deduction rules provide other conditional independence
statements that are logically implied by these. This can be
very helpful during the modelling phase. Rather than
treating IDs as an alternative model for DTs, they can be
viewed as an alternative graphical representation for a
mixed ID/DT model: The ID shows how the variables are
related and provides data input frames, the DT shows the
accident progression sequences and provides the decision
analysis output

in. CASE STUDY

The purpose of the case study was to make a compari-
son between the methods and software. The study is not
intended to identify the best possible SAM strategies for
the selected plant, the Borssele NPP, a 472 MWe
PWR910. 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.

A. Definition of Case Study

As a start, the assumptions and data were taken straight
from the Borssele PSA-3 model10, called 'Case 0*. Some
conservative assumptions were replaced by estimates with
uncertainty to make the decision analysis more realistic,
called 'Case 1'. Additional data needed to expand the
model with decisions, and information on beneficial and
adverse effects was collected from ECN severe accident
experts. Some of the data provided was based on MAAP
analyses for the plant performed earlier.

The decisions selected to add to the PSA model were:
installing recombiners and/or igniters (to prevent contain-
ment failure from hydrogen explosions) and early spraying
(late spraying was already modelled).

The beneficial and adverse effects of the additional
SAM measures and of existing SAM measures not yet
included in the PSA model (because it could be conser-
vative/optimistic in some areas) were identified. One
example of the last category is the beneficial effect of
spraying with respect to fission product depletion, which is
not credited in the original PSA model (PSA-3 version; it
should be noted that in the PSA-97 model, additional
measures and decontamination effects have been taken into
account for the risk significant bypass scenarios (interfacing
system LOCA, SGTR)10. Only the adverse effect of de-
inerting the containment (by steam condensation) is
modelled in the PSA-3.

The selected sequences were all core damage sequen-
ces with:

low to intermediate reactor coolant pressure at the time
of core damage;
the reactor operating at full power when the initiating
event occurred;
the containment intact and isolated.

It should be noted these sequences are not the one with the
highest risk impact (which are bypass sequences10), but they
have a large contribution to the core damage frequency
(Level 1 results), and to containment failure (Level 2
results).

A decision analysis requires a value function by which
the different strategies can be compared. In the Nether-
lands, risk criteria like individual risk, group risk, etc. are
normally used for risk-based regulation.11 The study
Kastenberg et al.1 used similar criteria (e.g., the number of
early fatalities and the number of latent cancer fatalities).
For this case study, the expected release fraction of Csl
was used as value function, because it is an important
fission product with respect to offsite consequences. In
addition, decontamination factors due to SAM measures
could be used in a simple way to calculate the impact on
the release. In that way, no additional severe accident
analyses with codes like MAAP or MELCOR, and no
additional dose and risk calculations would have to be
performed. For a real application, a value function incor-
porating individual risk or group risk should be used.

B. Models

Four basic models were constructed for the class of
selected accident sequences:
PSA-CET Original PSA model in CET format;
PSA-ID/DT Original PSA model in ID/DT format;
SAM-CET Extended model with SAM actions in

CET format; and
SAM-ID/DT Extended model with SAM actions in

ID/DT format.
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The PSA-CET and PSA-ID/DT models are essentially
the same and were quantified for Case 0. The SAM-CET
and SAM-ID/DT models differ. The SAM-ID/DT includes
more policies in the different strategies and additional
deterministic variables for sensitivity analysis purposes. The
SAM-CET and SAM-ID/DT models were quantified for
Case 1 and for Case 2. This Case corresponds to a similar
NPP, but with a smaller containment It was analysed,
because the Borssele NPP has a relatively large contain-
ment (Case 0 and Case 1 models). The qualitative models
are the same, but some parameters related to containment
capability differ.

Fig. 1 shows the ID of the SAM-ID/DT model. Square
boxes denote the decisions. 'Vent' and 'Sprayjate' are
decisions already factored in the original PSA model. The
circular nodes represent probabilistic events. Rounded
squared boxes denote deterministic variables. Fig. 2 shows
the corresponding symbolic DT. It is not possible to draw
the complete DT (with all paths displayed).

A strategy is defined as a set of available decision
alternatives. A policy is defined as a strategy with the
decision(s) variable set a specific value, in this case Yes or
No. The strategies and decisions analysed are given
in Table 1.

Table 1. Strategies and decisions

Strategy Decision(s)

1
2
3
4
5
6

None ('Doing nothing')
Igniters
Spray_Early
Igniters, Spray_Early
Recombiners
Igniters, Spray_Early, Recombiners

Strategy 1 is the only one for the models PSA-CET and
PSA-ID/DT. The models SAM-CET and SAM-ID/DT
include also the other strategies.

C. Analysis Results

The most illustrative analysis results are presented
here.

Table 2 shows the DPL analysis results for all plant
models and for all strategies. As a point of reference, the
original PSA model (with some conservative assumptions)
is also given as Case 0.

From Table 2, it can be seen that adjusting conserva-
tive assumptions can have a higher impact on the risks (i.e.,
expected release fraction of Csl), than from implementation
of additional measures. The expexted Csl release fraction
of the Case 0 model is 2.36E-4, while the optimal strategy
for the Case 1 model leads to 5.33E-5. The 'doing nothing'
Strategy 1 for this Case 1 model leads to 8.1OE-5. Also, the
optimal results for Case 1 and Case 2 differ less than the
difference resulting from conservative assumptions. The
lesson from this is that first possible conservative assump-
tions in PSA models should be examined and removed to
the extent possible, before the effect of additional measures
is accounted for or before decision analysis methods are
applied.

Table 3 and Table 4 show the strategy ranking for the
DPL (ID/DT) and NUCAP+ (CET) Case 1 results, respect-
ively. The tables also show which policies lead to an
optimum. The differences in the strategy rankings from
DPL and NUCAP+ are caused by the fact that in the DPL
analysis, the decisions are 'flexible'. The decisions to be
made in later phases of the accident can be made condi-
tional on the outcome (observation) of a previous variable
in the DT, leading to more feasible policies and
consequently, to lower expected releases. In the NUCAP+
analysis, the decisions are 'hardwired', i.e., they have to be
made prior to the accident.

Table 2. DPL analysis results: conditional probabilities and Csl release fractions
STC

1
2
3
4
5
6
7
a

Containment Failure
Mode Description

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

Expected Release
Fraction of Csl

CaseO

Strat 1

7.7E-2
0

1.0E-3
0
0

8.3E-3
7.1 E-2
8.4E-1

2.36E-4

Casei

Strat. 1

9.1 E-4
7.6E-2
1.0E-3

0
0

8.3E-3
7.1 E-2
8.4E-1

8.10E-5

Case 2

Strat. 1

3.8E-3
7.5E-2
1.2E-3

0
0

8.1 E-3
7.1 E-2
8.4E-1

8.71E-5

Case 1

Strat 2

9.1 E-4
7.6E-2
1.0E-3

0
0

8.3E-3
7.1 E-2
8.4E-1

8.10E-5

Case 2

Strat. 2

3.9E-3
7.4E-2
1.2E-3

0
0

8.0E-3
7.1 E-2
8.4E-1

8.68E-5

Case 1

Strat. 3

8.0E-4
7.4E-2
1.0E-3
5.7E-5

0
7.9E-3
7.1 E-2
8.4E-1

8.0OE-5

Case 2

Strat. 3

1.0E-3
8.6E-2
1.0E-3
1.4E-3

0
6.4E-3
7.1 E-2
8.3E-1

8.67E-5

Casei

Strat. 4

8.0E-4
7.2E-2
1.0E-3
1.1E-4

0
7.5E-3
7.1 E-2
8.5E-1

7.92E-5

Case 2

Strat. 4

1.0E-3
7.7E-2
1.0E-3
1.4E-3

0
5.4E-3
7.1 E-2
8.4E-1

8.34E-5

Casei

Strat. 5

9.1 E-4
1.9E-3
1.0E-3

0
0
0

7.1 E-2
9.3E-1

5.33E-5

Case 2

Strat. 5

3.8E-3
1.9E-3
1.2E-3

0
0
0

7.1 E-2
9.2E-1

5.99E-5

Casei

Strat. 6

9.1 E-4
1.9E-3
1.0E-3

0
0
0

7.1 E-2
9.3E-1

5.33E-5

Case 2

Strat. 6

3.8E-3
1.9E-3
1.2E-3

0
0
0

7.1 E-2
9.2E-1

5.99E-5



Table 3. Strategy Ranking SAM-IDIDT, Case 1 (DPL)

St. Policy Csl

5+6 Recombiners - Yes; Spray_early - No;
Igniters - No 5.33E-5

4 Recombiners - No; Spray_early - Yes;
If early_spray - No then Igniters - No and
If early_spray - Yes then Igniters - Yes 7.92E-5

3 Recombiners - No; Spray_early - Yes;
Igniters - No 8.00E-5

2 Recombiners - No; Spray_early - No;
If h2concent - Low then Igniters - Yes and
If h2concent - High then Igniters - No 8.10E-5

1 Recombiners - No; Spray_early - No;
Igniters - No 8.10E-5

Table 4. Strategy Ranking SAM-CET, Case 1 (NUCAP+)

St. Policy Csl

5 Recombiners - Yes; Spray_early - No;
Igniters - No 5.34E-5

6 Recombiners - Yes; Spray_early - Yes;
Igniters - Yes 5.40E-5

4 Recombiners - No; Spray.early - Yes;
Igniters - Yes 7.93E-5

3 Recombiners - No; Spray_early - Yes;
Igniters - No 8.01E-5

1 Recombiners - No; Spray_early - No;
igniters - No 8.10E-S

2 Recombiners - No; Spray_early - No;
Igniters - Yes 8.12E-5

Fig. 3 shows a sensitivity comparison in the form of a
so-called 'Tornado diagram', which can be directly gener-
ated from DPL analyses. Such diagrams cannot be pro-
duced by NUCAP+ (unless at the expense of a lot of
additional work and pre- and post-processing of inputs and
results). The parameters displayed are defined in Table 5.

Table 5. Description of sensitivity parameters

Parameter Description

decont_factor Spray decontamination factor (default
value - 5)

CFJiign Probability of containment failure due to
ignition of a inflammable mixture with a
high hydrogen concentration

spon_ignition Probability of spontaneous ignition
de_inert Probability of de-inerting the containment

by steam condensation due to spraying
inert Probability of an inert containment with-

out spraying

The sensitivity results displayed in Fig. 3 show two
things. For each deterministic variable in die model, the

values have been varied over its range, and the effects on
die value function have been calculated, leading also to a
range. A change in optimal strategy is indicated by a
change in the color of die bars. E.g., in Case 2, for the
decontamination factor, there are three optimal strategies
depending on its specific value. For the probability of de-
inerting the containment (de_inert), the optimal strategy
remains the same. For parameters showing high impact and
changes in optimal strategy, DPL can also generate a figure
displaying the value function as a function of die parameter
considered. An example for CF_high is given in Fig. 4.
Besides the dominant role of the decontamination factor,
Fig. 3 also shows that the impact of uncertainties can differ
a lot for different plants. For Case 1, with a relatively large
containment and hence capability to cope widi containment
challenges, the impact of containment size related parame-
ters is smaller dian for plants with relatively smaller
containments (Case 2).

IV. CONCLUSIONS

From the work reported here, it was concluded that:

1. Influence diagrams should be used carefully: there
are some pitfalls in constructing tfiese models. One should
clearly describe and understand what is meant by an arrow
in the diagram. Unambiguous guidelines for construction of
such diagrams are very helpful.

2. Since PSA analysts are used to thinking in terms of
sequences, tree methods are required in addition to influ-
ence diagrams.

3. A combination of influence diagrams and decision
trees can be used to include the advantages of both
methods and to circumvent die disadvantages of the
individual methods. This is a confirmation of the conclusi-
ons of die study Kastenberg et al. An ID is very well suited
to visualize events and relationships between events in a
compact picture. In addition, it enables the derivation of
new conditional independence statements which can be
used to verify die model with the expert's belief and to
possibly change the model in case these new statements are
not accepted by the expert. DPL has no feature to derive
such new independence statements: mey have to be derived
manually by the analyst.

4. The DPL software tool appeared to be an excellent
tool to apply diese two decision analysis methods for
severe accident management purposes. In addition, by its
coupling capabilities to die Microsoft™ Excel spreadsheet
program and by adding deterministic variables representing
distribution parameters to the model, die analyst can also
propagate uncertainties dirough die model.



5. These decision analysis methods give an added
value to the standard PSA CET method. It is easier to
modify or extend the ID/DT model than the corresponding
CET model. Sensitivities and uncertainties can be better
taken account of. Moreover, the robustness of the selected
optimal SAM strategies can be demonstrated, and additional
resources for research or data collection on uncertain items
can be better allocated.

6. It appeared to be relatively easy to convert the basic
CET model to an ID/DT model.

7. Although limited in scope, the case study showed
that conservatisms still present in PSAs can have a large
impact on also the 'relative' (e.g., ranking) results of the
analysis. Conservative modelling is acceptable for safety
goal comparion purposes, but an unbalanced use of it may
lead to a wrong allocation of resources used to improve the
safety level. To take full advantage of the decision analysis
approach, the conservatisms should be identified and
replaced by fair assessments of the uncertainties involved.

8. SAM strategies have a relationship with operator
support systems and Technical Support Centres1213, and
with emergency planning measures (taken outside the NPP
to mitigate the consequences of accidental releases). It is
recommended to study how SAM strategies, assessed by an
ID/DT or CET model, can be coupled to such systems, in
particular in real-time applications.14
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Case 1 - Strategy 4
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Case 2 - Strategy 4
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Fig. 3 Sensitivity comparison: Tornado Diagrams, SAM-ID/DT
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