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Abstract : There are a lot of uncertainties in the severe accident phenomena and scenarios in nuclear power plants
(NPPs) and one of the major issues for severe accident management is the reduction of these uncertainties. The
severe accident management aid system using Probabilistic Safety Assessments (PSA) technology is developed for
the management staff in order to reduce the uncertainties. The developed system includes the graphical display for
plant and equipment status, previous research results by a knowledge-base technique, and the expected plant behav-
ior using PSA. The plant model used in this paper is oriented to identify plant response and vulnerabilities via ana-
lyzing the quantified results, and to set up a framework for an accident management program based on these
analysis results. Therefore the developed system may play a central role of information source for decision-making
for severe accident management, and will be used as a training tool for severe accident management.
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SPDS, knowledge base

1. Introduction

Since the Three Mile Island (TMI) accident, the impor-
tance of a accident management in nuclear power plants
has increased. Many countries, including the United States
(US), have focused on understanding severe accidents, in
order to identify ways to further improve the safety of the
plants [1]. It has been recognized that plant-specific prob-
abilistic safety assessments (PSA) can be beneficial in
understanding plant-specific vulnerabilities of severe acci-
dents [2].

The objectives of this paper are to describe the PSA
analyses of the nuclear power plants, to identify plant
response and vulnerabilities via analyzing the quantified
results, and to set up a framework for an accident man-
agement program based on thse analysis results. Basi-
cally the scope and methodology of the analysis used to
perform individual plant examination (IPE) are similar to
those of PSA. Therefore, a state-of-the-art PSA tech-
nique has been used in this study to demonstrate its
application feasibility to accident management [3, 4].

Plant damage states (PDSs) are defined as group Level-1
core damage sequences into a manageable size by consid-
ering containment failure mode and timing, and the source
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term characteristics. Also, to model containment responses
during severe accidents, containment event trees (CETs)
are developed for the plant. Potential containment failure
modes including containment bypass, isolation failure,
steam explosion, hydrogen combustion and steam oOver-
pressurization are also considered in constructing the CETs.

From: the viewpoint of severe accident management,
the increased sophistication of PSA models and the
descriptions of risk results offer the potential for improv-
ing the decision-making process [5, 6]. In this study, we
investigated methods to utilize the plant-specific PSA
results effectively for decision-making in managing acci-
dents in the plant.

To apply the CET to a unique accident initiator, the
core damage sequence, containment failure and source
term must be correctly identified so that appropriate
safety systems in the containment can be used to mini-
mize the accident consequences. This approach will espe-
cially help to implement the event oriented procedures of
existing emergency operating procedures (EOPs) in deal-
ing with design basis accidents (DBAs) [7].

The CETs are quantified by assigning a probability to
each branch (branch fraction) in the CET and propagat-
ing the probabilities for each pathway leading to a dis-
tinct containment end state. The modeling of complicated
containment events can be significantly simplified by the



application of decomposition event trees (DETs). DETs
allow the use of a generalized CET logic structure for
most PDSs while keeping the size of the CET reasonable
for scrutability and understanding. All dependencies in
the subevents in PDS conditions and prior CET branch
point decisions can be rigorously treated. Hence, the
combined paths of CETs and DETs are used in prioritiz-
ing the success paths for accident management.

Finally, the method we developed for the application
of PSA results to accident management is applied to the
loss of offsite power (LOOP) accidents in this demon-
stration. The controllability of the CET headings for
LOOP is first identified along with the feasible CET
paths. The conditional probabilities of early containment
failure are then calculated for possible recovery actions.
Based on these calculations, the CET paths are priori-
tized to help the decision-making of the emergency
response team in the plant.

2. Methodology of PSA Application to
Accident Management

This section describes the methodology of how to use
PSA results in managing accidents occurring in a
nuclear power plant. In particular, we are mainly inter-
ested in severe accidents because less serious accidents

Identify plant damage state

Containment bypass

No
L ]

Go to General CET

I

Identify
CET Heading Controliabiiity

I

Identify
Feasible CET Paths

l

Calculate Conditional
Early-Containment
Failure Probability

I

Prioritize CET Paths

l

Controlled Stable Plant State With Recovery
Action

Fig. 1. Procedure for the Application of PSA Results to Severe
Accident.

Yes+ Special CETs

Severe Accident Management Using PSA Event Tree Technology 51

usually evolve more rapidly at the systems level com-
pared to such severe accidents that may involve core
damage to some extent. Although level-1 PSA may be
somewhat useful for certain accident types, the analysis
results of level-2 PSA would be more helpful in man-
aging severe accidents. Hence, in this study we focused
on level-2 PSA to develop how to use PSA results for
accident management.

Level-2 PSA covers containment performance analysis
and source term analysis. In order to connect the results
of level-1 PSA to level-2 PSA, plant damage states
(PDSs) are defined and each level-1 sequence is grouped
into an appropriate PDS. For each PDS, the accident
phenomena are analyzed together with the analysis of
containment performance. The failure probability of the
containment is then evaluated for all the sequences lead-
ing to core damage. Plant-specific source terms are next
evaluated for those accident sequences which represent
the characteristic source term categories[8].

The flow chart of Fig. 1 shows a procedure by which
the PSA results can be applied for managing a severe
accident that took place in a nuclear power plant. The
procedure consists of 6 steps: 1) identify plant damage
state, 2) go to general CET, 3) identify CET heading
controllability, 4) identify feasible CET paths, 5) calcu-
late conditional probability of early containment failure,
and 6) prioritize CET paths. Each of these steps is
described below.

2-1. Identification of Plant Damage State

To use the PSA results for real-time accident manage-
ment, the current plant damage state (PDS) should be
identified from Fig. 2. This figure shows 45 PDSs,
among which PDS 1 and 2 represent unisolated contain-
ment states, and PDS 44 and 45 indicate containment
bypass. Hence these four PDSs are treated as special
PDSs for which special containment event trees (CETs)
are develeoped. For all other PDSs, ie., PDS 3~42, gen-
eral CETs are developed. The PDS characteristics are
defined by selecting key system operations considered to
be important to the following parameters: accident pro-
gression in the containment; time, mode, and location of
containment failure; and the radionuclide source term
[9]. The parameters used to define the PDSs include the
functional status of important systems, variables deter-
mined by systems operation (e.g., reactor coolant system
(RCS) pressure), accident initiator type, and the timing
of key events (e.g., power recovery). (Table 1)

In a real application of the PSA, the plant situation
shall be identified as one of the 45 PDSs in view of the
eight parameters described above.
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Fig. 2. PDS Grouping Logic Diagram

Table 1. Grouping Parameters of a PDS Event Tree

1) containment bypass

2) containment isolation status

3) station blackout, transient or LOCA
4) power recovery

5) status of in-vessel injection

6) containment recirculation cooling
7) RCS pressure during core damage

8) status of in-cavity injection

2-2. Transfer to General CET

In the quite unusual case where the containment is
bypassed or unisolated, special CETs are used. In all
other cases where it is not bypassed or isolated, general
CETs for PDS 3~42 are used [10]. Figure 3 shows a
typical CET for PDS 3~42. These CETs depict various
phenomenological processes, containment conditions, and
containment failure modes that could occur under severe
accident conditions. Each PDS end point represents a
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unique accident progression starting point with respect
to the CET. In principle, each event path has to be
quantified separately because of the unique accident
progression. Core damage sequences in which the con-
tainment is successfully isolated (i.e., not bypassed)
would have different modeling requirements compared
with those sequences in which the containment is either
unisolated or bypassed.

Therefore, it follows that a CET must be developed
and quantified for each PDS. In practice, however, there
will be many commonalties for most accident sequences,
except for the containment bypass and containment iso-
lation failure sequences. To model containment responses
for most accident sequences, a general CET is dével-
oped. Special CETs are used to model those sequences
in which the containment is bypassed or unisolated as
discussed above.

The event headings in the CET contain those phe-
nomena expected to have an impact on the accident
progression within the containment. To simplify the
structure of the CET the number of events is reduced to

Fig. 3. CET Grouping for PDSs 3~42.
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Table 2. Headings of a General Containment ET

1. Mode of Induced Primary System Failure
2. Core-Melt Arrest

3. Alpha Mode Containment Failure

4. Amount of Corium Ejected out of Cavity
5. Mode of Early Containment Failure

6. No Late Recirculation Spray Failure

7. Debris Cooled Ex-vessel

8. Mode of Late Containment Failure

9. Basemat Melt-through

as few as possible. The events that contribute to these
top events of CET and/or which aid in the assessment
of the event branch probabilities are relegated to de-
composition event trees (DETs). Table 2 shows typical
nine top events of general CET. Each top event has its
own DET. DETs consist of the important “subevents”
that contribute to the top event and is used to quantify
the branch probability of the top event.

Several major top events of the CET are described
below.

Mode of Induced Primary System Failure

This question asks whether the elevated temperatures
and pressures within the RCS following core uncovery
can result in failure of the RCS pressure boundary out-
side the vessel prior to failure of the reactor vessel’s
lower head.

Core-Melt Arrest

This question asks whether the damaged core can be
cooled in-vessel by the introduction of cooling water
into the reactor vessel, thereby terminating the accident
progression before reactor vessel rupture.

Alpha Mode Containment Failure

This question asks whether the extensive in-vessel
steam explosion occurs and results in early containment
failure. A postulated alpha mode containment failure
results from a large coherent in-vessel steam explosion
that fails the reactor vessel and generates a missile
(from part of the reactor vessel upper head) with suffi-
cient mass and energy to fail the containment.

Mode of Early Containment Failure

This question asks whether the early containment failure
occurs. Early containment failure is defined as failure of
containment shortly before, at, or soon after reactor ves-
sel failure. Early containment failure can potentially result
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from a combination of energetic processes and events
that may occur at the reactor vessel breach. These pro-
cesses and events include blowdown of the primary sys-
tem, direct containment heating (DCH), hydrogen
combustion, and rapid steam genera-tion in the cavity.

2-3. Identification of CET Heading Controllability

Modeling complicated containment events can be sim-
plified by the use of decomposition event trees (DETS).
DETs offer advantages by allowing the use of a gener-
alized CET logic structure for most PDSs while keeping
the size of the CET reasonable for scrutability and
understanding. The PDS-specific quantification and ad-
ditional event phenomenology are then contained in the
DETs.

The basic considerations in the construction of a DET
are:

1) The last event in the DET is the same event head-
ing as in the CET. Each possible branch pathway
shown in the CET for this event must also exist in the
DET. After the DET is quantified, the end point proba-
bilities for similar branches in the last event are
summed together and these summed probabilities are
passed back into the CET as CET branch probabilities.

2) The selected sub-events can be quantified with
available data or analyses.

3) All dependencies in the sub-events on PDS condi-
tions and prior CET branch point decisions can be rig-
orously treated.

The controllability of CET top events or sub-events of
their corresponding DET is examined in this step to
identify controllable events which will be considered
later in prioritizing the CET paths.

2-4, Identification of Feasible Success Paths

Once the controllability of the CET top events and
the DET .subevents are examined, then feasible CET
paths in view of the event controllability and current
plant state are identified. These success paths also repre-
sent the phenomena, such as ex-vessel steam explosion
or hydrogen burning.

The feasible CET paths should be identified from
both the CET in Fig. 3. in this study, the aim of acci-
dent management is placed on minimizing the likeli-
hood of early containment failure.

The phenomenological branch point probability should
be one or zero (i.e., occurrence or non-occurrence). How-
ever, because of the current lack of knowledge regarding
the phenomenon, it is not possible to identify the correct
branch. The branch point probabilities that are assigned
must therefore represent the analyst’s degree of belief that
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Fig. 4. Mode of Early Containment Failure DET.
the accident will progress along the branch.

2-5. Calculation of Conditional Probability of Early
Containment Failure

Early containment failure is one of the most severe
cases of plant containment failure modes in terms of
radionuclides release. Thus, even though early contain-
ment failure is found to take place relatively infre-
quently, it should be given special attention in accident
management. The probability of containment failure and
its failure mode is calculated using the containment fra-
gility curve developed by a domain expert.

The early containment failure may occur as a result of
either rupture or leakage of containment. Thus, the three
modes of early containment failure, namely rupture,
leakage, or no early containment failure, can be identi-
fied using Fig. 4. Among these, the rupture failure is
determined to be the most dominant contributor to the
early containment failure.

The conditional probability of early containment fail-
ure can be calculated by multiplying the branch proba-
bilities of each feasible CET path, as is done in a typ-
ical event tree quantification.

2-6. Prioritization of Success Paths

Once the conditional probabilities of early contain-
ment failure are computed, the CET paths can be easily
prioritized in terms of the probabilities. Usually recov-
ery actions are not properly credited in level-2 PSAs
performed to date. If this is the case, human recovery
should be taken into account in the prioritization.

The prioritization also should consider equipment and
human performance under severe accident conditions
and the availability of information. A further important
aspect is the evaluation of the accessibility of equip-
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ment which has to be operated or repaired. An exami-
nation also has to be made to determine whether the
equipment concerned can be operated or repaired with-
out exposing the plant staff to excessive radiation, tem-
perature, etc.

3. Application of PSA Results to Accident
Management

Here we present a sample application of the procedure
discussed in the previous chapter for the loss of offsite
power (LOOP) accident in a nuclear power plant.

3-1. Outline of Loss of Offsite Power

In this study, LOOP is taken as one of the major
events. A typical PDS (plant damage state) event tree for
LOOP from level-2 PSA given in Fig. 5. The plant tech-
nical specifications that govern the required availability of
AC power during operations are typical of those in many
reactors. After LOOP occurs, the two diesel generators
which supply the electric power to the 4.16 kV Class 1E
buses (A-PB-001 and B-PB-001) receive a start signal,
run up and connect to each bus. The load sequencer
automatically loads up each diesel generator by a phased
start of all the safety equipment. (Fig. 6)

Then using the results of the above event tree analy-
sis, one can derive success path sets for the operator to
take the proper actions which are described.

Electrical Source Requirements

As a minimum, the following AC electric power source
shall be operable:

(1) One circuit between the offsite transmission net-
work and onsite class IE distribution system and

(2) One diesel generator

(3) One load group of AC emergency buses consist-
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Fig. 5. PDS Event Tree for Loss of Offsite Power
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Fig. 6. Electical System Configuration.
ing of one 4.16 kV

3-2. Basic Architecture

A computerized architecture is developed to support
the operators in emergency situations of NPPs [11].
This paper suggests incorporation of the LOOP events
to those operator support systems. The basic architec-
ture has three functional levels: top, second, and third
levels according to the depth and detailed strategy of
the mitigating plant transient (Fig. 7).

The top level contains a display of the plant overview
and the plant parameter which has boron concentration,
RCS level, temperature and flow. Therefore, the opera-
tional crew can monitor the overall plant status at a glance.
The second level is a computerized software system
designed to guide them in emergency conditions. This
level is composed of event diagnosis and event analysis.

The event is diagnosed from plant parameters which
represent specific symptoms for each event. Event anal-
ysis contains system reliability and maintenance status.
System reliability comes from a generic fault tree
approach with shutdown specific data. Maintenance sta-
tus gives some limitation to plant configurations which
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Fig. 7. Basic Architecture for Accident Management.

describe realistic plant states during maintenance.

Third level is a final step which produces generation
of a success path set and shows plant restoration guid-
ances according to the measures taken in the recovery
procedure[12] with the help of a mimic display of the
safety system status.

3-3. Path Monitoring

The suggested paths can be checked by monitoring
the plant status with the SAMAT system [13, 14]. The
support system for decision-making with severe accident
management provides plant parameters to monitor plant
status. The path monitor checks the status of the safety
system selected by the maintenance status and displays
an optimal success path based on each component with
a mimic display of the systems drawings. An example
display of an optimal success path selected from the
integrated reliability rules is shown in Figure 8 for a
typical electrical system. Eventually, the operator will
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Fig. 8. Display of Optimal Success Path for LOOP in Com-
puter Monitor. -

be supported by this generation of success path sets to
restore the plant. Then, the operator can make an appro-
priate decision without ambiguity and complexity.

4. Conclusions

The increased sophistication of PSA models and the
descriptions of risk results offer the potential for im-
proving the decision-making process. In this study, we
investigated methods to utilize the plant-specific PSA
results effectively for decision-making in managing
accidents in the plant.

In particular, our approach of applying PSA results to
accident management is based on back-end analyse, i.e.,
level-2 PSA results, because the current emergency
operating procedures (EOPs) do not properly cover the
severe accident regime involving core damage [15]. The
results of back-end analyses help to identify plant vul-
nerabilities and appropriate plant responses to a specific
challenge [16].
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