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POPULÄRVETENSKAPLIG SAMMANFATTNING
Driften av ett kärnkraftverk är oundvikligen förenad med risker. Som en följd av detta ställs
extremt höga krav på säkerhetsarbetet. Risken för olyckor minimeras genom att
anläggningarna är designade i enlighet med flera olika säkerhetsbarriärer. Vidare utförs
kontinuerligt omfattande säkerhetsanalyser i syfte att demonstrera att anläggningen hela
tiden uppfyller de krav som ställs från myndigheterna. Risken för att en olycka skall inträffa är
tack vare detta oerhört låg.
Historien visar dock att det ibland inträffar händelser som får allvarliga olyckor som
konsekvens. Om orsaken är bristande säkerhetskultur (haveriet i Tjernobyl) eller att oerhört
osannolika händelser drabbar anläggningen (tsunamivågen i Fukushima) må vara osagt,
faktum kvarstår dock att hur rigoröst säkerhetsarbete som än utförs så inträffar ibland saker
man helt enkelt inte rår över.
I händelse av ett kärnkraftshaveri är det av yttersta vikt att en diagnos av olyckans
omfattning och konsekvenser snabbt kan ställas. Information om storlek och tidsförlopp
(källterm) av ett eventuellt radioaktivt utsläpp måste snabbt kunna inhämtas så att korrekta
åtgärder kan sättas in för att skydda allmänheten. I detta syfte utvecklas på flera håll i
världen olika datoriserade verktyg som ska kunna användas för att analysera ett haveri och
ge en bild av konsekvenserna.
RASTEP (RApid Source TErm Prediction) är exempel på ett sådant verktyg som för
närvarande är under utveckling av Scandpower AB på uppdrag av den svenska
strålsäkerhetsmyndigheten (SSM). RASTEP bygger på ett Bayesianskt nätverk vars syfte är
att, baserat på observerbar information gällande statusen hos anläggningen, fastställa
anläggningens troligaste tillstånd. Denna information kan sedan kopplas ihop med olika på
förhand beräknade haverisekvenser för att en bild av det troligaste radioaktiva utsläppet ska
kunna skapas.
Detta upplägg uppvisar dock en del problem. Genom att man bara beaktar haverisekvenser
som beräknats på förhand finns risken att ett verkligt haveri skiljer sig ifrån den information
som RASTEP tillhandahåller. För att tackla detta problem finns ett antal olika metoder till
hands.
Den mest intressanta metoden är att koppla ihop det Bayesianska nätverket med en snabb
deterministisk kod. Detta skulle möjliggöra att haveriet kan simuleras om efterhand och man
kommer på så sätt runt problemet med att bara ha fördefinierade data. En sådan kod kan
antingen matas med indata som överförs direkt från kärnkraftverket eller med data som
genereras av det Bayesianska nätverket.
En alternativ metod som möjligen är mer lättillgänglig, men samtidigt mindre effektiv, är att
introducera ett sätt att justera de fördefinierade haverisekvenserna för att få dem mer
överensstämmande med ett verkligt haveri. Det handlar i princip uteslutande om att
tidsförloppet hos den fördefinierade haverisekvensen kan synkas med tidsförloppet hos det
faktiska haveriet.
Vidare finns ytterligare två metoder som dock inte bedöms som genomförbara i ett kort
tidsperspektiv (inom ca 5 år). De är dock fortfarande intressanta och en fortsatt bevakning av
respektive ämnesområde är att rekommendera.
Implementering av någon av de föreslagna metoderna kan bidra till att RASTEPs prognoser
av konsekvenserna av ett haveri blir mer pricksäkra och på så sätt mer användbara för
beredskapsorganisationen. För att en implementering skall vara möjlig krävs genomförandet
av ett antal fortsättningsprojekt i syfte att kartlägga vad som krävs för respektive metod.
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När det gäller att koppla ihop RASTEP med en snabb deterministisk kod är det exempelvis
viktigt att skapa kriterier för hur de båda källtermerna, fördefinierade eller beräknade efter
hand, ska vägas mot varandra. Storheten i det Bayesianska nätverket visar sig förmodligen i
ett tidigt skede av ett haveri då tillgången på information om anläggningens status är
bristfällig. I ett senare skede, i takt med att mer information finns tillgänglig, är förmodligen
den deterministiska koden mer effektiv.
För att införa funktioner som låter användaren justera de fördefinierade haverisekvenserna
behöver fastställas på vilket sätt detta ska implementeras i RASTEP. Ett antal karakteristiska
tider, som ger en fingervisning om var i olyckssekvensen man befinner sig, behöver
exempelvis definieras.
Sammanfattningsvis kan sägas att de båda rekommenderade metoderna är framkomliga och
innebär potential till förbättring av RASTEP. Denna utvecklig är väldigt viktig eftersom man i
händelse av ett verkligt haveri måste kunna hantera konsekvenserna på ett så bra sätt som
möjligt. I den typen av arbete kommer RASTEP att kunna spela en viktig roll.
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EXECUTIVE SUMMARY
The purpose of this report was to examine possibilities for enhancement of the source term
prediction abilities of the RASTEP (RApid Source TErm Prediction) tool. Identification and
implementation of such methods could make RASTEP a more effective and useful tool.
Research for this report included a variety of literature studies along with interviews with
experts in the concerned areas.
The major findings indicate that there are 2 methods that are feasible in the short term
(approximately 1-3 years) in terms of competence required for implementation as well as
software needed to be acquired.
There are two further methods that are also capable of introducing improvements in
RASTEP; however, these methods are not mature enough at the moment and therefore not
considered feasible. However, they may be re-evaluated in the future when they have been
further developed.
The methods presented in the report enables further developments of RASTEP in order to
develop a dynamic tool. As such, RASTEP could be highly valuable to the emergency
preparedness organization. However, further work is indeed necessary in order to make the
tool suitable for decision making regarding accident mitigation measures.

Definition and evaluation of a dynamic source term module for use within RASTEP ± A feasibility study

Page iv

ACKNOWLEDGEMENTS
I would first of all like to thank my supervisors Vidar and Catharina for their guidance and
advice. Without them, the execution of the project would not have been possible. There have
been occasions where no clear "path" has been present but together we have managed to
point the efforts into the right direction. I would also like to thank James C Raines of Fauske
& Associates for his invaluable advice on the MARS code. Last, but not least, I would like to
thank the staff at the Stockholm office for making my time at Scandpower enjoyable!

Definition and evaluation of a dynamic source term module for use within RASTEP ± A feasibility study

Page v

TABLE OF CONTENTS
Page

1.   INTRODUCTION  

1  

1.1  

Purpose  

1  

1.2  

Methodology  

1  

1.3  

Delimitations  

2  

1.4  

Disposition  of  the  report  

2  

2.   BACKGROUND  

3  

2.1  
Safety  analyses  
2.1.1  
Deterministic  safety  analyses  
2.1.2  
Probabilistic  safety  analyses  

3  
3  
3  

2.2  

Bayesian  Belief  Networks  

5  

2.3  

Emergency  preparedness  

5  

3.   RASTEP  

6  

3.1  

Desired  functionality  

6  

3.2  

Mapping  of  plant  characteristics  

6  

3.3  

User  interface  and  software  tool  

6  

3.4  

Source  term  prediction  

7  

4.   PROBLEM  STATEMENT  
5.   APPROACHES  TO  A  DYNAMIC  SOURCE  TERM  MODULE  

9  
10  

5.1  

Linking  RASTEP  to  a  fast-‐running  deterministic  code  

10  

5.2  

Using  dynamic  probabilistic  safety  assessment  methods  

10  

5.3  

Expanding  the  Bayesian  network  to  a  dynamic  Bayesian  network  

11  

5.4  

Adjusting  the  existing  source  terms  based  on  accident  progression  

11  

6.   REVIEW  OF  STATE-‐OF-‐THE-‐ART  METHODS  
6.1  
Dynamic  probabilistic  safety  assessment  
6.1.1  
Introduction  
6.1.2  
Monte  Carlo  Dynamic  Event  Tree  
6.1.3  
Genetic  Algorithm  Dynamic  Probabilistic  Safety  Assessment  
6.1.4  
Discussion  

12  
12  
12  
12  
13  
15  

Definition and evaluation of a dynamic source term module for use within RASTEP ± A feasibility study

Page vi

6.2  
Computerized  tools  for  source  term  assessment  
6.2.1  
Mapping  of  tools  
6.2.1.1   ASTRID  
6.2.1.2   ADAM  
6.2.1.3   SABINE  
6.2.1.4   SESAME  
6.2.1.5   TOUTEC/CRISALIDE  
6.2.1.6   MARS  
6.2.1.7   CAMS  
6.2.1.8   PLASMA  
6.2.1.9   Simplified  version  of  MELCOR  
6.2.2  
Discussion  

15  
15  
15  
16  
16  
17  
17  
18  
18  
19  
20  
20  

6.3  
Dynamic  Bayesian  Networks  
6.3.1  
Discussion  

20  
22  

6.4  

24  

Discussion  

7.   SELECTED  METHODS  

25  

7.1  
Linking  RASTEP  to  a  fast-‐running  deterministic  code  
7.1.1  
MARS  
7.1.1.1   Tracking  
7.1.1.2   Predictors  
7.1.1.3   Instrumentation  
7.1.1.4   Modelling  of  operator  actions  
7.1.2  
ADAM  
7.1.2.1   Diagnostics  module  
7.1.2.2   Accident  management  and  Analysis  Module  
7.1.2.3   "What-‐if-‐analyses"  
7.1.3  
Code  comparison  
7.1.4  
Interface  between  RASTEP  and  a  deterministic  code  
7.1.4.1   Using  plant  data  directly  as  input  
7.1.4.2   Using  the  BBN  to  generate  input  

25  
25  
25  
26  
26  
27  
27  
27  
30  
30  
32  
32  
32  
34  

7.2  
Adjusting  the  existing  source  terms  based  on  accident  progression  
7.2.1  
Modification  of  pre-‐defined  source  terms  
7.2.2  
Identification  of  critical  parameters  

37  
37  
37  

8.   ASSESSMENT  OF  SELECTED  METHODS  
8.1  

40  

Definition  of  a  dynamic  source  term  module  

40  

8.2  
Linking  RASTEP  to  a  fast-‐running  deterministic  code  
8.2.1  
Evaluation  
8.2.2  
Feasibility  

40  
40  
40  

8.3  
Adjusting  the  existing  source  terms  based  on  accident  progression  
8.3.1  
Evaluation  
8.3.2  
Feasibility  

41  
41  
41  

9.   CONCLUSIONS  

42  

10.  

43  

RECOMMENDATIONS  FOR  FUTURE  WORK  

Definition and evaluation of a dynamic source term module for use within RASTEP ± A feasibility study

Page vii

11.  

BIBLIOGRAPHY  

45  

12.  

APPENDIX  1:  BAYESIAN  NETWORKS  

48  

12.1  

Example  Bayesian  network  

13.  

APPENDIX  2:  THE  DPSA  RESEARCH  FIELD  

49  

52  

13.1   Main  methodologies  
13.1.1  
Markov  models/Cell-‐to-‐Cell  Mapping  Technique  (CCMT)  
13.1.2  
Graphic  methods  
13.1.3  
Monte  Carlo  methods  
13.1.4  
Discrete  Dynamic  Event  Trees  (DDET)  

52  
52  
53  
53  
54  

13.2   Recent  advancements  
13.2.1  
Analysis  of  Dynamic  Accident  Progression  Trees  (ADAPT)  
13.2.2  
Entropy  measure  method  
13.2.3  
Neural  network  methods  

54  
54  
55  
55  

Definition and evaluation of a dynamic source term module for use within RASTEP ± A feasibility study

Page viii

ABBREVIATIONS
ADAM
BBN
DBN
DSA
DPSA
EOP
ENSI
ERI
FAI
FT
ET
LOCA
NPP
MAAP
MARS
MCDET
PSA
RASTEP
SAMG
SPRINT
SSM
STERPS

Accident Diagnosis Analysis And Management
Bayesian Belief Network
Dynamic Bayesian Network
Deterministic Safety Assessment
Dynamic Probabilistic Safety Assessment
Emergency Operating Procedure
Swiss Federal Nuclear Inspectorate
Energy Research Incorporated
Fauske and Associates
Fault Tree
Event Tree
Loss Of Coolant Accident
Nuclear Power Plant
Modular Accident Analysis Program
MAAP Accident Response System
Monte Carlo Dynamic Event Tree
Probabilistic Safety Assessment
Rapid Source Term Prediction
Severe Accident Management Guideline
System For The Probabilistic Inference of Nuclear Power Plant
Transients
Strålsäkerhetsmyndigheten
Source Term Prediction Based On Plant Status

Definition and evaluation of a dynamic source term module for use within RASTEP ± A feasibility study

1.

Page 1

INTRODUCTION

There is an increased desire for the development of tools for use in the fast, online diagnosis
of an event or accident as well as in the subsequent radiological source term prediction at
nuclear power plants (NPP). Access to such analytical tools would drastically improve the
possibilities for efficient and rapid accident response. Online implementations would further
provide invaluable assistance in predicting likely off-site consequences and assist the
accomplishment of an appropriate off-site response.
Severe accidents in nuclear power plants are inevitably associated with large uncertainties.
When trying to model severe accidents a combination of probabilistic and deterministic
approaches is typically used. Probabilistic safety assessment (PSA) generates an overall
model of how the plant responses to different events. Most notably critical events leading to
unacceptable radioactive release are identified. Deterministic models on the other hand
identify critical aspects associated with physical phenomena during the progression of a
severe accident. Of particular interest is the source term related to some accident sequence
(chemical composition, amount and timing).
Scandpower AB is currently developing a computerized tool for source term prediction,
RASTEP (RApid Source TErm Prediction) on behalf of the Swedish radiation safety authority
(SSM) and the Nordic nuclear safety research (NKS). RASTEP is based on two modules,
each with its own fundamental purpose:
x

One module that predicts states in the nuclear power plant, using a Bayesian
Belief Network, in order to predict the probability of different source terms.

x

One module that characterizes source terms (Chemical composition, amount,
height and timing of the release)

1.1 Purpose
In its current design, the source term information is stored in a spread sheet. These source
terms have been pre-calculated in the deterministic code MAAP (Modular Accident Analysis
Program) [1] during level 2 Probabilistic Safety Assessment (PSA) studies. This approach
has proven functional in some cases but generally it is too static. Because of this there is a
desire for increased functionality in the source term module. The purpose of this thesis is to:
x
x

Identify the need for improvement
Evaluate possible ways of improving the RASTEP source term module

The initial mapping will be directed towards defining the "meaning" of improvement and
dynamics in terms of the RASTEP source term module i.e. determining in what ways
enhancements can be made.

1.2 Methodology
The work process during this thesis can be divided into three subcategories:
x Identification of the need for improvement
x Identification of possibilities
x Evaluation of feasibility of possible solutions
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The first part has involved interviews and discussions with people involved in the
development of RASTEP alongside with a literature study for deepened knowledge of the
underlying methodologies (e.g. deterministic and probabilistic safety assessment). The
second part has involved processing of information acquired from the literature and
discussions in order to determine in what ways the source term module might be changed.
Lastly, the third part of the work has been to evaluate, based on both hard facts and the
opinions of the involved people, how suitable the identified methods in fact are. It should be
noted that the execution of the project has very much been an organic process, meaning that
no clear distinction between the above mentioned parts have been present. On the contrary,
information have been gathered and processed along the way as new ideas have emerged,
and old ones been rejected.

1.3 Delimitations
The scope of this thesis is to present an investigation of the matter at hand meaning that
methods are identified and evaluated based on feasibility. Therefore, no actual attempts to
implement the identified methods have been performed. This thesis provides preparatory
work for such projects.

1.4 Disposition of the report
Chapter 2, Background, gives an introduction to the area of nuclear power safety analysis,
Bayesian belief networks and the Swedish emergency preparedness organisation for nuclear
accidents. Chapter 4, RASTEP, provides an overview of the functionality of RASTEP. At this
point enough background information is provided in order to present the Problem statement
in chapter 3. Chapter 5, Approaches to a dynamic source term module, continues with an
introduction to the methods identified in the thesis. In chapter 6, Review of state-of-the-art
methods, the methods are described followed by a detailed description of the methods
considered most feasible in chapter 7, Selected methods. In chapter 8, Assessment of
selected methods, the most feasible methods are evaluated. Conclusions and
Recommendations for future work are provided in chapters 9 and 10 respectively.
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BACKGROUND

2.1 Safety analyses
Safety analyses of nuclear power plants comprise analytical evaluations of physical
phenomena occurring at the plant. The purpose of the analysis is to demonstrate that safety
requirements are met for all postulated initiating events that could occur. Two basic types of
safety analysis that are used today are deterministic (DSA) and probabilistic safety analysis
(PSA). However, research is carried out in the field of dynamic probabilistic safety
assessment, in order to improve certain aspects of the current practice [2]
2.1.1 Deterministic safety analyses
Deterministic safety analysis for nuclear power plants models the plants behaviour as an
effect of postulated initiating events. They typically focus on neutronic, thermo-hydraulic,
radiological, thermo-mechanical and structural aspects, which normally are analyzed using
different computational tools. Computations are generally performed for predetermined
operating modes and operating states. The events that are analyzed include anticipated
transients, selected beyond design basis accidents and severe accidents with core
degradation. The computations result in spatial and time dependences of physical variables
such as neutron flux, thermal power of the reactor, pressure, temperature, flow rate or for
instance doses to workers and the public if radiological consequences are being assessed
[2].
2.1.2 Probabilistic safety analyses
.Probabilistic safety assessment (PSA) of a nuclear power plant analyses the risk related to
the operation of the plant. The risk is expressed as probabilities of different levels of damage
to the plant or the environment. The calculations are performed in a logical and systematic
way that uses realistic assessment of the performance of plant equipment as well as plant
personnel. In principle, PSA enables an understanding of the inherent risk of operating the
plant and gives an integrated analysis of the plant as a whole, considering system interdependencies. In comparison, the traditional deterministic methods of risk analysis, generally
define what is assumes to be a bounding set of fault conditions. The deterministic methods
consider a limited number of faults, causing decisions based on this type of analysis to not
always being appropriate. PSA, therefore, is a useful complement to the deterministic
methods by providing information that would not be available from evaluating a limited set of
design basis events [3]. Three levels of PSA are recognized in international practice [4]:
1) In level 1 PSA, analysis of the design and operation of the plant is carried out in
order to identify the sequences of events (starting from initiating event) that can
result in core damage. An estimation of the core damage frequency is made.
Level 1 PSA enlightens strengths and weaknesses of the safety systems of the
plant.
2) In level 2 PSA, the core damage sequences identified in level 1 PSA are
evaluated (from core damage to radioactive release) as well as a quantitative
assessment of phenomena related to severe damage to the reactor fuel. The
analysis identifies ways in which releases of radioactive material from the fuel
can result in releases to the environment. Also, the characteristics (source
terms) of the releases are identified (frequency, timing, composition etc).
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3) In level 3 PSA, the off-site consequences resulting from the source terms
modelled in level 2 PSA are assessed. Effects on public health and other
societal issues, such as contamination of land or food, are of interest.
The use of fault and event trees is crucial in PSA modelling. Event tree (ET) analysis
organizes failures on system level into coherent sequences and graphically describes the
progressions following an initiating event. Figure 1 shows a possible event tree modelling of
the chance of being late for work as an effect of the initiating event of getting up to late in the
morning.

Figure 1. Simple event tree
Fault trees (FT) are another graphical tool that provides insight into the failure logic of a
system. The aim of this analysis is to identify the possible causes of some process problem.
Fault trees are often used as input to function events (e.g. "Car starts" in Figure 1) in the
event trees. Figure 2 shows an example of FT modelling of explosion of a hot water heater.

Figure 2. Simple fault tree
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2.2 Bayesian Belief Networks
In situations where there is no exact knowledge of the factors influencing the probability of an
event (e.g. the probability of failure a component) the Bayesian approach is applicable. In
order to derive the probability of such events, Bayes's theorem can be used. This method
states ones prior beliefs and later on when more information of the probability of the event is
available they can be modified.
BBNs have gained popularity in reliability engineering because of their wide area of
applicability. They can basically be applied to any problem where one wants to model the
states of some system and describe how those states are related by probabilities. One major
reason for its popularity is because it is s a graphical language that is easy to understand
due to the fact that it captures what might be called "intuitive causality". Thanks to this the
BBN methodology functions as a convenient language to structure ones knowledge about
some domain, at the same time however it is well-defined enough to allow computer
processing [5]. For more detailed information on BBNs see chapter 12.

2.3 Emergency preparedness
This section provides a brief overview of the Swedish emergency planning organisation for
nuclear energy accidents in order to provide understanding for the context of the use of
RASTEP.
The Swedish emergency preparedness organization for nuclear energy accidents can be
described as a network of authorities operating on different levels in society. Depending on
their area of expertise, all concerned authorities have different tasks in case of an
emergency. The main actors in the emergency preparedness organisation are the county
administrative boards (länsstyrelser). Apart from making most of the regional decisions they
are also in charge of the rescue service team in the area where the accident has taken place
(outside of the power plant).
The Swedish radiation safety authority (SSM) advices the concerned county administrative
boards in order to facilitate the decision making process. SSM provides radiological and
nuclear technological knowledge in complement to the information provided by the owners of
the power plant itself. For instance, information on what radioactive substances that are
being emitted and to what extent as well as meteorological data may be of crucial importance
in emergency mitigation planning [6]. The Swedish meteorological and hydrological institute
(SMHI) provide SSM with meteorological data and they can also provide SSM with
calculations of atmospheric dispersion of airborne radioactive substances [7].
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RASTEP

Here the basic features of RASTEP are described [8].

3.1 Desired functionality
Initially, RASTEP have been developed only for use in power operation mode meaning that
the start-up, shut-down and cold shut-down states will not be considered. The model
considers all initiating event categories though some simplified regroupings are performed.
Loss of coolant accident (LOCA) events are divided into "large" or "small" based on system
requirements from the emergency core cooling and auxiliary feed water systems. The
network considers loss of external power both as an initiating event and as a grid level
consequence of other initiating events. The end states of the network are radioactive
releases that are associated with defined release paths and source terms that should be in
agreement with release paths and source terms modelled in the level 2 PSA.
The users of RASTEP are assumed to be part of the SSM emergency preparedness
organisation and the primary aim is to provide SSM with an independent view of the accident
progression and possible off-site consequences. SSM interacts with the plant and the
emergency preparedness organisation when using RASTEP. Furthermore, training is a
useful area of usage.
It is important to consider at what stage in an accident sequence SSM might start using
RASTEP. The starting point has been set to the time of the failure of the "first line of defence"
which means the failure of one or more of the systems for fission control, pressure control,
core cooling and residual heat removal. The output from RASTEP is supposed to be able to
be used with off-site consequence analysis tools (such as LENA or ARGOS).

3.2 Mapping of plant characteristics
To create a RASTEP plant model the mapping of plant characteristics is essential. This task
aims to give a general understanding of relevant plant design characteristics and of systems
designed to mitigate severe accidents. Key plant parameters to include in the BBN are
identified via systematic consideration of fission product transport. Systems and
management strategies for accident mitigation are also considered. These are the same
mapping procedures that should be part of performing a level 2 PSA and the results should
be in agreement. Furthermore, "observables" are identified. This refers to variables indicating
something about the status of the plant during a severe accident. Namely instruments
measuring the pressure, temperature or water level at certain locations.

3.3 User interface and software tool
A RASTEP model include two different parts, a BBN model used to predicts plant states and
release paths, and a source term module that characterises source terms (height,
composition, timing etc). A user interface to the BBN, called SPRINT (System For The
Probabilistic Inference of Nuclear Power Plant Transients), is currently used (this interface
will eventually be replaced and called RASTEP). In the interface the user is supposed to
answer questions about the plant observables. The answers are in terms of node states and
they are entered into the corresponding network node as a finding. Then the BBN Engine,
Netica, find beliefs for all the other variables in the network. The tool scheme is depicted in
Figure 3.
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Figure 3. Schematic overview of RASTEP
Figure 3 suggests automatic transfer of data from the NPP into RASTEP. Manual input is
also possible however.

3.4 Source term prediction
The result from RASTEP is a set of possible plant states that are ranked depending on
probability. Each plant state has an associated source term. The source terms are derived
from pre-existing plant specific source terms (PSA level 2) that have been mapped to each
final plant state when creating the RASTEP model. The source terms are mainly
characterised by:
x
x
x
x
x

Amount (Becquerel per radionuclide Xe-133, I-131, Te-132, Mo-99, Cs-137, Rb-88)
Chemical composition (radionuclides included)
Iodine specification (fractions of elemental, organic and aerosol iodine)
Release height and thermal energy
Division of the total time into 4 sections corresponding to the occurrence of some major
change in the characteristics of the release (as modelled in MAAP)

In the use of the software, the user is prompted to answer questions about the accident
scenario; the answers will be entered as findings into the corresponding node in the BBN
after which inference is performed. This changes the joint probability distribution of the
network and hence the source term probability.
The questions are used to provide the network with information on the boundary conditions
of the plant. This includes knowledge of parameters such as pressure, temperatures, levels,
radiation meters and system statuses etc. Answering alternatives are presented to each
question. Table 1 shows some examples of questions asked to the user.
Table 1.Examples of questions asked to the user
Question  
Has  the  level  in  the  condensation  pool  decreased  by  >1  metre  30  minutes  after  containment  isolation?  
Has  the  hydrogen  concentration  in  the  containment  exceeded  4  %?  
Is  the  containment  oxygen  level  below  2  %?  
What  is  the  long  term  pressure  trend  in  the  containment?  
Has  the  decision  been  made  to  vent  the  containment?  
Has  the  containment  pressure  exceeded  the  setpoint  for  automatic  overpressure  protection?  
Is  the  venting  system  362  in  operation?  
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Figure 4. User interface of SPRINT

Figure 5. Presentation of source terms and their associated probabilities
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PROBLEM STATEMENT

To understand why there is an interest in enhancing the source term module of RASTEP one
need to understand how the source term prediction presently is carried out. The foundation
of RASTEP is PSA level 2 analyses where severe accident sequences have been modelled
in accordance with state of the art practice. From this analysis, release categories are
defined and associated with plant end-states. This inevitably causes an inherent static
behaviour of RASTEP.
Consider an actual severe accident where RASTEP, in its present design, is supposed to be
used for accident mitigation. If the predictions of RASTEP differs significantly from the
progression of the actual accident (which of course can be observed), then they are
practically meaningless since the source terms predicted by RASTEP are based on
predefined sequences which have been assumed to be the most likely ones, with no
possibility of changing the outcome afterwards, "on-the-fly".
Furthermore, modelling of accidents in PSA level 2 are performed in a highly conservative
manner. This enables the possibility that the time progression in the PSA may differ from real
accident scenarios. Also, potential worst case scenarios might be omitted. With this in mind,
it becomes obvious that RASTEP need the ability to "adapt" to the progression of an actual
accident. While it naturally is impossible to make highly detailed predictions of the exact
characteristics of any release in case of an accident, it is still desired that RASTEP is more
dynamic/accurate than just to show predefined source terms from level 2 PSA that may have
no or very little accordance with the actual accident progression.
Given the above mentioned conditions, the objective of this thesis is to define and evaluate
how the source term predictions can be made more dynamic (adaptive to actual accident
progressions) as opposed to just based on predefined values from PSA level 2, which
because of its static nature may be inadequate in the actual use of RASTEP.
The ultimate goal is to make RASTEP a more dynamic tool in terms of source term prediction
so that it will be more effective and useful in the emergency preparedness organization. As a
part of this development, this thesis aims at providing a basis to proceed from when
enhancing the predictive abilities of RASTEP.

Definition and evaluation of a dynamic source term module for use within RASTEP ± A feasibility study

5.

Page 10

APPROACHES TO A DYNAMIC SOURCE TERM MODULE

The task of identifying how the source term module can be improved relates to a wide variety
of subjects. During different phases of the thesis different methods have been considered
and investigated. Some are not as feasible in the short term but (as will be discussed later)
they are still of importance and deserve to be covered within the scope of the thesis.
However, four main areas have been identified in total. In this section these areas are briefly
described along with a discussion of in what way they are considered to be able to contribute
to the source term module.
As previously mentioned, not all of these methods are easily implemented but since RASTEP
will most likely continue to be developed over time, all of the methods have the potential to
be used provided that the sufficient amount of man hours are put down. Following in chapter
6 is a review of the state-of-the-art methods while this section serves as an introduction. The
methods that are considered to be the "easiest" or at least most feasible at the moment will
be described in more detail in chapter 7.

5.1 Linking RASTEP to a fast-running deterministic code
There are several integrated deterministic codes for plant diagnostics and prediction of
source terms in the event of a severe accident, being used in PSA level 2 (e.g.
MAAP/MELCOR) However, these codes may be inappropriate for use together with RASTEP
for different reasons such as difficulties with creating an interface between the code and the
plant data to be used as input, or time-consuming execution. Instead, there is a variety of
codes similar to the ones used in PSA level 2, but tailored for use in accident situations.
Such codes are used in different constellations for accident management around the world.
When it comes to linking such a code with RASTEP, the idea is that the output from the
Bayesian network model or plant data transferred from the NPP will be used as input to a
fast-running deterministic code. In this sense, the source term prediction will be dynamic
since the code execution will be performed "on-the-fly" as compared to in advance (static
approach). As discussed in chapter 3, RASTEP currently uses source terms that are precalculated in MAAP.
There are several reasons to the increased interest in computerized tools. For instance the
more extensive use of advanced computer technology associated with modernization
projects at NPPs enables easier handling of station parameters. Another reason is that the
external emergency preparedness organization needs more effective tools in order to
complete their tasks. Several research- and development projects have been carried out, for
instance as European Commission (EC) projects, in order to develop computerized tools for
more accurate source term prediction [9].

5.2 Using dynamic probabilistic safety assessment methods
DPSA methods are methods concerned with probabilistic dynamics and dynamic reliability.
Probabilistic dynamics concern dynamics (evolution of the physical variables e.g. during a
severe accident) and their interactions with the random evolution of parameters (e.g.
component behaviour or NPP operating states). Dynamic reliability methods aim to provide a
framework for explicitly capturing the influence of time and process dynamics on scenarios.
In summary, DPSA attempts to simulate the actual plant/operator response by addressing
the mutual effect of the time-dependent plant physical variables, system configuration and
operator actions over the course of an accident scenario.
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It should be mentioned that there are no actual DPSA methods used in the safety analyses
of nuclear power plants today. However, research has been ongoing during the last couple of
decades and as of April 2012 a project proposal has been sent to the EC in order to start up
a joint research project aiming at creating a framework for the use of DPSA methods. In the
light of this project, the umbrella term "Integrated Dynamic Probabilistic Safety Assessment"
has been proposed in order to label the different existing DPSA methodologies. The EC
project is intended to run over 4 years and some 20 different organisations from all over the
world are involved [10].
One of the aims of DPSA is to enable the identification of "worst case scenarios" and
vulnerable events that have not been considered or have been foreseen in the traditional
safety analysis. Therefore the envisioned use of DPSA methods, with respect to the
RASTEP source term module, is to provide more insight into the accident sequences that are
considered in RASTEP and to what extent timing is of importance for the outcome of the
sequences. This could possibly enable a more accurate source term prediction.
Apart from identification of possible use of DPSA methods within the context of RASTEP, this
report will serve as a mapping of the field of research with particular emphasis on methods
considered relevant for RASTEP.

5.3 Expanding the Bayesian network to a dynamic Bayesian network
A dynamic Bayesian network (DBN) is simply a Bayesian Belief Network (BBN) that
incorporates nodes that can change over time [11]. RASTEP is currently based on a regular,
static Bayesian Belief Network (see chapter 12). However, since the evolvement of a severe
accident is very much a dynamic process it is interesting to investigate how timing could be
introduced into the Bayesian network. One issue that has been recognized with RASTEP is
the fact that the BBN represents a "snap-shot" of the current situation given its current input
status. Hence, it lacks memory of its previous states. Since a DBN accounts for the "stream"
of observations used as input to the network this might be a way to introducing a time factor
to the network.
This approach tackles the source term module from "another way" but may as a final result
still provide means of making the tool more dynamic.
The use of dynamic Bayesian networks for risk analysis in nuclear power plants has been
successfully shown in [11] where a loss of feed water transient was modelled using a DBN
linked with the deterministic code RELAP5.

5.4 Adjusting the existing source terms based on accident progression
This approach considers ways of being able to alter the source terms that are included in the
spreadsheet based on the characteristics of the accident that is being analysed. For
instance, if the prediction of the Bayesian network does not correspond to the actual accident
progression, it is interesting to provide means of altering the prediction in order to make it
more realistic (hence more useful). More information of how this could be done will be
provided in chapter 7.2.
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REVIEW OF STATE-OF-THE-ART METHODS

In this section a more extensive coverage of the methods described in chapter 5 will be
provided. However, regarding DPSA methods only two approaches will be covered here. The
reason for this is that the two selected methods are considered the most comprehensive
ones that could actually be beneficial for RASTEP in some sense.

6.1 Dynamic probabilistic safety assessment
As a part of the thesis a mapping of the research field within dynamic probabilistic safety
assessment has been performed. In this section, the two methods considered most
interesting from the point of view of RASTEP will be described. Information on other DPSA
approaches that are being developed around the world is provided in chapter 13 . As
mentioned in chapter 5.2 methodologies from DPSA are gaining more ground and will most
likely be implemented in traditional nuclear safety analysis in the future. In this sense, they
are of interest within the scope of RASTEP.
6.1.1 Introduction
Dynamic Probabilistic Safety Assessment (DPSA) is a family of methods which uses
probabilistic and deterministic approaches that are tightly linked together. The reason for this
is to be able to address aleatory (stochastic aspects of a scenario) and epistemic (modelling)
uncertainties in a consistent way. The reason for the development of DPSA methods is that it
was early realized that there are inherent limitations in the static, logical models used in
traditional PSA when resolving time dependent interactions between:
x
x
x
x

Physical phenomena
Control logic
Operator actions
Equipment failures

These interactions may cause contingencies in regard to order and timing of event
sequences. Another weakness with PSA is that it can quantify probabilities of known threats;
however, it cannot reveal unknown vulnerable sequences. Since PSA models are based on
events that have been thoroughly simulated with deterministic plant simulations, after being
identified by expert judgement, threats that are not part of the accident scenario simulations
will remain unknown. In cases where the threat is known, there might be scenarios with
significant timing factors and process-system feedback loops that are challenging to account
for in the static ET/FT approach.
DPSA is not meant to be considered a replacement for DSA and PSA but rather a very
useful complement. It can provide additional help in order to reduce and quantify
uncertainties in an effective manner [10].
Following is a description of the methods from DPSA that are considered most
comprehensive and possibly useful within the light of RASTEP.
6.1.2 Monte Carlo Dynamic Event Tree
The Monte Carlo Dynamic Event Tree (MCDET) method is a combination of Monte Carlo
simulation and dynamic event tree analysis [12]. The method enables an approximate
treatment of continuous random transitions and also of discrete random transitions with many
transition alternatives. Estimation of the approximation error is also provided.
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One may attribute two characteristics to a transition, "when" it occurs and "where to" it goes.
Both cases may be either deterministic, discrete and random, or continuous and random.
The discrete and random "where" and/or "where to" are generally dealt with by dynamic
event tree analysis. Continuous and random "where" and/or "where to" are dealt with by
Monte Carlo simulation. Transitions of deterministic "when" (set point transitions) are handled
by the general control module of the deterministic code (e.g. MELCOR). This module also
contains the points in time/state where automatic reactions of the safety systems are initiated
(set points).
In the MCDET method, any scalar output quantity Y of some dynamic model h (with aleatory
uncertainties) can be represented as Y=h(V) where V is the set of all stochastic variables
involved. V is divided into two subsets, Vd and Vs. Vd is the subset of selected discrete
variables handled by event tree analysis and Vs=V\Vd is the subset of all remaining variables,
i.e. all continuous variables as well as the remaining discrete variables. The variables in Vd
may be regarded as representing the discrete system states into which the aleatory
transitions may take place. The variables in Vs may be regarded as representing the
continuous aleatory times at which these transitions may occur.
The computational procedure of the MCDET approach may be regarded as consisting of two
main parts:
x Generate a value vs of the variables from subset Vs by Monte Carlo simulation.
x Perform the computer model runs with the value vs for the variables from subset Vs and
with all possible combinations of all discrete values of the variables from subset Vd
(considered as paths of an event tree)
The MCDET is implemented as a stochastic module that may be executed together with
some deterministic code. For each element of the Monte Carlo sample, a discrete dynamic
event tree is generated and time histories of all dynamics variables along each path (together
with the path probability) is computed. Each tree in the sample provides a conditional
probability distribution). At last, the mean distribution over all trees in the sample is the final
result.
In summary, the MCDET method allows:
x
x
x
x
x

To be added as a module to a dynamics codes such as MELCOR
Consideration of many stochastic influences
Consideration of continuous stochastic transitions via Monte Carlo method
Different dependencies of stochastic elements (time, status, history of accident)
Use of parallel processors for speed

The MCDET method is developed by Gesellschaft für Anlagen- und Reaktorsicherheit
(GRS). Scandpower already have an established relationship with GRS and are also in the
process of strengthening their MELCOR competence. Therefore, implementation of the
MCDET method could be feasible both in terms of RASTEP and more general safety
analysis tasks.
6.1.3 Genetic Algorithm Dynamic Probabilistic Safety Assessment
One of the focal points in the development of DPSA is to apply an algorithm for efficient
search and exploration of the, practically, infinite plant scenario (event) space in order to
identify vulnerable scenarios. The space is infinite because all parameters are dependent on
time. Discrete parameters, e.g. success or failure of systems, become continuous which
causes the number of possible combinations of scenarios to explode. Hence, the need for an
efficient search algorithm [13].
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Exploration of event space may be regarded as a search for vulnerability. This effectively
means probable sequences of initiating events, component failures, plant control and safety
systems operation that leads to failure of some safety barrier (e.g. fuel cladding, pressure
vessel, containment etc.) In Genetic Algorithm Dynamic Probabilistic Safety Assessment
(GA-DPSA) a risk goal (e.g. core damage, containment leakage) and the respective critical
values of safety parameters (e.g. peak cladding temperature, containment pressure etc.) is
used as a fitness function to guide the search process. Since a NPP is a very complex and
nonlinear system, the "landscape" of the fitness function is also nonlinear containing many
local optima. Two typical tasks exist for the DPSA analysis:
x
x

Identification of a worst case scenario with the most severe violation of safety limits.
This corresponds to the global maxima of the fitness function
Identification of "failure domains" i.e. sub-domains in the plant scenario space. In a
failure domain, the fitness function exceeds certain thresholds that normally are
associated with the safety limit, respectively

In the GA-DPSA approach a genetic algorithm (GA) is used to guide the exploration process.
GA is a concept from biology to perform global optimization. The computational procedure is
as follows. The GA fitness function Y is defined by critical values of system parameters (e.g.
cladding temperature, containment pressure) that set the limits of the performance of safety
barriers (cladding failure, fuel degradation, reactor pressure vessel failure and loss of
containment integrity). To apply the method, one needs to adapt the NPPs event space and
its parameters, referred to as X, in order to analyze typical accidents. Varying the parameters
X provides exploration of the scenario space in order to find a set of values (target) that will
result in some certain degree of core damage, YTAR.
The GA-DPSA can, like other DPSA methods, have a scheduling module which is able to
make decisions on branching of certain stochastic variables. The branching is based on the
analysis of the history and instantaneous plant states. This means that, for instance, the
failure probability of a valve or pump can be related to the local temperature and/or pressure.
The GA is a stochastic method, and therefore provides ways of estimating the probability P
(Y>YTAR) for which the search criterion (core damage degree) is satisfied (Y>YTAR). In the
search, the parameters are biased towards Y>YTAR. Because of this the GA method can be
regarded as performing adaptive biasing i.e. adaptive exploration of the event space.
It should be mentioned that definition of the GA parameters and the GA implementation
schemes are experienced-based procedure, meaning that they must be carried out an
iterative, manner using "rules of thumbs" or "educated guesses". This is important in order to
increase completeness and comprehensiveness of the scenario space description and
efficiency of the simulations. Because of this, further research is needed to develop
recommendations regarding the implementation of GA for different classes of NPP accidents.
One of the originators of the GA-DPSA method is Pavel Kudinov of the Royal Institute of
Technology (KTH), Stockholm, Sweden. Pavel is together with Scandpower one of the key
players in the DPSA research project mentioned in chapter 5.2. As well as with GRS
Scandpower have a well-established relationship with Pavel and his department at KTH
which would facilitate the execution of the GA-DPSA method in future applications.
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6.1.4 Discussion
The presented DPSA methods are both interesting and relevant to the ongoing development
of nuclear safety analysis at a general level. Their specific usability to RASTEP would be to
provide deeper insight to the accident sequences that are currently considered. They would
provide means of adding more "nuances" and precision to the source term prediction. It
should be noted however that they do not present a way of making "on-the-fly" calculations
of source terms based on real plant data but rather a refinement of the pre-calculated ones.
However, it is still fair to say that the methods of DPSA are still at an infant stage and at the
moment they are not suitable to be used for further development of RASTEP. Though, given
the consensus in the nuclear safety community that DPSA methods are needed as a
complement to traditional safety analysis it is only a matter of time before they could in fact
be applicable. Therefore, Scandpower is recommended to follow the ongoing development
and further on re-investigate the feasibility of DPSA methods.

6.2 Computerized tools for source term assessment
6.2.1 Mapping of tools
This section provides a description of computerized tools with the main purpose of being
used in accident situations for fast source term prediction. The scope of this review is based
on previous studies by SSM [9] where computerized tools for source term prediction have
been investigated. Main focus in this project has been to identify tools suitable for use within
RASTEP. The assessment is based on the following criteria:
x
x

Maturity level of the tool (is the tool used today?)
Possibility to link the tool to RASTEP

6.2.1.1 ASTRID
The ASTRID system (Assessment of Source Term for emergency response based on
Installation Data) was developed through an EC project in the 5th framework during 20012004. It consists of two parts: (i) a methodology for analysing an ongoing accident in a light
water reactor (LWR), (ii) a tool to support this methodology.
The method aims at performing a thorough analysis of the plant status. It is based on the
concept of safety barriers (i.e. fuel/cladding, reactor coolant pressure boundary,
containment/filters). Critical safety functions are defined for each barrier that ensures the
integrity of the barrier. The next step is to identify which safety systems are used for these
functions. During an accident, the statuses of the barriers are considered intact, degraded,
lost or unknown. In the beginning of the work process, it is critical to determine to what extent
the safety barriers have been degraded. Then potential source terms can be estimated
through the prediction of possible scenarios.
The purpose of the tool is to monitor the evolvement of the accident, predict the behaviour of
the reactor as well as predict possible source terms. The results from the analysis is
supposed to be used for accident mitigation measures such as decision making and input for
dispersion calculations.
Project status
After the completion of the EC project, efforts have been made to develop ASTRID further.
However, there seem to have been little success in this ambition.
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One of the developers, Institut de radioprotection et de sûreté nucléaire (IRSN), drew the
conclusion in 2008 that ASTRID could not be considered mature enough to be used [14].
GRS also further developed the tool and used it in emergency training for a German boiling
water reactor (BWR), the development was cancelled however [15] In order to use the code
with regard to Swedish conditions further development need to be carried out and resources
have to be allocated to the maintenance of the code.
6.2.1.2 ADAM
ADAM (Accident Diagnostics, Analysis and Management) is a tool designed for both on-line
accident diagnostics and off-line accident simulation. ADAM is developed by Energy
Research, Inc. (ERI) and financed mainly by the Swiss federal nuclear safety inspectorate
(ENSI) [16]. ADAM consists of 4 modules:
(i)
(ii)
(iii)
(iv)

Pikett Ingenieur (ADAM-PI),
On-line Diagnostics (ADAM-D),
Off-line Accident Management and analysis (ADAM-A),
Source Term Prediction ADAM-STEP.

ADAM-PI is unique to the version of ADAM that is being used at ENSI. It presents important
process parameters and information regarding the status of the reactor and the containment.
Furthermore it uses simplified conditions for diagnostics and the acquired information is
presented graphically. A very small amount of training is therefore required in order to use
the module. ADAM-D provides more advanced means of diagnosis of the accident scenario.
A set of parameters is transferred to ADAM from the plant and then used to derive other
parameters. Different safety margins are then evaluated such as the margin to core damage,
containment break etc. The evolvement of events in the reactor, containment and reactor
building can be monitored via alarms that are initiated when pre-defined threshold values are
exceeded. ADAM-A enables a prognosis of the sequence of events as well as the source
term via simulation of different accident scenarios for different boundary conditions. The
result may be used as input to the ADAM-D module but this module is also suitable for
training and educational purposes. The ADAM-STEP module is designed to make a fast
prediction of the source term based on transferred plant parameters and user input.
Project status
ADAM is actively used at ENSI. ADAM-D is used for support in decision making by the
authorities or at the affected power plant. The implementation of the ADAM system has
radically streamlined the tasks of the emergency preparedness organisation and its
possibilities to rapidly acquire a reliable overview of the plant status and possible accident
scenarios. Apart from ENSI, the ADAM system is also implemented at the Slovakian and
Hungarian authorities [9].
6.2.1.3 SABINE
SABINE (Source Term Assessment by Belief Network) was developed within the STERPS
(Source Term Prediction Based On Plant Status) project and like ADAM it was developed by
ERI with financing from ENSI. The purpose of SABINE was to link a BBN (the same concept
as used in SPRINT) with the ADAM system (described in chapter 6.2.1.2). The BBN uses
available observable parameters and user-input in order to derive the most likely
combinations of boundary- and initial conditions that may have caused the accident scenario
at hand. Then the tool combines this set of possible initial conditions and remaining
observable parameters and initiates the ADAM-A module that generates a list of possible
source terms and their probabilities, respectively [17]. The BBN conceptualization for
SABINE is demonstrated in Figure 6.
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Project status
ENSI have abandoned the plans of using SABINE in their emergency preparedness
organisation in favour of using the ADAM system (as discussed in chapter 6.2.1.2). Because
of this ERI has chosen not to develop the system further. However, in test cases the system
was able to correctly diagnose the set of initial- and boundary conditions of the scenario [18]

Figure 6. BBN Conceptualization for SABINE
6.2.1.4 SESAME
The French organisation IRSN has alongside with the French nuclear industry developed a
methodology for diagnosis and prognosis of plant status and source term. To support the
methodology, the SESAME tool was developed. Diagnosis of the plant status performed in
SESAME is based on parameters that are transfered on-line from the plant. These are used
by experts in order to evaluate critical safety functions and barriers. Different tools
implemented in SESAME are then used to calculate a variety of parameters such as pipe
break size (in case of LOCA), time until core uncover and risk of hydrogen combustion. The
prognosis is based on evaluation of the assumed availability of the safety systems in
combination with extrapolation [19].
Project status
Due to language barriers, information regarding SESAME was hard to retrieve within the
scope of this thesis.
6.2.1.5 TOUTEC/CRISALIDE
The French power company EDF (Electricité de France) have developed a bundle of tools
and simplified models called TOUTEC and CRISALIDE.
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The tools are supposed to support the methodology developed in liaison with IRSN
(mentioned in chapter 6.2.1.4) and are supposed to be used in the national emergency
preparedness organisation in Paris for diagnosis and prognosis during an accident. The tools
have been developed for all French pressurized water reactors (PWR) [20]. The application
of the code is supposed to begin with the use of TOUTEC in order to complement the
accident manual (currently used by EDF in accident situations) via simplified computational
models and relations that can be used for unburdening and reduction of computational tasks
in a critical situation. The most important parameters that are calculated are pipe breaksizes, time to core uncover and risk of hydrogen combustion. After this stage the models in
CRISTALIDE are used to provide more detailed calculations of some critical safety
parameters (time to core uncover, containment pressure, source term during the following 24
hours). With CRISALIDE one can account for different boundary conditions concerning the
availability of safety systems as well as operator actions.
Project status
The TOUTEC/CRISALIDE tools are subjected to the same type of language related
difficulties as SESAME. Therefore a more detailed investigation was hard to perform within
the scope of this thesis.
6.2.1.6 MARS
MARS (MAAP Accident Response system) is developed by the American company FAI
(Fauske and Associates, LLC) who also developed the integrated severe accident code
MAAP [21]. MARS is used for on-line, continuous surveillance of the plant status via
interpretation of parameter values in order to detect deviations from the desired operation
mode. In case of such a deviation MARS is supposed to diagnose the plants response to the
event and follow the status of the plant in order to determine the evolvement and possible
worsening of the event. MARS is also supposed to dynamically initiate MAAP with
information from the diagnosis procedure. MAAP is then supposed to predict the plant
response and its future state.
Project status
The MARS system is implemented and used at the Consejo De Seguridad Nuclear (CSN) in
Spain which currently is the only user of the MARS software in the world. However, there are
far developed plans of implementing MARS at the NPPs in Oskarshamn, Sweden [22]. There
is a well-established relationship between the Oskarshamn NPPs and the developer of
MARS (and MAAP), FAI.
6.2.1.7 CAMS
CAMS (Computerized Accident Management System) is a tool that was developed within the
OECD Halden Reactor Project (HRP) in order to provide support for decision making in
emergency situations and during normal operation of NPPs [23]. The aim of the tool is to
identify plant status, predict the evolvement of the accident and to provide support regarding
emergency planning. Envisioned users of the tool are operators and the emergency
preparedness organisation. As a part in the development of CAMS efforts were put into the
integration of the MAAP code with the CAMS system. The envisioned structure for this
purpose is demonstrated in Figure 7.
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Figure 7. Structure for the use of MAAP with CAMS
The three main modules of the tool are the diagnosis module, fitting module and predictive
simulator. The tracking simulator provides estimation of values that are not directly measured
and calculates the initial values needed for the predictive simulator. The predictive simulator
calculates the future evolution of the plant (using the MAAP code). To include the MAAP
code, the diagnosis- and fitting modules have been added to the original tool. The diagnosis
module receives plant data which gives the user the ability to identify the status and
conditions of the plant during the accident. The fitting module compares the plant state that is
obtained from MAAP calculations with the information processed through the diagnosis
module. By doing so, the simulated scenario can be adjusted to the observed (real) data.
Project status
Investigations on how to implement MAAP with CAMS (as discussed above) were carried out
in 2001-2003. It was concluded that this was possible and that CAMS would provide a good
basis. However, the project aimed at developing such a tool was never carried out.
6.2.1.8 PLASMA
PLASMA (Plant Safety Monitoring Assessment System) was, just like CAMS, developed
within the OECD Halden Reactor Project. PLASMA is a computerized support system aimed
at providing support to the control room during deviations from normal operation and during
accidents [9]. It is mainly targeted at the operators in the control room. The system provides
information to the operators regarding; (i) the current safety status of the plant, (ii) on-line
monitoring of the critical safety function status tree, (iii) displays, in a computerized form, the
emergency operation procedures (EOP) and those parameters which are referenced in the
EOPs.
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Project status
During 2000 the system was implemented at the simulator and Unit 1 and 2 of the Paks NPP
in Hungary.
6.2.1.9 Simplified version of MELCOR
The United States Nuclear Regulatory Commission (NRC) initiated a project aimed at
developing a fast-running version of the integrated severe accident analysis code MELCOR.
However, this project was cancelled due to more urgent matters [24]
6.2.2 Discussion
Bearing in mind the criteria presented in chapter 6.2.1 there are really only two tools in the
mapping that are of relevance for the purposes of RASTEP. Those are:
x MARS
x ADAM
The reasons are the following:
x Both tools are actively used (MARS in Spain, ADAM in Switzerland, Slovakia and
Hungary). This ensures continuous development and improvement of the tools.
x Both tools are suited for the task of being linked to RASTEP (see chapter 7).
x Scandpower have good connections with the organizations that either use or develop
the respective code (i.e. ENSI that uses ADAM in Switzerland and FAI that develops
MAAP which is the engine in MARS).
x The other codes considered are not as mature or are not developed anymore since
their development was funded via EC projects that now are finished.

6.3 Dynamic Bayesian Networks
Since most events are not based on a particular point in time, they can instead be described
through a multiple set of observations that together form a judgement of one complete final
event. The field of statistics dealing with this type of problem is generally known as timeseries analysis [25]. Dynamic Bayesian networks extend the standard Bayesian network
formalism (see chapter 13 for more information on Bayesian networks) by providing an
explicit discrete temporal dimension. This type of network represents a probability distribution
over the possible histories of a process.
Consider a set of time-dependent state variables X 1....Xn and a Bayesian network N
constructed on basis of such variables. Then a dynamic Bayesian network is essentially a
replication of N over two time-slices t and t + ǻ, where ǻLVWKHGLVFUHWL]DWLRQVWHS, with the
addition of arcs that represents the transition model [26]. Figure 8 and Figure 9 illustrate the
difference.
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Figure 8. Simple Bayesian Network

Figure 9. Dynamic Bayesian network expanded over two time-slices
In Figure 9, for any given slice, node C is completely determined by node A and B and node
B is at any given slice dependent on the value of node A in the preceding slice. Arcs
reaching between slices are referred to as interslice arcs or temporal arcs and they indicate
the dependence of the nodes that are time dependent [11].
When it comes to the analysis of a dynamic Bayesian network there are different kinds of
algorithms available. Let Xt be a set of variables at time t and ya:b be a stream of observations
from time point a to b. Then the following tasks can be performed:
x Filtering/monitoring: Computation of ܲሺܺ ݐȁܻ0: ݐሻ. In other words tracking the probability
of the system state taking into account the stream of observations.
x Prediction: Computation of ܲሺܺݐ+݄ ȁݕ0: ݐሻ for some horizon h > 0. This means predicting
a future state while taking into account the observations up to now.
x Smoothing: Computation of ܲ ሺܺݐെ݈ ȁݕ0: ݐሻ for any ݈ <  ݐin other words estimating what
happened ݈ steps in the past given all the available observations
Another important task that could be performed using a dynamic Bayesian network is called
pruning. This feature is based on the networks possibility to change its structure and
connections over time.
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Pruning of the network consists of some of the following actions:
x Deleting states from some node
x Removing the connection between two nodes
x Removing a node from the network
It should however be noted that this task is difficult to implement [25]
There are lots of successful demonstrations of the applicability of DBNs. For instance in fault
diagnosis of automotive systems [27], fault management of telecommunication systems [28].
Research aimed at supporting reliability engineers in the field of applying the DBN formalism
is also ongoing, see for instance [26] [29]. Of particular interest for the scope of RASTEP is
the work performed in [11] where a loss of feed water transient has been modelled using a
dynamic Bayesian network linked to the RELAP5 code. A 2-slice dynamic Bayesian network,
illustrated in Figure 10, was used for this purpose.
6.3.1 Discussion
As interesting as the possibilities provided by the dynamic Bayesian formalism may sound it
appears a daunting task to actually convert the static Bayesian network currently constituting
the basis for RASTEP into a dynamic Bayesian network. Creating and validating one static
model is a complex matter already. However, development of RASTEP should indeed be
considered a process evolving over time and the possibility for improvements should be
embraced.
One key advantage in this case of course is that a static Bayesian network already is
created. This will drastically facilitate the extension to a dynamic network as opposed to
creating a DBN from scratch [30].
In the case of RASTEP, using a 2-slice DBN could be a way of bringing memory into the
model (consider the abilities of the DBN discussed above). Basically one only needs to
duplicate the already existing static BBN for a second slice only that now dependencies are
also allowed to come from the nodes in the previous slice. The task will be to identify which
nodes that will be given time-dependence and a difficulty will probably lie in constructing the
interslice conditional probability function (i.e. between slices). The intra-slice probability
functions in the RASTEP BBN are well defined at this point. When creating a DBN it is also
crucial not to introduce time-dependence between too many nodes as this will increase the
complexity of the model drastically [30]
On a general level there are two main features that a DBN possibly could bring into
RASTEP:
x
x

Memory
More accurate source term prediction

As discussed in chapter 3, RASTEP uses observables i.e. observations (entered manually or
automatically) of different plant parameters which are entered as findings in the nodes,
respectively. Based on this information, inference is carried out and the most likely plant
state based on the observed information will be determined. One of the problems identified
with RASTEP is that the BBN only provides a "snapshot" of the current situation; hence there
is no "memory". The DBN formalism accounts for the "stream" of observations i.e. the
observed information as it is gathered over time. In combination with the interslice conditional
probability tables a time component will in this way be introduced into the model. A
consequence of this is that the most likely plant state would be predicted more accurately
and consequently the source term should also be predicted more accurately.
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Figure 10.Dynamic Bayesian network model for analyzing loss of feed water scenario
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6.4 Discussion
All of the methods (as listed in chapter 5) present a challenge and possibility for further
research in their own right, and may therefore not be given an equal amount of attention
within the scope of this thesis. Therefore an assessment of each methods importance has
been performed. The outcome of the assessment is based on considerations of:
x
x

Availability
Functionality

Availability suggests that the method is actually accessible within reasonable effort and that it
is realistic to believe that it could be seen through. Regarding functionality it also of
importance that the method adds as much functionality as possible while remaining
accessible.
As discussed in chapter 6.1.4 and 6.3.1 both using DPSA methods and introduction of the
DBN formalism present very interesting abilities but at the same time they do not match the
availability/functionality criteria very well. At the present time, these methods are too
immature and imply too complex tasks for implementation. Linking RASTEP to a fast-running
deterministic code and providing means of altering the pre-defined source terms based on
accident progression on the other hand fit the criteria better. As indicated in chapter 6.2.2
there are two codes (MARS and ADAM) that suits the purposes of RASTEP and there are
also ways of being able to alter the pre-defined source terms (see chapter 7.2).
Based on the assessment, the methods are ranked in the following way (according to
relevance):
1.
2.
3.
4.

Linking RASTEP to a fast-running deterministic code
Adjusting the existing source terms based on accident progression
Using DPSA methods
Expanding the Bayesian network to a dynamic Bayesian network

In the next chapter the selected methods (i.e. method 1 and 2) will be discussed in more
detail. Method 3 and 4 will not be further discussed.
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SELECTED METHODS

7.1 Linking RASTEP to a fast-running deterministic code
As discussed in chapter 6.2.2 there are two tools that are considered most interesting from
the point of view of RASTEP; (i) MARS, (ii) ADAM. In this section the tools and their
respective abilities will be described more elaborately to provide an understanding for how
they work and how they could be linked with RASTEP.
7.1.1 MARS
MARS uses data in the form of about 75 signals from the plant computer or by manual entry
to generate the necessary information to start the MAAP accident simulation [31]. The
initialization is the foundation for the MARS tracker module. When using MARS for training
purposes the plant data could be replaced by other tools which simulate the plant response,
i.e. a control room simulator or other calculation tools. The incoming plant data (real or
simulated) will go through two steps of processing:
x Verification
x Conversion
In the process of verification, the signals that are determined to be of poor quality will be
discounted. In this case, the user will be notified of this and another method for determining a
representative value will be used. For instance, if some parameter of the primary system that
is required by MARS is discounted, the remaining parameters of the primary system will be
used in order to estimate a representative value. Also, the user has the ability to manually
input a value based in information that is available off-line or from some other source (e.g. a
BBN in the case of RASTEP)
In the conversion process, the plant data signals will be converted into the correct format
needed by MARS. For instance, variables that have been transmitted in the form of
percentage numbers are converted back to actual values (i.e. flow rates, water levels, power
etc.) When the conversion process is completed the processed plant data will be passed on
to the MARS initialization routines.
In the initialization routine, the processed plant data is first used to estimate the approximate
accident state. Namely, is the core uncovered, has the core been damaged, has the vessel
failed etc. Identifying the time interval to such events is very important because the
availability of reliable instrumentation as well as the methods for initialization varies
depending on the accident progression. For instance initialization of the fuel parameters is
different after core damage compared to initialization before uncover of the core with no
indication of previous fuel damage.
When the accident state (approximately) has been identified, values for several thousand
parameters that are required by MARS will be calculated based on the plant data.
7.1.1.1 Tracking
The purpose of the MARS tracking function is to make sure that the computer simulation
actually follows the plant behaviour. In that sense, the tracking function is the base for the
predictor function. The tracking function will at first perform an assessment of the symptoms
of the accident in order to determine the plant status and the types of accident initiators.

Definition and evaluation of a dynamic source term module for use within RASTEP ± A feasibility study

Page 26

Having this information as well as the evolving set of plant data, the tracker performs
necessary calculations to guide the MAAP code in such a way so that it tracks the behaviour
of the plant. A comparison of the plant data to the tracker is performed over multiple time
intervals in order to assess how well the simulation compares to the actual plant status. If
there are differences, beyond thresholds specified by the user, the tracker corrector logic is
applied. This means that the tracker simulation is modified as differences in the tracker
simulations and the actual plant data occurs. The modifications performed varies from
stopping a system, in the case that no absolute information is known about the system, to
stopping and re-initializing the simulation.
The tracking module also evaluates a potential root cause of the accident. For instance, if the
tracker identifies a loss of coolant accident (LOCA) the information generated by the tracker
about the break size (of the pipe) and elevation may be used to determine possible locations
for the LOCA (i.e. the root of the accident).
7.1.1.2 Predictors
The MARS predictors have been developed by FAI in order to provide prediction of the future
plant state based on the current plant status. The information generated by the tracker is
used by the predictor to perform the necessary calculations. For instance, the predictions can
be used to estimate the time before a major change in the accident state (core uncover, core
damage, reactor pressure vessel or containment failure), efficiency of possible accident
management strategies etc.
When the tracker has a decent understanding of the status of the plant, the predictors may
be started automatically or manually. The calculations of the predictors can be performed
assuming a wide variety of operator actions. The first predictor execution will perform its
analysis based on the assumption that the operators use their training and follow the
emergency operating procedures (EOP). The next predictor will analyze the plant in both the
short and long term assuming no additional actions from the operators. The rest of the
predictor runs may be used to analyze the effects of accident management guidelines or
some other methods.
The predictors can provide information such as:
x
x
x
x

Minimum injection flow rates for success
Timing of vessel and containment failure
Effects of operator actions
Future accessibility to plant buildings based in predicted radiation levels

7.1.1.3 Instrumentation
Understanding and utilisation of available plant instrumentation values is crucial when it
comes to managing an accident. One needs to obtain at least approximate values for those
parameters which are difficult or impossible to know in detail. However, it is also very
important to be able to discount instrumentation values that appear to be of poor quality
(determined by MARS). MARS provides means of addressing these issues. The MARS
tracker and predictor functions can provide approximate values and trends, based on the
current plant configuration and postulated future plant states, for the variables that are
impossible or hard to get hold of. The capability to analyze the available plant data in order to
determine its validity is a key feature of MARS. If the confidence level for some variable is
low, then the user will be notified and MARS will take appropriate steps in order to use
values of representative character. Figure 11 demonstrates the graphical user interface of
MARS.
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Figure 11. Example of MARS Graphical User Interface
7.1.1.4 Modelling of operator actions
Once the predictors are initialized, the MARS user has the ability to change the predictor
simulations in order to model operator actions or additional plant accident management
procedures. For instance, the user can model the loss of a given safety system to determine
its effect on the overall accident progression. This addresses one of the weaknesses that
have been identified in RASTEP i.e. the lack of ability to perform "what-if-analyses" during
the course of an accident or for training purposes (e.g. to look at the effect of a hypothetical
loss of external power supply in a given situation where the external grid is still available)
7.1.2 ADAM
The accident management and analysis module of ADAM includes extensive mathematical
models for the simulation of a large variety of accidents. The various mechanistic models
included in ADAM have a sufficient level of detail to provide accurate results, while at the
same time remaining simple enough to be fast-running [32].
7.1.2.1 Diagnostics module
In the diagnostics module of ADAM real-time signals corresponding to typically 20-30 plant
parameters are transmitted to the regulatory authority and fed to the ADAM diagnostics
system. A set of alarms are displayed in ADAM in order to monitor the state of the plant
during the course of some event. Furthermore additional information is provided to monitor
the reactor state, the reactor coolant system and the most probable accident conditions. This
information provides insight into the state of the plant. In Figure 12, the basic logic of the
ADAM diagnostic module is demonstrated. As can be seen in the figure, initialization and
validation of plant signals is the start-up point of the diagnostics module. After that
identification of accident conditions and accident type will take place (e.g. LOCA of a given
size or steam generator tube rupture etc).
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The signals used for the accident identification depends on the plant type and typically they
include:
x Pressure
x Water levels
x Radiation levels inside the reactor coolant system, steam generators and/or the
containment building
After the process of accident identification, the diagnostics module will calculate all the
thermodynamic properties of the reactor coolant system as well as the containment. Then
the reactor safety systems, status of the emergency core cooling systems and possibility of
feed water injection will be inspected. This process if followed by calculation of different
safety margins. A margin is defined as the time required until a certain pre-specified
condition is satisfied. Typical margins that are calculated include:
x
x
x
x
x
x
x

Core uncover
Containment venting
Containment failure
Suppression pool saturation
Suppression pool depletion
Condensate storage tank water depletion
Hydrogen combustion
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At last, the different end states and alarms of the reactor and the containment are identified
based on analysis of available on-line data.
7.1.2.2 Accident management and Analysis Module
This part of ADAM includes extensive mathematical models for simulation of a large set of
accidents. This includes accidents that lead to reactor pressure vessel failure, core concrete
interactions and containment pressurization.
The mechanistic models in ADAM include:
x
x
x
x
x
x
x
x
x

Non-equilibrium, separated flow thermo-hydraulics
Heat transfer to various steel and concrete structures
Parametric fuel heat-up, meltdown, relocation and debris quenching
Fission products release, transport through the reactor coolant system and
containment into the environment
Fission product revaporization
Hydrogen and carbon-oxide generation, transport and combustion
Core concrete interactions
Emergency core cooling system and decay heat removal systems
Radionuclide decay and transmutation for 60 risk-dominant (predetermined) nuclides

7.1.2.3 "What-if-analyses"
Like MARS, ADAM also includes provisions for operator actions. Thanks to this one can
examine accident management strategies and their consequences. Typical procedural
alternatives that are considered as part of the severe accident management guidelines
(SAMG) include actions such as the ones listed in Table 2.
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Table 2. Typical SAMG procedural alternatives
SAM  Action  
Accident  phase   "What  if"  &  "impact"  issues  addressed  
Addition  of  water  to  a  
In-‐vessel  
x Time  of  water  injection  was  changed  
degraded  core  
x Rate  of  water  addition  was  changed  
x Impact  on  metal  oxidation  
x Impact  on  fission  product  release  
Manual  RCS  depressurization   In-‐vessel  
x Impact  on  core  cooling  (use  of  low  
pressure  systems)  and  damage  
progression  
x Impact  on  hydrogen  generation  
x Time  of  depressurization  was  
changed  
Isolation  of  steam  generators   In-‐vessel  
x Time  of  diagnostics  and  leak  
following  SGTR  
detection  changed  
x Time  of  isolation  was  changed  
x Impact  on  damage  progression  
x Impact  on  environmental    release  
Addition  of  water  to  damaged   In-‐vessel  
x Impact  of  quantity  and  rate  of  water  
steam  generators  
addition  
x Impact  of  water  addition  on  fission  
product  releases  
Recovery  of  containment  
In-‐vessel  
x Detectability/diagnostics  issues  
isolation  prior  to  core  damage  
x Impact  on  damage  progression  
x Impact  on  fission  product  release  
x Impact  on  hydrogen  combustion  
Flooding  of  lower  
Ex-‐vessel  
x Impact  on  core  debris  cooling  
containment  region  
x Impact  on  hydrogen  combustion  
x Impact  on  lower  head  failure  
x Impact  on  containment  loading  
x Impact  on  fission  product  release  and  
transport  
Containment  venting  
Ex-‐vessel  
x Manual  vs  automatic  vent  actuation  
x Impact  of  time  of  venting  on  release  
of  fission  product  and  activity  to  
environment  
x Can  manual  venting  be  used  to  
control  hydrogen  combustion  
Containment  Heat  Removal  
Ex-‐vessel  
x Time  of  actuation/recovery  and  
Systems  
impact  on  containment  integrity  
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7.1.3 Code comparison
MARS and ADAM obviously serve the same purpose i.e. provides a way of evaluating the
status of the NPP during an accident and enables prediction of the evolvement of the
accident as well as source term prediction. They both also provide the very attractive feature
of being able to model the impact of operator actions on the overall accident progression.
The methodology is quite similar; collection of plant data (automatically or manually) is
performed and the gathered information is used to provide an immediate diagnosis of the
status of the plant. As more information is available the tool initiates deterministic simulations
that predict how the accident most likely will evolve. This is the approach adapted in most
tools aimed at diagnosing NPPs during accidents. The envisioned version of CAMS (see
chapter 6.2.1.7) that was supposed to be linked with MAAP basically implemented the same
approach, unfortunately that project was not seen through. If it was it would most likely have
been of interest for RASTEP.
The main difference between ADAM and MARS is the algorithm used to perform the actual
calculations. ADAM uses an internally developed algorithm whose only use appears to be in
the ADAM software. As mentioned in chapter 7.1.2 the ADAM algorithm uses simplified
mechanistic models to perform calculations of the accident scenario. According to ERI they
are still good "enough" to produce valuable result which has been shown in benchmarking
activities [32]. MARS on the other hand is based on the same algorithm as is used in MAAP.
MAAP has a long history of being able to properly calculate plant states under all conditions
from normal operation to severe accidents. The large number of MAAP experience years is
of course a strong feature. It shows that the code is actively used and maintained and its
longevity of use shows that the code is reliable. According to FAI [33] computational power
available today enables the MARS algorithm to be executed at high speed without
simplifications performed in the physical modelling.
On a general level however, both codes are actively used and developed by organizations
that Scandpower have connections with (i.e. FAI and ENSI) which of course would facilitate
implementation. They could also be used as a part of RASTEP using the BBN (or plant
signals) as input to initiate the respective tool (this is discussed in chapter 7.1.4).
7.1.4 Interface between RASTEP and a deterministic code
7.1.4.1 Using plant data directly as input
The most straight-forward approach of initiating either ADAM or MARS is by using live plant
data transmitted directly from the NPP as input. This is the approach adapted by ENSI and
CSN for instance. The advantage and power of the BBN approach is evident in situations
where there is a lack of reliable information (i.e. plant data). In such situations the BBN is
able to use the available information together with the level 2 PSA data, which makes up the
foundation of the BBN, in order to determine the most likely plant state. However, in a
situation where reliable plant data is continuously transferred from the NPP, this information
could be used to initiate MARS or ADAM. Figure 13 demonstrates the schematics of using
ADAM or MARS fed with plant data transferred directly from the NPP.
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Figure 13. MARS/ADAM using plant data directly as input
In the approach implemented by ENSI, ADAM is primarily used for source term prediction
and an older and simpler way of estimating the source term is used for double-checking [9].
However, using the BBN as a mere "back-up" solution would not imply making full use of the
BBNs powerful ability to predict the plant state. A clear distinction between ADAM/MARS and
the BBN must be made since the first are deterministic tools and the latter a probabilistic tool.
In that sense, they represent different abilities. In order to use MARS/ADAM together in
RASTEP as suggested in Figure 13, the box entitled "Evaluation" must be clearly defined.
The BBN will probably be most useful in the beginning of the accident sequence in order to
efficiently determine the plant state. Consequently, the deterministic code is most useful later
on, when more information is available, in order to simulate the evolvement of the accident
scenario. A set of criteria that determines when "enough" information is available to start the
deterministic simulations must most likely be defined.
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7.1.4.2 Using the BBN to generate input
The other option of linking RASTEP to MARS or ADAM is to use the BBN to feed either tool
with data. In this approach, the BBN will be assigned the role to diagnose the initial and
boundary conditions of the accident scenario based upon plant observations. The RASTEP
BBN approach is comprised of a set of sub-networks aimed at modelling the following:
x
x
x
x
x
x
x
x
x

Initiating Event
Core Cooling
Residual Heat Removal
Fuel Status
Reactor Pressure Vessel Status
Containment Status
Auxiliary Building Status
Secondary Circuit Status
Source Term

In its current design the source term sub-network and its nodes is what might be considered
the output from the network. With the aim of linking the BBN to MARS or ADAM a different
approach would be used. Based on the observables, which might be considered input to the
network, the BBN will be used to infer the accident initial and boundary conditions.
All of the sub-networks consist of two types of nodes; hidden and observable. Plant data is
obviously entered in to the observable nodes and after the BBN performs inference the
information in the hidden nodes will be ranked according to probability. For purposes of
demonstration some of the nodes included in the initiating event sub-network are described
in Table 3.
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Table 3. Sample nodes of sub-network Initiating Event
Node  name  
Description  
Initiating  Event  
Hidden  node  with  no  parents  which  contains  the  
prior  likelihood  of  the  designated  initiating  
events.  These  are  pipe  breaks  in  the  primary  
Reactor  Coolant  System  (RCS),  Pressuriser  Relief  
Loss  of  Coolant  Accident  (LOCA),  Steam  Line  
Break  (SLB)  and  Feed  Line  Break  (FLB),  Steam  
Generator  Tube  Rupture  (SGTR),  Interfacing  
System  (IS)  LOCA,  other  faults  with  similar  
observables,  normal  operation.  

H_PCONT_LOCA1  

LOCA  

This  is  a  hidden  node  (daughter  of  H_INIT)  used  
to  indicate  the  occurrence  of  a  Loss  Of  Coolant  
Accident  (LOCA)  ʹ  caused  by  a  RCS  pipe  break  
inside  Containment.  Similar  observables  are  also  
seen  following  a  Steam  Line  Break  (SLB)  or  a  Feed  
Line  Break  (FLB)  inside  containment.  

CONT_GA  

Containment  gamma  
activity  

Observable  node  (daughter  of  H_CONT_LOCA1)  
about  the  initiating  event.  A  high  gamma  activity  
indicates  a  leak  from  an  active  system  within  the  
Containment.  

CONT_P  

Containment  pressure  

This  is  an  observable  node  (daughter  of  
H_CONT_LOCA1)  about  the  initiating  event.  A  
high  pressure  indicates  that  a  leak  has  occurred  
from  a  high  pressure  system  in  the  Containment.  

H_CONT_LOCA2  

LOCA  size  

This  is  a  hidden  node  (daughter  of  
H_PCONT_LOCA1  and  PZR_LOCA)  used  to  
indicate  the  size  of  the  break.  

The observable nodes (i.e. CONT_GA and CONT_P) in this case will receive data in the
form of instrument readings regarding gamma activity and containment pressure
respectively. Hidden nodes such as H_PCONT_LOCA1 and H_CONT_LOCA2 on the other
hand will tell us (based on the data entered as observables) if a LOCA caused by a RCS
pipe break has occurred as well as an indication of the size of the break. This type of
information is what will be regarded as output from the network and sets the boundary
conditions for the MARS or ADAM execution.
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Due to issues regarding licensing agreements no detailed mapping of the exact information
needed to be extracted from the BBN has been able to be performed. However, both codes
need initial (i.e. the accident initiating event) conditions as well as plant parameters such as:
x
x
x
x

Pressure
Temperature
Radiation levels
System statuses

Such information is retrievable from the hidden nodes in the respective sub-networks (as
indicated using Table 3 as example) hence the BBN should be able to be used to initiate
ADAM or MARS. Figure 14 shows the schematics of this approach.

Figure 14. Using BBN generated input for MARS/ADAM
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This way of generating input data to ADAM/MARS also raises questions that need to be
further analysed. By using the BBN in this way one will clearly take advantage of the
probabilistic abilities of the BBN i.e. to efficiently determine the plant state. However, much
like if one were to use plant data directly as input to ADAM/MARS, some criteria must
determine when the deterministic code will be used instead of the pre-defined source terms.
There is also the possibility to actually use plant data directly (from the start of the sequence)
as inputs to ADAM/MARS and in this way obtain source term data for double-checking
purposes. Another important aspect is how to combine information of the different plant
states (as generated by the BBN) in order to obtain a reliable source term. The BBN will
generate a spectrum of possible plant states and it is most likely not necessary to evaluate
each one with ADAM/MARS.

7.2 Adjusting the existing source terms based on accident progression
7.2.1 Modification of pre-defined source terms
This method aims at introducing the ability to modify the pre-defined source terms that are
stored in the spread sheet model (as described in chapter 3). GRS in Germany have in their
further development of the original SPRINT software; QPRO (Quelltermsprognose) [34]
introduced similar features.
Consider the features of the fixed set of source terms applied in RASTEP. They are
characterized by:
x Quantity
x Division into 4 time sections
There are no possibilities to change the quantity of the release. To acquire such information
new simulations must be performed. However the timing of the accident sequence could be
"modified". This does not imply changing the actual time progression of the (pre-calculated)
accident, as that would also require the execution of new simulations, but rather a way of
adjusting the timing of the pre-defined accident sequence to fit the actual time progression of
accident scenario. This could be done by letting the user enter a set of "characteristic times"
such as:
x When was SCRAM (Safety Control Rod Axeman)?
x When was the coolant level at core top?
x When was damage in buildings observed?
With this information the time axis of the pre-defined accident scenario can be shifted in
order to better fit the real time progression. Effectively this is an accessible way to avoid
senseless and frustrating results e.g. RASTEP predicts a large release at 10 o'clock when
the actual release is observed at 12.
7.2.2 Identification of critical parameters
A method similar to the one presented in chapter 7.2.1 but more extensive is the
identification of "critical parameters". Critical meaning parameters (e.g. condensations pool
temperature) that are of great importance for the outcome of the sequence and that might be
conservatively modelled. One would like to provide a means of being able to perform
alterations of the source terms in the excel sheet (timing and magnitude) based on the
deviation of such critical parameter values compared to the values used in the MAAP
calculations that have generated the pre-defined source terms.
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However, this approach is most likely not viable due to the complexity of the physical
processes constituting an accident scenario. If one parameter is drastically changed in a
given accident scenario, the entire outcome will probably be entirely different. The only way
to find out in what way the source term will alter is to perform a new simulation with the new
accident conditions as input.
Another approach of similar nature would be to perform a closer examination of the MAAP
cases that have generated the source terms that now constitute the look-up table. MAAP
relies on two fundamental files, a parameter file and an input file. The parameter file
determines the modelling of all the plant characteristics. This includes qualities such as
material properties, geometric relationships, heat sinks etc. The parameter file is plant
specific. The input file contains information on the accident sequence that is being modelled
and differs between analysis cases. It contains information on the availability of different
safety systems etc. Conservatism, as discussed above, can be considered to be "built-in" in
the parameter file, because this is where all the information regarding the properties of
different systems is specified. Consider the capacity of some Emergency Core Cooling
System (ECCS) for instance. The flow rate is tested on a regular basis and might differ from
time to time. If the DSA shows that the core will be sufficiently cooled at a flow rate below the
interval measured when testing the system, this value will be specified in the MAAP
parameter file. Hence, conservatism is inherent.
A review of the MAAP parameter file could be performed in order to identify modelling
parameters where conservatism is substantial. By performing relevant changes one would
obtain more of a "best estimate" parameter file (i.e. realistic) that could be used to re-execute
the MAAP cases that currently are included in RASTEP. Parameters that are known to be
conservatively modelled and that would imply a reasonable amount of effort to identify [35]
include:
x
x
x
x

Pump capacity
Valve capacity
Delay time
Rupture disc properties

This approach would effectively imply an extension of the current look-up table in which each
source term will be supplemented by an alternative with the intention of accounting for
modelling conservatisms in the "standard" MAAP calculations. Figure 15 illustrates this
concept.
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Figure 15. Conservative versus best estimate source term
The reasoning behind this approach illustrates the complexity of problems of the RASTEP
source term module but also the reason for the interest in DPSA methods. DSA analysis and
RASTEP have two different purposes; DSA is supposed to be performed in a conservative
manner while we want the outcome of RASTEP to be as realistic as possible. What is
desired to be accomplished with the above described method is effectively the objective of
DPSA. This particularly applies to the GA-DPSA method described in chapter 6.1.3. In that
approach, the aim is to discover worst case scenario and sub-domains of the plant scenario
space where some safety limit is violated. In order to apply this method to actual accident
sequences from PSA one need to closely examine the sequences in the PSA and identify
parameters and states where timing is of crucial importance and that will influence the
outcome of the sequence. Effectively, the aim is to avoid "cliff edge" effects due to which
potential dangerous sequences might be omitted. The same idea constitutes the reasoning
behind the concept in Figure 15.

Definition and evaluation of a dynamic source term module for use within RASTEP ± A feasibility study

8.

Page 40

ASSESSMENT OF SELECTED METHODS

8.1 Definition of a dynamic source term module
The mapping and reviewing activities performed within the thesis have generated a set of
criteria that should be associated with a dynamic source term module for use within
RASTEP. The source term module should be:
1. Realistic ± i.e. conservatism should be reduced
2. Accurate ± i.e. use live plant data as basis for the predictions
3. Predictive ± i.e. able to evaluate "what-if" scenarios and their possible outcome
4. Adaptable ± i.e. able to re-evaluate a given scenario by performing new calculations
The following sections will address the methods discussed in chapter 7 based on the above
listed criteria, both from a standpoint of usefulness but also regarding feasibility.

8.2 Linking RASTEP to a fast-running deterministic code
8.2.1 Evaluation
Considering the criteria in chapter 8.1 this method fulfils all with the exception of criterion 1.
This is due to fact that the tools will still be based on plant models that constitutes the basis
for the calculations. For instance in the case with MARS the plant model from MAAP and
consequently the modelling strategy adapted there will be used. As discussed in chapter
7.2.2 this causes inherited conservatism. However, using ADAM or MARS still provide a
great advantage in being able to perform "on-the-fly" calculations using live plant data. The
ability of the respective tool to perform "what-if-analysis" e.g. to examine the influence of
some operator action is also highly attractive.
8.2.2 Feasibility
There are two things to consider regarding feasibility of this method; (i) Which tool to be used
(ii) Which approach to use to generate input to the tool. When it comes to choice of tool
MARS have the overwhelming advantage of being based on MAAP. There are already
MAAP models for Swedish power plants (e.g. Oskarshamn) and consequently a large body
of modelling competence is available. The developers of MAAP (FAI) regularly visit the
Oskarshamn site so feedback on the MARS system (if used) would be available with ease.
For ADAM on the other hand, plant specific models will have to be created from scratch. Due
to licensing agreements there is no possibility to test the system for evaluation purposes and
for the same reason ENSI (who actively uses ADAM), despite good relations with SSM,
cannot reveal details of the system. Altogether, MARS seem to be the better choice. The fact
that the MAAP engine is used also speaks in favour of MARS due to its many years of active
use and development.
Regarding how to generate input data the easiest way would be to feed the tool directly with
live plant data. At the moment, no solution for transmission of plant signals (from NPP to
SSM) is put into service; however legislation forcing the NPPs to implement such equipment
will most likely be seen through within the next 2-3 years [36]. Using the BBN to generate
input data would utilise the BBNs ability to infer the most likely plant state which is a powerful
asset. Even if systems for transmission of live plant data are implemented it could still be
beneficial to use the BBN to feed ADAM or MARS with data as the BBN will be able to
determine the initial and boundary conditions of the plant in an effective manner.
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However, to realise this approach a means of extracting the necessary information must be
developed and implemented.

8.3 Adjusting the existing source terms based on accident progression
8.3.1 Evaluation
The method of introducing the ability to modify the source terms stored in the spread sheet
model is probably the most easily accessible method altogether. An investigation of what
possibilities of changes to introduce must be carried out and other than that it is a matter of
programming in Microsoft Excel (such competence is available within Scandpower) However,
this method does not address the complex issues discussed in chapter 7.2.2 and one cannot
solve the issue with conservatism in the pre-defined source terms.
To tackle the inherent conservatism in the pre-defined source terms one would need
investigate the MAAP parameter files and re-perform the MAAP simulations in order to
evaluate how they differ when changing parameter values that originally was conservatively
modelled. This task is also interesting when considering linking RASTEP to MARS (see
chapter 7.1.4). If MARS was to be used with RASTEP it could be interesting to use a "bestestimate" parameter file as basis for the MAAP engine.
8.3.2 Feasibility
As mentioned, the method of modifying the pre-defined source terms is probably the most
feasible considering the low level of complexity of the tasks needed to be performed
(mapping of what functionality to add followed by Microsoft Excel programming).
Review of the MAAP parameter file aiming at identifying conservatively modelled parameters
requires more effort. It is estimated that about 100-200 parameters need to be identified. This
task could be performed in some days by experienced MAAP users [35].
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CONCLUSIONS

The results of the thesis show that there are 4 main methods that could be used to enhance
the source term module of RASTEP in different aspects. These are:
1.
2.
3.
4.

Linking RASTEP to a fast running deterministic code
Adjusting the existing source terms based on accident progression
Using DPSA methods
Extending the BBN to a dynamic Bayesian network (DBN)

All of the methods present challenges and need to be further investigated in order to be
implemented in the RASTEP tool. Furthermore, methods 3 and 4 are not considered feasible
in the short term due to the complexity associated with implementation of those methods.
The most interesting method is method 1. This is due to the fact that implementation of this
method would provide the most benefits for RASTEP and by using the method the
information gained from the BBN can truly be used dynamically in order to evaluate the
evolvement of an accident scenario. Therefore it is concluded that:
x
x
x

An investigation on how to implement method 1 should be performed.
Ideas from method 2 should also be considered as they might be useful in terms of
complementing method 1.
Methods 3 and 4 should remain "under surveillance" as they might prove useful
further on.

Ideas on how to proceed with further projects are given in chapter 10.
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10. RECOMMENDATIONS FOR FUTURE WORK
In order to link RASTEP to a fast running deterministic code it is recommended that further
projects are performed to determine the schematics of such a solution. There are in general
two ways of using a deterministic code with RASTEP:
x Parallel use: The deterministic code is fed with data directly from the plant
x Integrated use: The deterministic code is fed with data generated by the BBN
In the case of parallel use the main issue that need to be addressed is:
x How to interpret the aggregated information acquired from the BBN and the
deterministic code?
Typically the BBN will be better in the early stage of an accident (lack of information) and the
deterministic code will be better later on when more reliable information is available.
In the case of integrated use the strength of the BBN, i.e. to determine the plant status, will
be used more distinctly. Some key questions that need to be addressed are:
x At what stage in the accident sequence will the source term calculated by the
deterministic code be considered reliable? (The same consideration as in parallel
use)
x Will it still be useful to use the deterministic code for "parallel" calculations using data
directly from the plant as input?
x How to combine information from the different plant states in order to generate a
reliable source term?
x How many source terms need to be calculated?
Apart from these issues one should also consider whether to use a "best-estimate" MAAP
parameter file (as discussed in section 7.2.2) as basis for the accident simulations (provided
MARS is used as deterministic code)
In order to investigate the suggested questions the actual deterministic code should be
acquired so that tests can be performed. Consequently it will also be necessary to
investigate:
x How to (technically) link the deterministic code to linked to RASTEP
In order to provide means of adjusting the pre-defined source terms (see chapter 7.2.1)
investigations should be carried out to determine:
x What characteristic times that the user can enter (analysis of the included MAAP
sequences will most likely be necessary)
x How to perform the required Microsoft Excel programming tasks
The above mentioned suggestions relate to the methods identified as most feasible.
However, there are interesting possibilities for further studies relating to GA-DPSA (see
chapter 6.1.3). To provide the foundation for application of the GA-DPSA method the
accident sequences included in RASTEP need to be analysed with particular emphasis on:
x Parameters with crucial importance for the outcome of the sequence
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This would be the first step in order to apply the GA-DPSA method to the specific accident
sequences included in RASTEP. Furthermore, the mathematical framework as well as the
computer infrastructure necessary for execution of the method needs to be specified.
Collaboration with Pavel Kudinov at KTH will be necessary for this task.
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12. APPENDIX 1: BAYESIAN NETWORKS
Bayesian networks are well known and established as a way of representing problems
involving uncertain relations among a collection of random variables [25].
The nodes in a Bayesian network are graphical representations of events that exist in real life
and they are termed variables or states. Relations between such nodes are represented with
and arc drawn between the nodes. If there is a causal relationship between two variables
then the arc will be directional, directed from the cause variable to the effect variable. Figure
16 shows a Bayesian network where the variables X and Y are conditionally independent,
given variable Z.

Figure 16. Simple Bayesian Network
All of the nodes in the network are associated with a probability distribution function which
dimensions and definitions are dependent on the arcs that lead into the node. Bayesian
networks can be considered as a special case of the more general class called graphical
models where nodes represent random variables and the absence of arcs represents
conditional independence assumptions between variables. In a Bayesian network, one node
is used for each scalar variable, which may be discrete, continuous or propositional
(true/false). Nodes that are connected are referred to as parents and children. In Figure 16 X
and Y would be the children of Z. For instance, the arc between Z and X indicates that:
x
x
x
x
x

Z causes X, or
Z partially causes or predisposes X, or
X is an imperfect observation of Z, or
Z and X are functionally related, or
Z and X are statistically correlated

There are 3 basic axioms in probability theory:
1. 0  ܲ ሺܺሻ  1
2. ܲ ሺܺሻ = 1 if and only if X is certain
3. If X and Y are mutually exclusive, then ܲ ሺܺ ܻ ሻ = ܲሺܺሻ + ܲሺܻሻ
as well as a fundamental rule of probability calculus:
ܲ ሺܺ, ܻሻ = ܲሺܺȁܻሻܲ(ܻ)
where P(X,Y) is the probability of the joint event ܺ ܻ ת.

Equation 1
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This leads us to Baye's rule (hence the name Bayesian networks) that is used to compute
the posterior probability (ܲ ሺܺ ȁܻሻ) given the prior probability (P(X)) and the likelihood (ܲ ሺܻȁܺሻ)
that Y will be realized if X is true:
ܲ ሺܺȁܻሻ =

ܲ ሺܻȁܺሻܲ(ܺ)
ܲ(ܻ)

Equation 2

X represents hypothesis and Y represents evidence. If X and Y are conditionally independent
of each other then we can write the following:
ܲ ሺܺȁܼ, ܻሻ = ܲሺܺȁܼ ሻ

Equation 3

Furthermore, Bayesian networks can be considered a knowledge base which explicitly
represents beliefs about the elements included in the system and the relationships existing
between these elements. The purpose of having such a knowledge base is to infer some
belief or to draw conclusions about events in the system. One important property of a
Bayesian network is that the graph can be thought of as representing the joint probability
distribution for all the variables included. Considering the network as a whole, the conditional
probabilities, the structure of the network and the joint probability distribution can be used to
determine the likelihood of each node being in one of its states. Performing this procedure is
called marginalisation and the ability to change these marginal probabilities is one of the
great powers of belief calculations using Bayesian networks. The effects of observations
propagate throughout the entire network and in every step the probabilities of a different
neighbouring node are updated.
There is a vast body of literature on the subject of probability theory to which the reader is
advised for more details on the mathematical framework of Bayesian theory.

12.1 Example Bayesian network
There are different modelling tools in order to create Bayesian network models. For
RASTEP, Netica has been used and this section will demonstrate how a Bayesian network
modelled in Netica may appear. The network presented in Figure 17 represents a medical
diagnosis example where the two top nodes are "predispositions" which influence the
likelihood of the illnesses following below. In the bottom of the network are the disease
symptoms.

Figure 17. Network representing medical diagnosis example
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Each of the nodes in the network has different states e.g. smoker/non-smoker for the node
"Smoking" and every node state has a default probability. This information is summarized in
a so called conditional probability table for the node. The conditional probability tables
increases in size as the number of parent nodes and states increases. Default probabilities
can be based either on statistics (for the "Visit to Asia" and "Smoking" nodes) or be based on
the status of the parent nodes (every other node). For instance, the probability of "Lung
Cancer" depends on if the patient is a smoker or not. This information is represented in a
conditional probability table for the node lunch cancer. Table 4 shows such a conditional
probability table.
Table 4. Conditional probability table
Parent  node(s)  
Child  node:  Lung  cancer  
Smoking  
Lung  cancer   No  Lunc  cancer  
Smoker  
Non-‐smoker  

10%  
1%  

90%  
99%  

After belief update has been performed, the network will display the state probabilities for
every node (as percentages). The starting point in this example is before any observations
have been made (generic case). The "Visit to Asia" and "Smoking" nodes include prior
beliefs based on which the state probabilities in the other nodes are calculated. Figure 18
shows the generic case of the network.

Figure 18. Generic case of the network
Now the network is applied to a specific case in which observations are made and entered as
findings (input) in the observable nodes. The observations consist of questions that are
asked to the patient as well as of medical examinations. In our example the diagnosis
involves a smoker who has not visited Asia and whose medical examination have shown
normal X-ray results but suggests presence of Dyspnea. Based on this information, after
belief updating, the network shows that a high probability of bronchitis prevails. Figure 19
shows the network for this case.
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13. APPENDIX 2: THE DPSA RESEARCH FIELD
This section provides an overview of developments within the field of DPSA. The different
methodologies are only discussed briefly. For more detailed descriptions, the reader is
advised to the literature.
In standard PSA logic failure/success description of the system components and their subcomponents is used to characterize the system behaviour during severe accident conditions.
In particular there are two tools that are commonly used, event trees and fault trees. The
fault tree is used to identify the general fault classes by identifying top events (undesired
events) via basic events (unique failure modes in components or functions). The modelling is
performed through deductive logic. The event tree represents an accident sequence by
means of a logic model starting with an initiating event and passing through function events
(models of barriers) ending in some specified consequence.
This type of analysis does not does not take into account interactions between dynamic
(physical/deterministic) processes and probabilistic events. Dynamic events inevitably
become relevant when probability of component failure depends on system parameters and
physical processes. The timely order of events plays a significant role in many complex
accidents and timing will have a large impact on the consequences. In classic PSA, Markov
chain of events is assumed which means that the probability of transition to the next state
depends only on the current state (parameters). There is no history (memory, time
dependent effect) represented in the Markovian model. Another main problem is the fact that
static PSA models are limited to only represent discrete states (e.g. work at full power or no
power) while the transition states is not accounted for (e.g. reduced speed in some pump).
The thought of moving to DPSA originates from the so called dynamic reliability concept
where the time-independent Markov fault tree is replaced by a dynamic fault tree. The main
concept in DPSA is that it is not only import whether a failure occurs but also when it occurs.
The time factor is crucial in systems that evolve over time and also the system parameters,
such as temperature and pressure, influence the reliability of system components. DPSA
may not be intended to replace classic PSA/DSA but it may well prove a very useful
complementary tool.

13.1 Main methodologies
The existing methodologies for DPSA can be divided into 4 different groups:
1.
2.
3.
4.

State transitions or Markov models/Cell-to-cell mapping technique (CCMT)
Graphical methods
Direct system simulation (Monte Carlo Methods)
Dynamic event trees (DET)

13.1.1 Markov models/Cell-to-Cell Mapping Technique (CCMT)
Markov models consider system evolution of transitions of states which effectively are
discrete representations of operator actions, system component operation regimes and
physical processes parameters. To determine the probability of the system to be in a given
state at a given time, a recursive Markov chain is applied. This approach has proven
straightforward for simple system while it has limitation in complex systems, mainly because
of the need to predefine the states, in particular the process parameters [37].
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In particular when regarding the use of digital instrumentation and control (I&C) the possible
use of Markov models and CCMT have been studied, because concerns have been raised
regarding the capability of traditional ET/FT analysis to account for dynamic interactions that
may occur in digital systems [38]. In Markov/CCMT modelling a stochastic description of the
system evolution is done considering two types of interactions [39]
x
x

Type I interactions: Dynamic interactions between physical process variables
(e.g. temperature, pressure etc) and the I&C system that monitor and manage
the system
Type II interactions: Dynamic interactions within the I&C system itself due to
the presence of software/firmware

For type I interactions the cell-to-cell mapping technique is used. The dynamics of the
system is then described in terms of probability of transitions between process variable
magnitude intervals (cells). These cells constitute a partition the state space. Through the set
of dynamic and control laws one can determine the probability of transition into another
component state combination. Type II interactions are dealt with by means of Markov
modelling and the goal is to determine the possibility that a component state combination
change will occur. In general, this probability can depend on both time (failure rates may be
time dependent) and process status (failure rates may depend on process variables like
pressure and temperature) [39].
Effectively the Markov/CCMT approach yields the probability of finding the system in a given
cell at a given time in a given configuration. Then, this information can be converted into
dynamic event trees for specified initiating events or dynamic fault trees for specified top
events. These could then be integrated into an existing plant PSA. At this point it should be
mentioned that even though the above mentioned methods have proven useful in order to
obtain information of the failure characteristics of digital I&C systems, their uses have only
been demonstrated in proof-of-concept studies and therefore additional work is needed to
validate their practicality for other digital systems [38].
13.1.2 Graphic methods
Graphic methods are often used together with the Markovian models in order to elaborate
the concept of fault trees to include dynamic interactions (functional interdependencies)
between components. There are many different approaches to the extended fault tree
technique such as Dynamic Fault Trees (DFT) and Petri nets. However, these methods have
not showed advantages to DPSA applications in nuclear systems in which account for
epistemic uncertainties as well as interactions between dynamic processes and probabilities
are essential.
13.1.3 Monte Carlo methods
Monte Carlo methods in the framework of dynamic reliability starts in classical reliability with
the assumption that some studied system is in state S 0 at t0 =0. At a certain point in time, t 1,
one of the components of the system undergoes a transition so that the system as a whole
changes into state S1. The system will then remain in S 1 until another transition takes place
at time t2, transitioning the system into state S 2. This process will continue until the mission
time is reached or the system enters a configuration that it cannot exit from. It is assumed
that the system is of Markovian character and all these time segments and transitions
represent a life history of the system. This history is controlled by the probability density
function that the system will make a transition at time t' provided that it entered state S at
time t, as well as by the probability that the system will transition into state S' given that the
transition has taken place at time t' while the system was in state S.
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Monte Carlo simulations will then generate many histories by sampling transition times and
new configurations based in these two probabilities. Then the statistics as well as the
quantities of interest may be evaluated. The above described concept can be extended to
the dynamic approach through analogies with particle transport theory. The main
computational difficulty is the fact that failure of plant components is very rare events with low
probabilities. Therefore a very large number of Monte Carlo trials have to be carried out [40].
In the light of the DPSA context, several modifications to the Monte Carlo methods have
been proposed. For instance, in order to reduce the calculation volume without loss of
accuracy, guidance is needed (experience, physics-based indication etc) for biased
sampling. The advantage of Monte Carlo methods) is when events spread in time are
concerned. Regarding events that are focused on an initial time period however, such as
system safety activation, the advantages of the Monte Carlo methods reduces [37].
13.1.4 Discrete Dynamic Event Trees (DDET)
Discrete Dynamic Event Trees (DDET) are methods of simulation implemented by forward
branching event trees with branch points restricted in time only. Knowledge about the
physical system of concern is expressed through numerical simulation, written by the analyst.
Furthermore, the components of the system are modelled in terms of discrete states and all
possible branches of the system evolution are tracked systematically [41].The branches are
based on functional dependencies between components, probabilistic models of
components, physical models of the system and operator actions. If all conditions at a time
point are satisfied then all possible branches at this point are modelled. The final probability
is calculated by combining all branch probabilities. The DDET approach is an extension of
the classical event tree but with the restriction of binary logics removed [37]. A restriction of
this method is that the events (branches) only take place at predefined discrete time
intervals. It is assumed that if one chose the correct time step that the DDET will investigate
all possible scenarios [41].

13.2 Recent advancements
13.2.1 Analysis of Dynamic Accident Progression Trees (ADAPT)
Analysis of dynamic accident progression trees (ADAPT) is a method that mechanizes the
generation of dynamic event trees (DETs) and accounts for uncertainties in the modeling of
severe accident phenomena. The philosophy is that a system code determines the pathway
of the scenario in a probabilistic context. When conditions are reached that would provide
different scenario pathways, new scenario threads (branches) are established and followed
with parallel processing. In a case described by Hokobyan (2006) ADAPT is used together
with MELCOR. ADAPT runs MELCOR starting from the initiating event (or any other point
before or after core damage) until a branching point is met. Then MELCOR stops the
execution and a new branch is initiated by ADAPT based on predefined branch rules. The
MELCOR input files are changed by ADAPT for the branches. The same procedure is then
repeated for further branching i.e. every time a branching takes place a new scenario is
created. All existing scenarios are run at the same time which creates a dynamic event tree.
Termination of the branches is performed either when they reach their end states or by user
specified rules [42].
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13.2.2 Entropy measure method
A concept common in the context of DPSA is event sequence space which is defined as the
set of all possible event sequences. Each sequence represents a unique combination of
occurrence and timing of the events.
Provided the complexity of a nuclear power plant it is possible to conceive infinitely many
event sequences originating from a single starting condition [41]. Since a primary goal of
DPSA is to identify vulnerabilities of the system, exploration of the event sequence space in
order to identify vulnerable sequences is interesting. Hu (2005) investigated an adaptive
approach to exploration (as opposed to "random exploration" by Monte Carlo methods and
"systematic exploration" by DDET). In this method, entropy measure is applied to guide the
exploration. Possible scenarios are analyzed by a scheduler module and branching is carried
out based on an estimation of the additional information that could be gained from each
possible branch. Branches that have higher information values will be given preference to be
explored. The information estimation is based on entropy measure that is calculated from a
decrease of uncertainties in determining possible outcomes of the considered scenario [37].
13.2.3 Neural network methods
Recently, neural network methods have appeared as an interesting approach to DPSA. They
present a promising way to save expenses with computationally demanding simulations with
deterministic codes. The main difficulty with this approach is to integrate the dynamics of
transients/accident processes into the neural network structure. There have been successful
examples of using neural networks in DPSA for relatively simple cases but further work is
necessary in order to apply the method to more complex scenarios [37].

