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SAMMANFATTNING 
 
Verktyg som kan användas i realtid vid en händelse eller en olycka, och i den efterföljande 
radiologiska källtermsprognosen på ett kärnkraftverk, är något som efterfrågas alltmer vid 
beredskapsplanering och av ansvarig personal. 
 
I detta examensarbete utvecklas stommen för ett sådant verktyg för svenska tryckvattenreaktorer. 
Bayesian Belief Networks (BBN) används för att modellera olycksscenarier i en generisk svensk 
tryckvattenreaktor. Fördelen med att använda BBN-teknik är att meningsfyllt resultat kan erhållas 
trots bristfällig indata. Genom att i realtid förse modellen med observerbar information som till 
exempel tryck, vattennivå och strålningssnivå i särskilda delar av kärnkraftverket kan det mest troliga 
olyckscenariot predikteras. Alla olycksscenarier tilldelas en källterm, det vill säga storlek, tid och 
egenskaper för ett utsläpp av radioaktivitet från ett kärnkraftverk till omgivningen vid en allvarlig 
olycka.  
 
Utgångspunkten för detta examensarbete är två tidigare utvecklade BBN-modeller som beskriver 
olycksscenarier i en specifik kokvattenreaktor och en generisk tryckvattenreaktor. Utöver 
granskningen av de två tidigare utvecklade modellerna har också anläggningsspecifik information för 
de svenska tryckvattenreaktorerna varit en viktig del i utvecklingen av BBN-modellen. Modellen är 
presenterad i denna rapport samt i programvaran Netica. 
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ABSTRACT 
 
Development of tools for use in the fast, online diagnosis of an event or an accident, and in the 
subsequent radiological source term forecasting at nuclear power plants, is increasingly desired by 
off-site emergency planning and response personnel.  
 
In this thesis the framework for such a tool for Swedish Pressurized Water Reactors (PWRs) is 
developed. Bayesian belief networks (BBN) are used to model severe accident progression in a 
generic Swedish PWR. The advantage of using the BBN methodology is that meaningful results can be 
obtained despite missing information. By adding observable information, e.g. pressure, water level 
and activity measurements in certain plant compartments the most probable plant state, in case of a 
severe accident, will be predicted. The plant states will all have an associated environmental source 
term, i.e. the quantity, characteristics and timing of the release of radioactivity to the environment. 
 
The starting points of this thesis are two previously developed BBN models for accident progression 
in one specific Boiling Water Reactor (BWR) and one generic PWR. These two models provide 
significant input to the model developed in this master's thesis. 
 
Beyond examination of the previously developed models, investigation of plant specific information 
for the Swedish PWRs has been a key part when modelling the BBN.  The model is presented in this 
report as well as in the BBN software Netica. 
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DEFINITIONS 
 
Bypass 
A route that allows fission products released from a reactor core to enter the environment without 
passing through the containment or other enclosure designed to confine and reduce a release in the 
event of an emergency. 
 
Cavity 
The bottom of the containment is called the cavity.  

 
CCI 
"Common Cause Initiators" is a special group of initiating events which not only cause a disturbance 
but rather degrade the function of one or more of the safety systems that may be needed after the 
event. 

 
CVCS 
"Chemical volume and control system". Under normal operation the CVCS drains a small stream, 
purifies it from pollutants, adjusts the boron content and other chemicals, and then pumps it back 
into the reactor. 
 
External events 
Events unconnected with the operation of a nuclear power plant which could have an effect on the 
safety of the nuclear power plant. Typical examples for nuclear utilities include earthquakes, 
tornadoes, tsunamis, aircraft crashes, etc. 
 
Ex-vessel 
After reactor pressure vessel failure. 
 
Initiating event 
An initiating event is an incident that requires an automatic or operator initiated action to bring the 
plant into a safe and steady-state condition where the absence of such an action can result in severe 
core damage.  
 
In-vessel 
Before reactor pressure vessel failure. 
 
IS LOCA 
This category includes LOCA in interfacing systems, which may cause loss of coolant outside the 
containment. The most likely location for interfacing LOCA is in Swedish PWRs is the auxiliary 
building, for example via the Chemical and Volume Control System (CVCS) or the low pressure 
injection system. 
 
LOCA 
"Loss Of Coolant Accident", i.e. events that implies loss of primary coolant, e.g. pipe breaks on 
reactor coolant system.   
 
MAAP 
A deterministic severe accident simulation tool. 
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Observables 
Observables are variables revealing the status of the plant during the course of a severe accident, 
which are possible to supervise, e.g., instruments measuring the pressure, temperature or water 
level in certain locations. 
 
Phenomena 
During a severe accident there are a number of physical phenomena having the potential to threaten 
the integrity of the containment. 
 
PSA level 1 
In Level 1 PSA, the design and operation of the plant are analysed in order to identify the sequences 
of events that can lead to core damage and the core damage frequency is estimated. Level 1 PSA 
provides insights into the strengths and weaknesses of the safety related systems and procedures in 
place or envisaged as preventing core damage. 
 
PSA level 2 
In Level 2 PSA, the chronological progression of core damage sequences identified in Level 1 PSA is 
evaluated, including a quantitative assessment of phenomena arising from severe damage to reactor 
fuel. Level 2 PSA identifies the ways in which associated releases of radioactive material from fuel 
can result in releases to the environment. It also estimates the frequency, magnitude and other 
relevant characteristics of the release of radioactive material to the environment. This analysis 
provides additional insights into the relative importance of accident prevention and mitigation 
measures and the physical barriers to the release of radioactive material to the environment (e.g. a 
containment building). 
 
Relief valve 
A valve functioning as an overpressure protection of a system that can be opened by a manual 
action. 
 
Release Categories 
Final states of PSA level 2. Characterization of radioactive nuclides. 
 
Safety Relief Valve 
Opens when the pressure exceeds the system's design pressure. Cannot be opened manually. 
 
SGTR 
"Steam generator tube rupture" is defined as an initiating event in a PWR. It implies a tube break 
inside of a steam generator, leading to a leakage between the primary circuit and the secondary 
circuit.  
 
Source term 
The source term is the quantity, characteristics and timing of the release of radioactivity to the 
environment. 
 
Transients 
Transients is the collective term for all events (except LOCA) resulting in an imbalance between the 
abducted heat and the added heat in the reactor. 
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1. INTRODUCTION 

Development of tools for use in the fast, online diagnosis of an event or an accident, and in the 
subsequent radiological source term forecasting at nuclear power plants is increasingly desired by 
off-site emergency planning and response personnel. Availability of such analytical tools would 
enhance the efficiency in preparing accident response options and online performance and would be 
invaluable in quickly predicting likely off-site consequences and help to accomplish an appropriate 
off-site response. 
 
This master's thesis presents the development of such a tool for pressurized water reactors (PWR). 
The thesis is a part of an ongoing project, called RASTEP (RApid Source TErm Prediction), where the 
basic aim is to develop a computerized source term prediction tool for all Swedish nuclear power 
plants.  
 
Bayesian belief networks (BBN) will be used to model severe accident progression in a PWR. The 
advantage of using the BBN methodology is that meaningful results can be obtained despite missing 
information.  
 
The Bayesian approach is applicable in situations with subjective probabilities, where there is no 
exact knowledge of the factors influencing the probability of an event, e.g. the probability of a 
component or system. In deriving the probability for such events, Bayes' Theorem can be used, which 
is a method where prior beliefs of probabilities are first stated and then updated in light of available 
information or evidence. 
 
The outcome is typically a number of possible plant states ranked according to probability, each with 
an associated environmental source term. The source term is the quantity, characteristics and timing 
of the release of radioactivity to the environment through available release paths.  
 
The starting point of the network is the identification of the initiating event of the accident sequence. 
Thereafter, the probabilities of different release paths are estimated on the basis of the status of 
fundamental blocks, i.e., fuel status, status of important safety systems, etc, as well as of the success 
or failure of severe accident mitigation systems and of severe management actions. Sub-networks 
are as far as possible structured in an order that reflects the accident progression.  
 
The model will be generic, and thereby applicable to all the Swedish PWRs.  
 

1.1 Background 

The EU-project STERPS (Source Term Indicator Based on Plant Status) were finalized in 2005. The 
participating countries were United Kingdom, The Netherlands, Austria, Germany, Hungary, Poland, 
Switzerland, Slovakia and Sweden. The objective of the project was to develop a computer based tool 
for rapid and early diagnosis of plant status and subsequent estimation of the possible 
environmental releases.  Within the project BBN models where developed and tested for different 
reactor types. Oskarhamn 3 was the only boiling water reactor (BWR) in the project. The generic BBN 
model for PWR that was developed was suited by the Swedish analysis group to Oskarhamn 3. The 
BWR-model was tested after several preparation meetings and some additional adaptions were 
made at an emergency preparedness exercise at Oskarhamn 3 in March 2005. During 2008 and 2009 
a pre-project was performed to analyze the conditions for RASTEP. A review of experiences from the 
STERPS-project was included in the pre-project. The review included contacts with organisations that 
have been continuously working with their different models, especially GRS in Germany. Demands 
and expectations have been discussed regarding functionality and user interfaces with stakeholders 
within SSM (Swedish Radiation Safety Authority). Finally, an initial study has been made concerning 
prerequisites and possibilities for an accommodated computerized tool that will be used for 
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modelling, review and use of the BBN model. A reference group with members from SSM and the 
Swedish nuclear power plants has been connected to the project. 
 
The main project will be performed in three different phases, where the first phase is completed and 
the second phase is in progress.  
 
In the first phase of the project the basis for a generic BBN model for Swedish BWRs was developed, 
using Oskarhamn 3 as a first case. 
 
 In the second phase the generic BBN model will be developed and adapted to all the Swedish BWRs. 
The computer program, to facilitate the using of the models, will also be initiated.  
 
In the third phase, the generic PWR model will be developed as well as the finalization of the 
computer program.   
 
In this master's thesis the basis for the generic PWR model will be developed, as a part of the third 
phase of the project.  
 

1.2 Aim 

The basic aim of this thesis is to develop a generic PWR model in RASTEP, as part of the third phase 
of the project, which can be reasonably easy adapted to all the Swedish PWRs. The starting points 
are the generic BWR model for Oskarshamn 3, developed during phase 2 of the project, and the PWR 
model previously developed in the STERPS project. 
 
In addition to this report there will also be a BBN model, created in the BBN software Netica, which 
presents the result of the master's thesis.  
 

1.3 Method 

The similarities between the BBN model for PWRs developed in the STERPS project and the BBN 
model for BWRs developed in the RASTEP project are many but there are also many differences. The 
STERPS model may be developable, both with regard to technical and conceptual aspects. The latter 
could the RASTEP BWR model contribute with. The approach will be described in more detail in 
Chapter 4.  
 

1.4 Delimitations 

The main focus of this thesis has been to develop the conceptual and technical structure of the 
RASTEP BBN model for Swedish PWRs. This involves the study of the logical relationships between 
various key plant parameters. The thesis will not include the development of Conditional Probability 
Tables (CPTs) for each node in the network or the matching of end states in the BBN model with 
release categories from PSA level 2. Therefore the insertion of source terms will not be included in 
this thesis. 
 

1.5 Disposition of the report 

Chapter 2, "Theory", will give the reader an introduction to nuclear power plant designs, PWR as well 
as BWR, basic information about safety analysis within nuclear technology and an introduction to 
BBN. For the less experienced reader this will be a necessary reading before moving on to Chapter 3 
and Chapter 5, where the mapping of important plant characteristics for Swedish PWRs and the 
modelling of sub-networks are described. The modelling approach is presented in Chapter 4. Chapter 
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6 includes the results of the thesis and a discussion is given in Chapter 7. Chapter 8 presents some 
final conclusions. 
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2. THEORY 

In the following chapter an introduction to important concepts will be given, such as plant designs, 
safety analysis within the nuclear industry as well as BBN.  
 

2.1 Plant designs 

This chapter presents the two types of nuclear power plant reactors that exist in Sweden, Boiling 
Water Reactor (BWR) and Pressurized Water Reactor (PWR). 
 
The big difference between these two types of nuclear power plants is the reactor part. The turbine 
building, condensate-and feedwater system, as well as the generator are basically identical.  
 
In a BWR, heat is produced by nuclear fission in the reactor core, and this causes the cooling water to 
boil, producing steam. The steam is directly used to drive a turbine. In a PWR no boiling occurs in the 
reactor, instead the steam production occurs in large heat exchangers, steam generators (see Figure 
1). Due to the fact that no boiling occurs in the reactor of a PWR the reactor pressure is about twice 
as high compared to a BWR. The reactor is placed in the containment which is functioning as a 
barrier against radiation. The containment in a PWR is filled with air and is considerably larger than 
the containment in a BWR. The containment in a PWR includes, except from the reactor tank, also 
the steam generators and the pressurizer. A more detailed description of plant compartments for the 
Swedish PWRs is given in section 3.1. In a BWR the water heats up and starts boiling, the steam 
produced to drive the turbine is replaced by the same amount feed water in the main circuit. The 
water level in the reactor is kept constant by adjusting the feed water flow to equal the steam flow 
(Kärnkraftsäkerhet och Utbildning AB [KSU], 2005a). 
 
In a PWR the water in the reactor is heated and transported to the steam generators where the 
temperature will decrease, and by means of reactor coolant pumps (RCP) the water is yet again 
pumped back into the reactor. The pressure in the primary circuit is adjusted with the pressurizer. 
The secondary side (secondary circuit) of a steam generator is filled with water which is heated by 
the primary circuit, a part of the water is then transformed into steam, which is transported to the 
turbines. The water level in the steam generators is adjusted with the feed water system, which in 
turn should correspond with the steam produced (KSU, 2005a).  
 
The steam generator part of PWR resembles the reactor part of a BWR, except that the core is 
outside of the steam generator, which is not the case in a BWR (see Figure 1).  
 
One important difference between a PWR and a BWR is that the steam that is transported to the 
turbine building is not radioactive in a PWR, since the steam in the secondary circuit is not directly in 
contact with the water that circulates in the reactor (KSU, 2005a). 
 

http://en.wikipedia.org/wiki/Turbine
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Figure 1 Principal BWR and PWR (from (KSU, 2005b)) 

 
Barriers and safety functions 
To prevent release of nuclear fission products, the core is enclosed with several barriers. The barriers 
may however lose the ability to prevent the release of nuclear fission products if they are exposed to 
large thermal and mechanical strains. To keep the barriers intact after a severe accident there are 
several safety functions, which in turn are supported with several safety systems. These safety 
functions are described in Table 1. 
 

Table 1 Safety functions 

Safety function 

Reactivity control 

Core cooling 

Depressurization 

Containment isolation 

Residual heat removal 

Emergency ventilation of reactor building (only BWR) 

 
The safety functions in Table 1 are the same for BWRs and PWRs. However, the safety systems that 
support the safety functions differ for the two plant types (KSU, 2005b). Another difference is that 
while the safety functions in a BWR are supported by safety systems, that all have an single specific 
function in case of a severe accident, the safety functions in a PWR is supported by sub-categories of 
safety functions that could be explained as a mix of different systems that function together in case 
of a severe accident.  
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2.2 Safety analysis 

Two complementary methods of safety analysis, one deterministic and one probabilistic, are used 
jointly in evaluating the safety of a Nuclear Power Plant (NPP).  
 

Deterministic safety analysis predicts the response of a NPP in specific predetermined operational 
states to postulated initiating events. This type of safety analysis applies a specific set of rules and 
specific acceptance criteria. 
 
Probabilistic safety analysis (PSA) combines the likelihood of an initiating event, potential scenarios in 
the development of the event and its consequences into an estimation of core damage frequency, 
source term or overall risk arising from operation of the NPP (International Atomic Energy Agency 
[IAEA], 2002). 
 
Both the deterministic and probabilistic safety analyses are important inputs to the RASTEP BBN 
model. The PSA supports the model with the probabilities used in the conditional probability tables 
(CPTs), i.e. probabilities for severe accident management systems, accident phenomena and 
probabilities for components and systems. In a steady-state situation, probabilities calculated in the 
PSA is included in the RASTEP BBN model as a pre-defined analysis case, before any observations has 
been made. The PSA also supports the RASTEP BBN modelling with accident scenarios, which are 
already identified in the PSA.  
 
The deterministic analysis supports the RASTEP BBN model with pre-existing plant specific source 
terms (amount, composition, and timing of radioactive release to the environment), which are 
calculated using MAAP code. These are used when assigning source terms to the plant states when 
modelling the Source Term sub-network. The deterministic analysis also provides limit values for 
observable parameters. 
 

2.3 BBN 

2.3.1 Introduction to Bayesian Belief Networks  

Belief Networks and Probabilistic Inference 
 
The Bayesian approach is applicable in situations with subjective probabilities, where there is no 
exact knowledge of the factors influencing the probability of an event (e.g. the probability of failure 
of a component or system). In deriving the probability for such events, Bayes’ Theorem can be used, 
i.e. a method where prior beliefs are first stated and then updated in the light of available (limited) 
information about the probability of the event.  
 
The following description of Bayesian Belief Networks is largely based on the method description 
included in the Netica User’s Manual (Norsys, 1997), from which the introductory example also has 
been taken. 
 
A Bayesian belief network represents assumed dependencies between a set of variables relevant to 
some problem. The variables might be relevant because we will be able to observe them, because we 
need to know their values to take some action or report some result, or because they are 
intermediate or internal variables that help us express the relationships between the remaining 
variables. 
 
In a belief network, one node is used for each scalar variable, which may be discrete, continuous, or 
propositional (true/false). The nodes are then connected with directed links. If there is a link from 
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node A to node B, then node A is called the parent and node B the daughter. A link from node A to 
node B indicates that 
 

- A causes B, or 
- A partially causes or predisposes B, or 
- B is an imperfect observation of A, or  
- A and B are functionally related, or  
- A and B are statistically correlated.  

 

Nodes in the BBN are either of the categories observable or hidden. Observable nodes can be 
updated by the user, while hidden nodes are entirely based on the state of the other BBN nodes.  
 
Finally, a list of probabilistic relations is provided for each node, expressing the probabilities of that 
node taking on each of its values, conditioned on the values of its parent nodes. This list is denoted 
the Conditional Probability Table (CPT) of the node. 
 
After the belief network is constructed, it may be applied to a particular case; for RASTEP this would 
be the analysis of a specific severe accident. With the help of the RASTEP software, questions are 
asked about variables we might know the value of. The answers to these questions are expressed in 
terms of node states, and are entered into the corresponding network node as a finding. Then Netica 
does probabilistic inference to find beliefs for all the other variables in the network. Probabilistic 
inference made in a belief network is called belief updating. 
 
Example of a Belief Network 
 
An example is here given of the Netica model for a simple BBN. The network is a very limited medical 
diagnosis example (see Figure ). To a certain degree, the links of the network correspond to 
causation. The two top nodes are “predispositions” which influence the likelihood of the diseases in 
the row below them. At the bottom are symptoms for the disease. 
 
 

 
Figure 2 Network for medical diagnosis example (from (Norsys, 1997)). 

 
Each of the nodes has a number of states, e.g. Smoker/Non-smoker for the node “Smoking” and each 
node state has a default probability. This is summarised in a conditional probability table (CPT) for 
the node. It should be noted, that the CPTs will increase in size, as the number of parent nodes and 
states increases. The default probabilities are either based on statistics (for nodes “Visit to Asia” and 
“Smoking”) or dependent on the status of the parent nodes (all other nodes). As an example, the 
probability of “Lung Cancer” is dependent on whether or not the patient is a smoker.  
 
This is expressed in a conditional probability table for the node “Lung Cancer”, see Table 2. 
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Table 2 CPT for the node "Lung Cancer" 

Parent node(s) Daughter node: Lung cancer 

Smoking Lung cancer No lung cancer 

Smoker 10 % 90 % 

Non-smoker 1 % 99 % 

 
After belief update, the generic network will display state probabilities for each node (expressed as 
percentages). The starting point for our example, illustrated in Figure 3, shows the situation before 
any observations have been made. 
  

 
Figure 3 Medical diagnosis network - generic case 

 
The network is now applied to a specific case, where observations are made and entered as states of 
the observable nodes. Our application involves a smoker who has not visited Asia, and where medical 
investigations have shown normal X-ray results but have indicated presence of Dyspnea. After belief 
updating, the network shows a high probability of bronchitis, see Figure 4. 
 
 

 
Figure 4 Medical diagnosis network - specific case 
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3. MAPPING OF PLANT CHARACTERISTICS  

The basis for the creation of a plant specific RASTEP model is the mapping of plant characteristics, 
aiming to provide a general understanding of relevant plant design characteristics as well as of 
systems aimed at mitigating severe accidents and of severe accident management procedures.  

 
The key plant parameters for inclusion in the BBN are identified through a systematic analysis of 
fission product transport and retention phenomena in the identified plant compartments. Plant 
systems, which are available for the mitigation of accidents and currently implemented severe 
accident management strategies at the plant, are also considered. Basically, these mapping activities 
are also part of the process of performing a level 2 PSA, and the result should therefore be consistent 
with a PSA level 2 model.  

 
In addition, so-called “observables” are systematically identified. Observables are variables telling 
something about the status of the plant during the course of a severe accident, and which are 
possible to supervise, e.g., instruments measuring the pressure, temperature or water level in certain 
locations. 
 

3.1  Definition of the physical Source Term Volumes to be considered 

The following physical Source Term Volumes (STV) can be distinguished in modelling the fission 
product transport within the plant and their release to the environment: 
 
- STV1 – Fuel 
- STV2 – Reactor Coolant System (RCS) 
- STV3 – Secondary Circuit (SS) 
- STV4 –Containment  
- STV5 – Auxiliary Building (AB) 
 
Brief characteristics of the above mentioned STVs are provided in sections 3.1.1 – 3.1.5. 
 
3.1.1 Fuel 

The fuel rods are made of uranium dioxide contained in Zircaloy cladding tubes. 
 
3.1.2 Reactor Coolant System (RCS) 

The RCS contains 3 loops, which have a common flow path through the reactor vessel. 
Each loop includes a vertical steam generator, a main circulating pump, and associated piping. The 
pressurizer, which maintains overall system pressure and compensates for changes in the volume of 
primary coolant, is installed in one of the loops. The pressurizer is equipped with relief valves and 
safety relief valves. 
 
3.1.3 Secondary Circuit (SS) 

The Secondary Circuit (SS) volume comprises the shell side of the SGs, the steam lines, the turbines, 
the turbine bypass system, the condensers, and the feedwater system. The secondary system is 
provided with steam relief capabilities (the relief valves and safety valves). 
 
3.1.4 Containment 

The containment is a large open volume building surrounding the major primary system components 
(the reactor vessel, inlet and outlet piping, the pressurizer, the RCS pumps, and the steam 
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generators). The reactor cavity is open to the lower region of the containment. The containment 
consists of a single-walled concrete building with a steel liner making the concrete leak-tight 
designed for the 0.414 MPa overpressure. Total free volume of the containment is 52000 m3. The 
volumetric leakage rate at pressures up to the design pressure is required to remain below 0.1 vol % 
per day. The containment is equipped with a spray and a fan cooler system. The sprays can operate 
in either injection or injection- and recirculation modes. The containment has a filtered vent system 
operating in three modes of rupture-disk, pressure control or manual action.  
 
3.1.5 Auxiliary Building (AB) 

The Auxiliary Building (AB) is located next to the Containment. The majority of auxiliary plant systems 
are located in this area. 
 

 
Figure 5 Overall layout of the containment building and the secondary circuit in a PWR (from 
(KSU, 2005b)) 

 

3.2 Fission product transport and release routes 

Figure 6 is a schematic drawing of relevant physical plant volumes (STVs) and fission product (FP) 
transport routes for the Swedish PWRs. The FP transport/release routes that need to be taken into 
consideration in the belief network model are presented in Table 3. 
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Figure 6 Schematic drawing of the relevant physical plant volumes and fission product 
transport routes for the Swedish PWRs.  

 
Table 3 Fission product transport/release routes 

Release 
path  

From   To  ST volumes linkage 
mechanism  

FP transport influences   

RP 1 STV1   
(Fuel) 

STV2 (RCS)   Loss of the fuel barrier 
(failures of the cladding, fuel 
matrix damage/melt)   

Depends on transient 
severity (fuel temperature 
and heat transfer conditions)   

RP 2 STV2 
(RCS)   

STV3(SS)   Loss of barrier due to SG 
LOCA (SGTR)  

Size of SGTR   

RP 3 STV2 
(RCS)   

STV5 (AB)   IS LOCA   RCS retention and presence 
of any water over the break 
location and retention in AB  

RP 4 STV3 
(SS)   

Environment   Secondary relief valve and/or 
safety valve opening due to 
overpressure 

Secondary side pressure, the 
relief valve failure to re-close   

RP 5 STV2 
(RCS)   

STV4 (PC)   Loss of barrier due to RCS 
LOCA or opening of PRZ relief 
valve due to transient or RPV 
breached by the core melt   

Break size or severity of 
transients or RPV failure 
mechanism 

RP 6 STV4 
(PC)   

Environment Release via the normal 
venting system (362)  

Containment overpressure, 
the capacity of venting 
system 

RP 7 STV4 
(PC)   

Environment   Leakage through the 
containment penetrations 
(unfiltered)   

Leak tightness of the 
containment boundary   
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Release 
path  

From   To  ST volumes linkage 
mechanism  

FP transport influences   

RP 8 STV4 
(PC)   

STV5 (AB)   Leakage through the 
containment boundary (steel 
shell and the penetrations)   

Leak tightness of the 
containment boundary 

RP 9 STV5 
(AB)   

Environment   Release via the normal 
venting system   

AB overpressure, the 
capacity of the venting 
system 

RP 10 STV5 
(AB) 

Environment Leakage through the 
Auxiliary Building boundary 
( openings and walls 

Leak tightness of the 
Auxiliary Building boundary 

 

3.3 Safety systems 

Basic information on plant systems considered relevant with respect to accident mitigation for the 
Swedish PWRs is provided in Table 4. 
 
Table 4 Information on key plant system 

Safety function Related plant system / equipment Operability/availability 
monitoring 
parameters 

System /equipment 
name 

Comments/Description 

Reactivity control Reactor Protection 
system 

Safety system Control rods position, 
reactor power 

 Boron system Safety system Boron concentration 

Core cooling / RCS 
inventory control 

ECCS (low pressure 
injection, high pressure 
injection and 
accumulators) 

Safety system ECCS flow rate 

 Auxiliary Feedwater 
system 
 
 

Safety system, which 
consists of both electric 
(diesel back-up) and 
steam driven pumps and 
hence is independent of 
external power. 

 

Make-up (CVCS) Normal operating 
system, capacity of 2 
pumps: 8kg/s 

Make-up flow rate 

Pressurizer Important for plant 
diagnosis 

Pressurizer level 

Reactor vessel Important for plant 
diagnosis 

 

RCS 
depressurization 

PRZ PORV and safety/ 
relief valves 

Safety system Valve actuation/ 
position and pressure 

Secondary side relief 
valves 

Safety system Valve actuation/ 
position and pressure 

PRZ spray Safety system PRZ spray flow and 
pressure 

Secondary side turbine 
bypass system and 
condensers 

Normal operating 
system 

Secondary side flow 
and pressure 

Cooling of core 
debris in the 

Containment sprays Injection to the 
containment 

Spray flow 
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Safety function Related plant system / equipment Operability/availability 
monitoring 
parameters 

System /equipment 
name 

Comments/Description 

sump, controlling 
sump level 

ECCS SI and overflow into the 
sump or via the failed 
vessel into the cavity 

Sump level 

Secondary circuit 
isolation 

MSIV/ SG isolation 
valves 

Safety system Valve actuation/ 
position 

Secondary circuit 
depressurization  

Secondary side turbine 
bypass system and 
condensers 

Safety system  Secondary side flow 
and pressure 

 Secondary side relief 
valves 

Normal operating 
system 

Flow through relief 
valves and secondary 
pressure & water level 

Secondary circuit 
inventory control 
(Levels of the SGs)  

Feed water system Normal operating 
system 

FW flow and SG level 

 Auxiliary feedwater 
system 

Safety system AFW flow and SG level 

Feed and bleed Safety system Feed and bleed flow 
and SG level 

Fire water system Only used as SAM 
measure 

SG level 

Containment 
isolation 

Isolation valves on PC 
piping lines 

Safety system Valve actuation/ 
position 

Containment 
cooling 

Containment sprays Safety system Spray flow 

Containment fan 
coolers 

Normal operating 
system 

Fan cooler flow 

Steam injection from 
PRZ 

Opening of PRZ valves Valve actuation/ 
position 

Containment long-
term overpressure 
protection 

Use of containment 
sprays 

Safety system Containment pressure, 
sump level and 
radiation RABE 
monitors 

Use of containment 
filters (if everything 
else has failed)  

Release to the 
environment: only used 
as SAM measure, 
normal operating 
system 

Containment pressure 
and radiation RABE 
monitors 

Containment fan 
coolers 

Normal operating 
system 

Containment pressure 
and radiation RABE 
monitors 

Terminating 
fission products 
releases from the 
containment 

Containment spray Safety system Containment pressure, 
spray flow 

Containment fan 
coolers 

Normal operating 
system 

Containment pressure 

Terminating 
fission products 
releases from the 
steam generators 

Condensers Steam release of the 
defected steam 
generator to the 
condensers, normal 
operating system 

Steam flow to 
condenser 
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Safety function Related plant system / equipment Operability/availability 
monitoring 
parameters 

System /equipment 
name 

Comments/Description 

Feedwater tank Steam release of the 
defected steam 
generator to the 
feedwater tank, normal 
operating system 

Steam flow to 
feedwater tank 

Terminating 
fission products 
releases from the 
auxiliary building 

Isolation valves Isolation of the leak path Valve position 

 
The observable parameters of plant status type are provided in Table 5.  

 
Table 5 Information on plant state parameters 

ST volume Observable parameters 

Fuel / Reactor Core Core exit temperatures 

 Neutron Flux 

RCS RCS pressure 

 Cold/Hot leg temperature in each loop 

In-core subcooling 

Secondary Circuit SG pressure in each SG 

Water level in each SG 

Primary Containment PC pressure 

PC temperature 

Sump water level 

Hydrogen concentration 

Auxiliary Building AB radiation level 

AB pressure 

AB temperature 
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4. ESTABLISHING A MODELLING APPROACH 

4.1 Challenges 

The BBN model for PWR, developed in the STERPS project, and the BBN model for BWR, developed in 
the RASTEP project, are expected to be similar in many aspects, but there might also be considerable 
differences. Above all, the BBN model developed during the RASTEP project reflects the BWR design 
while the BBN model developed during the STERPS project reflects a PWR. Differences between the 
two designs are described in section 2.1. 
 
The RASTEP PWR model will have the same conceptual structure as the RASTEP BWR model. 
However, regarding the technical structure, the RASTEP BWR model may be inadequate, since the 
design is different. On the other hand, the STERPS project's PWR model may be inadequate with 
regard to the conceptual structure, but could provide relevant technical information. Moreover, even 
though the technical parts for PWRs are very similar, the design does not have to be exactly the 
same. To get the exact right information, system description and accident mitigation systems used 
for Swedish PWRs need to be investigated, as well as fission transportation routes and source term 
volumes within the reactors (see Chapter 3).  
 
The RASTEP PWR model will be developed with respect to important input from both of the 
previously developed BBN models. The STERPS PWR model will contribute with the technical 
structure, and by adding plant specific information from the Swedish PWRs and converting this to the 
RASTEP project's conceptual structure, the RASTEP PWR model can be developed. How the models 
were used to develop the RASTEP model for Swedish PWRs will be described in more detail in 
Chapter 5. 
 

4.2 Modelling conditions 

Within the STERPS project a generic network was created. After that, plant specific information was 
collected for a number of reference plants. From this a plant specific BBN, for each of the plants, was 
produced. The reference plants included mainly PWRs and one single BWR. One of the reference 
plants was a Westinghouse 4 loop PWR named Sizewell 'B'. The Swedish PWRs are Westinghouse 3 
loop, the same design except for three loops instead of four. On account of this, the BBN model 
created in STERPS for the PWR Sizewell 'B' is used as a starting point. The Sizewell 'B' network 
consists of a number of sub-networks mainly representing the status at different compartments in 
the reactor. 
 
Table 6 describes the sub-networks within the Sizewell 'B' plant specific BBN model. 
 
Table 6 Sub-networks in the Sizewell 'B' model 

Sub-network 

Initiating event 

Secondary (Steam Side) status 

Fuel status 

Containment (including the RPV) status 

Auxiliary Building status 

 
These sub-networks will be compared to the sub-networks defined in the RASTEP BWR model. 
Within the RASTEP BWR model sub-networks are as far as possible structured in an order that 
reflects the accident progression. Table 7 describes the sub-networks within the RASTEP generic BWR 
model. 
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Table 7 Sub-networks in the RASTEP BWR model 

Sub-network 

Initiating Event 

Core Cooling 

Residual Heat Removal 

Fuel Status 

RPV/RCPB status 

Containment status 

Reactor Building status 

Turbine Building status 

Source terms 

 
4.2.1 Comparison between RASTEP BWR model and Sizewell 'B' model 

A comparison between the two project's sub-networks structures shows differences as well as 
similarities.  
 
Both models include an initiating event sub-network. The aim of the sub-network is to help 
identifying the event that triggered the accident scenario, thus containing the probabilities of the 
different initiating events (see Figure 7 and Figure 8). The initiating events modelled in the two 
projects are not the same, even though some of the initiating events are similar, such as LOCA and 
interfacing LOCA (IS LOCA).   
 
 

 
Figure 7 Initiating event node RASTEP BWR 

 

 
Figure 8 Initiating event node Sizewell 'B' 

 
A number of observable nodes with parameters such as containment temperature, pressure and 
gamma activity are also defined within the sub-network. 
 
The second and third sub-network in Table 7 are Core cooling followed by Residual heat removal, 
which aim to assess the possibility of sufficient core cooling and providing of residual heat removal, 
respectively. The Sizewell 'B' model has no separate networks for these safety functions. Instead they 
are included in the sub-network Fuel status (see Table 6). 
 
Both models include a Fuel status as well as a Containment status sub-network. The aim of the Fuel 
sub-network is to assess the status of the fuel based on a number of observables. The Containment 
status sub-network aims at assessing the containment status based on information about RPV status, 
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in-vessel and ex-vessel phenomena, and severe accident management systems and measures. The 
RASTEP BWR model has a separate sub-network for the RPV status, while the Sizewell 'B' model 
includes RPV status in the Containment status sub-network.  
 
The RASTEP BWR model includes two sub-networks representing Reactor building and Turbine 
building status. This is because these two plant compartments were identified to be physical source 
term volumes in the Swedish BWRs. The Sizewell 'B' model has two corresponding sub-network 
which aim to assess the status of the auxiliary building and the secondary circuit, Auxiliary Building 
status and Secondary (Steam side) status. The auxiliary building and the secondary circuit were also 
defined as a physical source term volumes for Sizewell 'B'. As mentioned in Chapter 3 this is also the 
case for the Swedish PWRs.  
 
The Sizewell 'B' model has a node called "Source term" in all of the sub-networks, except those for 
initiating event and fuel. The RASTEP BWR model has a separate sub-network called "Source terms", 
which contains the end states, and output of the entire network. 
 
Another difference in the conceptual structure of the sub-networks is that within the Sizewell 'B' 
network nodes can occur in many sub-networks. This is not the case in the RASTEP BWR model, 
where nodes only exist in one single sub-network.  
 
4.2.2 Conclusions from comparison 

One of the main differences between STERPS and RASTEP is that the RASTEP project has improved 
the connection to the plant PSA model; both level 1 and level 2. To PSA level 1 regarding adaption to 
accident scenarios and introduction of component and system probabilities, and to level 2 regarding 
basic probabilities for severe accident management systems and actions as well as probabilities for 
accident phenomena. The sub-networks in the RASTEP BBN model reflect safety functions in the PSA, 
aiming to keep the barriers intact even after severe accidents, i.e. core cooling, residual heat removal 
and containment isolation. 
 
Thus, the starting point will be the technical structure of the Sizewell 'B' model. By adding plant 
specific information from Swedish PWRs, as well as analyzing the previously developed RASTEP BWR 
model regarding the conceptual structure, the RASTEP PWR model can be developed. The initiating 
event sub-network will be kept, but investigation in the plants PSAs need to be done to determine 
the initiating events to be modelled. The sub-networks representing core cooling and residual heat 
removal will be developed with respect to the Swedish PWRs. According to Chapter 3; fuel, RPV, 
containment, auxiliary building and secondary circuit were identified as physical source term 
volumes and thus will be modelled as one sub-network each, conforming to the RASTEP BWR model. 
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5. MODELLING OF SUB-NETWORKS 

In this chapter the modelling of the sub-networks in the RASTEP PWR model is described in detail. 
The following sub-networks are modelled: 
 

 Initiating Event  

 Core Cooling   

 Residual Heat Removal   

 Fuel Status   

 Reactor Pressure Vessel (RPV) Status   

 Containment Status   

 Auxiliary Building Status   

 Secondary Circuit Status   

 Source Term   
 

5.1 Sub-network 1: Initiating Events 

The aim of this sub-network is to help identifying the initiating event. An initiating event is an 
incident that requires an automatic or operator initiated action to bring the plant into a safe and 
steady-state condition and where the absence of such an action can result in severe core damage. In 
the sub-network, the initiating events will be identified by means of so-called observables, which are 
variables telling something about the status of the plant during the course of a severe accident. 
 
As mentioned in sections 4.2.1-4.2.2 this sub-network is modelled both in the RASTEP BWR model 
and the Sizewell 'B' model. Since the Sizewell 'B' model also represents a PWR, and the initiating 
events should correspond, it seems reasonable to start working with the sub-network Initiating 
events from this model. It is also important to investigate which observables that exist in the Swedish 
PWRs in order to know which ones to model in the sub-network, as these observables may differ 
from plant to plant. The nodes in the Sizewell 'B' sub-network Initiating Events is described in 
Appendix 1. 

 
After investigating plant specific information for the Swedish PWRs the following conclusions can be 
made. 

- The observable parameters are the same as those in Sizewell 'B' 
- The initiating events included in the PSA are the same as those modelled in the Sizewell 'B' 

sub-network Initiating Events. 
 
5.1.1 Modelling of sub-network 

5.1.1.1 Initiating Event 

Similar to the Sizewell 'B' model a hidden node, which contains the prior likelihood of designated 
initiating events, will be modelled. The initiating events are: LOCA, Pressurizer relief LOCA, Steam 
Line Break (SLB), Feed Line Break (FLB), Steam Generator Tube Rupture (SGTR), Interfacing System 
(IS) LOCA and other faults with similar observables. These will all be represented with one state each 
in the node. Similar to the RASTEP BWR, there will be an additional state which represents the 
likelihood of the initiating event loss off off-site power (LOOP). 
 
5.1.1.2 Steam Generator Tube Rupture 

A hidden node will represent the likelihood of a SGTR, with one parent node: the Initiating Event 
node. There are a number of observables indicating that a SGTR has occurred. These will also be 
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represented with one node each in the sub-network, with the hidden node representing SGTR as a 
parent node. The observables that indicate a SGTR are described in Table 8. 
 

Table 8 SGTR observables 

Location Observable parameters 

Secondary circuit Gamma activity 

 Pressure  

Steam generator water level 

Steam generator feed and flow mismatch 

Auxiliary Building CVCS Make-up demand capacity 

RCS Pressure in the initial phase 

Pressurizer (PRZ) level 

 
5.1.1.3 Loss of Coolant Accident and Steam Line Break/Feed Line Break inside the containment  

A hidden node will represent the likelihood of a LOCA or SLB/FLB inside containment, with one 
parent node: the initiating event node.  There are a number of observables that indicate that a LOCA 
has occurred, similar observables are also seen following a SLB or a FLB inside the containment. 
These observables will also be represented with one node each in the sub-network, with the hidden 
node representing LOCA or SLB/FLB inside containment as a parent node. The observables that 
indicate a LOCA or SLB/FLB (inside containment) are described in Table 9. 
 

Table 9 LOCA and SLB/FLB (inside containment) observables 

Location Observable parameters 

Containment Pressure 

 Gamma activity  

Sump level 

Temperature 

RCS Pressure in the initial phase 

 PRZ level 

Secondary Circuit Steam generator water level 

Pressure 

Auxiliary Building CVCS Make-up demand capacity 

 
Another node will illustrate the LOCA size with four states: small break, medium break, large break or 
no LOCA; with the node representing LOCA or SLB/FLB inside containment as a parent node.  
 
5.1.1.4 Pressurizer relief LOCA 

One node will represent the occurrence of PRZ relief LOCA with two parent nodes: RCS initial 
pressure and the initiating event node.  
 
5.1.1.5 Interfacing system LOCA (IS LOCA) 

An interfacing system LOCA is a loss of coolant accident outside the containment. The most likely 
location for interfacing LOCA is in the Swedish PWRs the auxiliary building, for example, loss via the 
Chemical and Volume Control System (CVCS) or the low pressure injection system. This initiating 
event would lead to a bypass of the containment barrier. A hidden node will represent the likelihood 
of an IS LOCA, with one parent node: the initiating event node. There are a number of observables 
indicating the occurrence of an IS LOCA. These will also be represented with one node each in the 
sub-network, with the hidden node representing IS LOCA as a parent node. The observables 
indicating an IS LOCA are described in Table 10. 
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Table 10 IS LOCA observables 

Location Observable parameters 

Outside the containment Gamma activity 

 Pressure  

Temperature 

CVCS make-up demand capacity 

 
5.1.1.6 Loss of off-site power (LOOP) 

One important aspect that is considered in the RASTEP BWR model is whether or not the initiating 
event is a LOOP or if it is accompanied by a LOOP, since this affects the availability of many safety 
systems, e.g. safety systems for core cooling and residual heat removal. This initiating event is not 
modelled as a separate node in the Sizewell 'B' model. A hidden node will represent the likelihood of 
LOOP in the sub-network, with one parent node: the Initiating event node. 
 
5.1.1.7 Steam line break outside containment (SLB) 

A SLB outside containment will, in case of a leakage between the primary and secondary circuit, 
constitute a direct fission product release pathway to the environment. SLB outside containment will 
be modelled with one node in the sub-network, with one parent node: the initiating event node. This 
node will be an input to the Secondary Circuit Status sub-network. 
 
5.1.1.8 Other initiating events 

The node representing other initiating events will cover all types of initiating events that have not 
been defined separately. This includes, e.g., common cause initiators (CCI), fire, flooding, and 
external events. This node will have one parent node: the Initiating event node. 
 
5.1.2 Interactions with other sub-networks 

There is an interaction between the IS LOCA part of the sub-network and the Auxiliary Building status 
sub-network. The node representing SGTR will have an interaction with the Secondary Circuit status 
sub-network. The availability and success criteria for the core cooling and residual heat removal 
systems are dependent on the initiating event such as LOCA and LOOP.  
 

5.2 Sub-network 2: Core Cooling 

As mentioned in sections 4.2.1-4.2.2 this sub-network does not exist in the Sizewell 'B' model. 
Therefore the Sizewell 'B' model gives little input regarding this specific sub-network.  
 
However, the RASTEP BWR model has a Core Cooling sub-network, comprising the nodes presented 
in Table 11. 
 

Table 11 Nodes in RASTEP BWR sub-network: Core Cooling 
Node name Description 

System 735 availability Gives information of the availability of system 735, which 
contains a storage water tank and can support system 327, 
through a manual action. 

AFW availability (327) Gives information of the availability of auxiliary feed water 
system 327: available by 4 of 4 lines, available by less than 4 
of 4 lines or unavailable. 

ECCS availability (323) Gives information of the availability of system 323: available 
by greater than or equal to 1 of 4 lines or unavailable. 

Sufficient Core Cooling This is a hidden node which combines information on ECCS 
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availability and alternative core cooling regimes to indicate 
the likelihood of sufficient core cooling. 

AFW sufficiency (327) Determines the sufficiency of system 327. 

Manual action on system 735 This node represents the manual action that needs to be 
initiated in order to make system 735 available. 

MFW availability Gives information of the availability of the main feedwater 
system, 312: available or unavailable. 

Pressure suppression with system 314 Gives information if the pressure suppression is available 
with system 314. 

 
To know whether or not some of these nodes can be used also for the RASTEP PWR model further 
investigation has been needed regarding how the core cooling functions in the Swedish PWRs.  
 
5.2.1 Emergency Core Cooling Systems for Swedish PWRs 

The emergency core cooling system (ECCS) for Swedish PWRs consists of three mutually independent 
system components. 
 
- low pressure injection 
- high pressure injection 
- accumulators 
 
These will be described in more detail below. 
  
The RH system has the function to remove the residual heat when the temperature in the reactor is 
less than 177°C, and is then called system RH-321.  However, this RH system is under normal 
operation a part of the SI (Safety Injection) system 323 in the event of a large pipe break (Large 
LOCA) and is in that case called low pressure injection (KSU; Ringhals AB, 2002). 
 
At large or medium LOCA, the low pressure injection system will "borrow" the RH pumps and enter 
large amounts of water. The SI signal starts both of the pumps, which takes water from the RWST 
(Refueling Water Storage Tank) and they will pump water into the cold legs if the pressure falls to 
below 10 bar (KSU; Ringhals AB, 2002). 
 
For a small LOCA there are the "charging pumps" or "323-pumps" that feed at high pressure, also 
called high pressure injection system. One of the 323 pumps is during normal conditions a part of the 
CVCS (Chemical and Volume Control System). The SI signal starts all charging pumps. The high 
pressure injection system "borrows" one of the pumps from the CVCS, the pumps take water from 
the RWST and pumps it via the boron injection tank (BIT) to the cold legs. The high pressure injection 
system is capable of pumping water to the RCS at all pressures (KSU; Ringhals AB, 2002). At small and 
medium LOCAs it is important to decrease the pressure in the primary system to make the low 
pressure injection system and the accumulators available. This can be done by the releasing steam 
with the secondary side relief valves (secondary side depressurization) or, if that function fails, 
depressurize the primary system with the pressure relief and pressure control system 314/315, 
which includes the pressurizer and the pressurizer's Power Operated Relief Valves (PORVs) 
 
For medium and large LOCA, the pressurized accumulators will push a large amount of water into the 
core at about 43 barg. This will happen at the first seconds after a large or medium LOCA, before the 
low pressure injection starts, which can take several seconds or even a minute. They will only provide 
one injection, even though there are fairly large amounts (KSU; Ringhals AB, 2002). 
   



 
 
 

29 

 

5.2.2 Modelling of sub-network  

The systems involved in the safety function Core Cooling are different in PWRs and BWRs, and 
therefore the RASTEP BWR model is not that informative regarding this sub-network.  
 
After investigating which systems that are involved in the safety function Core Cooling in the Swedish 
PWRs the following conclusion can be made.  
 
The emergency core cooling system (ECCS) for Swedish PWRs consists of three mutually independent 
systems: 
 
- low pressure injection 
- high pressure injection 
- accumulators 
 
Comparing with the RASTEP BWR model, there are no manual actions needed to start either of these 
systems. All of the systems will start automatically at SI-signal or low RCS pressure. High pressure 
injection, low pressure injection and accumulators will be modelled with one node each.  
 
5.2.2.1 Low pressure injection 

The low pressure injection system will start automatically at SI-signal in case of a large or a medium 
LOCA. The availability of the low pressure injection system will be represented with a node in sub-
network, with one parent node: the LOCA size node from the Initiating Event sub-network. 
 
5.2.2.2 High pressure injection 

In case of a small LOCA the high pressure injection system will be activated, this is done automatically 
at SI-signal. The high pressure injection system will be represented with a node in the sub-network. 
The high pressure injection system is not dependent on RCS pressure or any manual action and will 
therefore have no parent nodes.   
 
5.2.2.3 Accumulators 

At a medium or large LOCA, the accumulators will automatically inject water at low RCS pressure, 
thus one node in the sub-network will represent the availability of the accumulators, with one parent 
node: the LOCA size node from the Initiating Event sub-network. 
 
5.2.2.4 Overall core cooling sufficiency 

The output of the sub-network is the sufficiency of the overall core cooling function, similar to the 
RASTEP BWR model, which is represented in a node with three parent nodes: low pressure injection, 
high pressure injection and accumulators availability.  
  
5.2.3 Interactions with other sub-networks 

This sub-network will interact with the Initiating event sub-network to determine core cooling needs 
based on type of initiating event. Insufficient core cooling affects containment source terms and 
therefore this sub-network interacts with the Source terms sub-network .The sub-network also 
provides information on status of core cooling to the Fuel Status and RPV status sub-networks.  
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5.3 Sub-network 3: Residual Heat Removal  

The sub-network Residual Heat Removal does not exist in the Sizewell 'B' model, as mentioned in 
section 4.2.1- 4.2.2. Therefore the Sizewell 'B' model gives little input regarding this specific sub-
network.  
 
The RASTEP BWR model includes the sub-network Residual Heat Removal. The RASTEP BWR model 
Residual heat removal sub-network consists of the nodes described in Table 12.  
 

Table 12 Nodes in BWR BBN sub-network: Residual Heat Removal 
Node name Description 

Condensation pool level 
intermediate (>> 30 min) 

This is an observable node to indicate the water level in the 
condensation pool. An increasing level in the long term means that the 
independent RHR system (322O in Oskarshamn 3) is working. 

Condensation pool temperature This node represents the condensation pool temperature. High 
temperature (> 120 C) indicates loss of pool cooling or ATWS. This may 
cause insufficient NPSH margins for ECCS systems, affecting core 
cooling. 

Independent RHR available This is a hidden node to indicate whether or not drywell sprinkling with 
the independent RHR system (322O) is available. 

RHR sufficiency Gathers information to determine the sufficiency of the overall residual 
heat removal function. 

System 322 availability This is a hidden node to indicate whether or not system 322 
(condensation pool cooling and containment spray) is available. Drywell 
spray is manually initiated. 

System 321 availability Gives information of the availability of system 321. 

Manual action on system 321 Represents the initiation of the manual action associated with system 
321. 

Manual action on system 322 Represents the initiation of the manual action associated with system 
322. 

Manual action on system 322O Represents the initiation of the manual action associated with system 
322O. 

Primary Containment sprays This is an observable node to indicate the actuation of Primary 
Containment sprays. 

System 461 availability Gives information of the availability of system 461, the turbine 
condenser. 

 
To know whether or not some of these nodes can be used also for the RASTEP PWR model further 
investigation has been needed regarding how the residual heat removal works in the Swedish PWRs.  
 
5.3.1 Residual heat removal systems for Swedish PWRs 

A fact that can be confusing is that some of the systems of the Westinghouse reactors have multiple 
functions. As mentioned in section 5.2.1 the RH-321 system has the function to remove residual heat 
when the temperature is less than 177°C and the pressure less than 29 barg, during the reactor's cold 
shutdown. However, this RH system is under normal operation part of the system SI-323 in the event 
of a large pipe break and is then called the low pressure injection system (KSU; Ringhals AB, 2002). 
 
In the Swedish PWRs there are two mutually exclusive ways to remove the residual heat depending 
on the pressure and the temperature in the primary system. 
 
If the primary system is intact and solid (i.e. completely filled with water) and the temperature is 
above 177 °C the reactor coolant will circulate in the RCS between the reactor pressure vessel and 
the steam generators, and residual heat can be removed by boil-off in the steam generators. Water is 
then fed into the steam generators using auxiliary feedwater (KSU, 2005b). Residual heat removal 
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with the steam generators is formally used down to 177 °C, about 29 barg, and then a switch-over to 
the normal residual heat removal system (system 321) has to be done. 
 
If a large leak (large or medium LOCA) has occurred in the primary system, the pressure drops and 
boiling occurs. The steam generated in the primary system will prevent the circulation through the 
steam generators. In such a case the low pressure injection or the high pressure injection system 
(depending on RCS pressure) will be activated, see section 5.2.1. The cold water supplied from the 
RWST through the low pressure injection or the high pressure injection system will cool the core 
(KSU, 2005b). 
 
The situation will remain stable as long as there is water in the RWST. When the level in the RWST 
tank is low switch-over to recirculation needs to be done, followed by high pressure recirculation or 
low pressure recirculation depending on what the RCS pressure is. The event implies switching the 
residual heat (RH) pumps from the RWST to the sump and connecting the residual heat exchangers 
to the component cooling water. Switch-over to recirculation is done during a LOCA when the water 
level in the RWST is approaching 20%. For a small and a medium LOCA this will happen about 15-20 
hours after the pipe break. For a large LOCA, on the other hand, the water level will approach 20 % 
relatively fast, after less than 30 minutes (Henoch, 2010a). Switch-over to recirculation is started 
manually (Ringhals AB, 2009a). 
 
If the recirculation cooling fails, there is another way to remove the residual heat, namely via the 
containment spray system 322 (Ringhals AB, 2009a). 
 
For a small break LOCA and transients residual heat removal with secondary steam relief is used. The 
auxiliary feedwater system is used together with the opening of relief valves and/or safety relief 
valves on the secondary side (Ringhals AB, 2009a), this is also called boil-off in the steam generators 
as described earlier.  
 
Another way to cool the reactor when all the secondary side cooling is lost is "feed and bleed". The 
principle is to feed the reactor with the high pressure injection system and bleed the steam with the 
PORVs on the pressurizer. This is done manually (Ringhals AB, 2009a). 
 
5.3.2 Modelling of sub-network 

The systems involved in the safety function Residual Heat Removal are different in PWRs and BWRs, 
therefore the RASTEP BWR model give little input regarding this sub-network.  
 
After identifying which systems that are involved in the safety function Residual Heat Removal in the 
Swedish PWRs the following conclusion can be made.  
 
There are mainly two ways to remove residual heat: 
- Boil-off in the steam generators, using the auxiliary feed water and the relief and/or safety relief 

valves. 

- Recirculation cooling . 

 
5.3.2.1 Recirculation cooling 

If a large leak (large or medium LOCA) has occurred in the primary system, the pressure drops and 
boiling occurs. The steam that forms in the primary system will prevent the circulation through the 
steam generators. In such a case the low pressure injection or the high pressure injection system 
(depending on RCS pressure) will be activated, as mentioned in section 5.3.1. When the water level in 
the RWST is approaching 20% a switch-over to recirculation from the sump needs to be done, as well 
as the connection to heat exchangers. This switch-over is done manually. The sufficiency of the 
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recirculation cooling is illustrated in one node, with two parent nodes; the manual action that needs 
to be initiated and the LOCA size node from the Initiating Event sub-network. 
 
5.3.2.2 Spray System 

If the recirculation cooling would fail, the residual heat can be removed with the spray system 322. 
The availability of the spray system will be modelled in one node. 
 
5.3.2.3 Steam release/AFW supply 

If the primary system is pressurized and a free flow path allows circulation, which will only be 
possible in case of a transient are a small LOCA, residual heat can be removed by boil-off in the steam 
generators. Water is then filled in the steam generators using auxiliary feed water, as mentioned in 
section 5.3.1. One hidden node will demonstrate if the steam release/AFW supply is sufficient or not. 
This node has one parent node: the LOCA size node from the Initiating Event sub-network. 
 
5.3.2.4 Feed and bleed 

If the steam release/AFW supply is insufficient there is another way to remove the residual heat, in 
case of a transient or a small LOCA, with feed and bleed. The availability of feed and bleed will also 
be illustrated in one node. This node has three parent nodes; the manual action that needs to be 
initiated to start feed and bleed and the LOCA size node from the Initiating Event sub-network.  
 
5.3.2.5 Normal residual heat removal (RH cooling) 

As mentioned in section 5.3.1, residual heat is removed with steam release/AFW supply in case of a 
small LOCA or transients. When the temperature is below 177 °C and the pressure drops to below 29 
barg, a switch-over to the normal RH-321 system needs to be done, this is done manually. The safety 
function RH cooling is only functioning in case of a small LOCA or a transient. The normal residual 
heat removal system will be modelled with one node in the sub-network with three parent nodes: 
the manual action that needs to be initiated, the RCS pressure and the LOCA size node from the 
Initiating Event sub-network. 
 
5.3.2.6 Overall residual heat removal sufficiency 

The output of the sub-network is the sufficiency of the overall residual heat removal function, as 
similar to the RASTEP BWR model, which is represented in a node with four parent nodes; 
recirculation cooling sufficiency, spray system availability, AFW supply/steam release sufficiency and 
feed and bleed sufficiency. 
  
5.3.3 Interactions with other sub-networks 

This sub-network will interact with the Initiating event sub-network to determine residual heat 
removal needs based on type of initiating event. Insufficient RHR affects containment source terms 
and therefore this sub-network interacts with the Source terms sub-network. There is also an 
interaction with the Secondary Circuit status and Core Cooling sub-network. 
 

5.4 Sub-network 4: Fuel status 

Both the RASTEP BWR model and the Sizewell 'B' model contains a sub-network where the status of 
the fuel is described in case of a severe accident.  The first thing to do is to investigate both the 
models and identify similarities as well as differences.  
The RASTEP BWR and Sizewell 'B' model consists of the nodes described in Appendix 2. 
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As stated in Appendix 2 both models sub-network Fuel status determines the threat to the fuel by a 
hidden parent node linked to nodes representing LOCA in the Initiating event sub-network and 
sufficient core cooling in the Core cooling sub-network. The fuel release is determined with 
information on core temperature and the water level in the reactor pressure vessel. Observables for 
the fuel release are readings from the neutron detectors and containment hydrogen levels.  
 
5.4.1 Modelling of sub-network 

5.4.1.1 Nodes representing observables 

As mentioned in Chapter 3, core exit thermocouple temperature, ex-core neutron detectors, and 
containment hydrogen level are also observable parameters in the Swedish PWRs. Thus, these 
observables will be modelled as one node each in the sub-network. Water level in the reactor 
pressure vessel is however not an observable parameter in the Swedish PWRs (Henoch, 2010c). 
Therefore it will not be modelled. 
 
5.4.1.2 Fuel release 

Similar to the Sizewell 'B' model and the RASTEP BWR model a hidden node which combines 
information from observables with the initial diagnosis whether a threat exist will be modelled. The 
outcome is an indication of the likely fuel release. This node will have three daughter nodes: core exit 
thermocouple temperature, ex-core neutron detector and containment hydrogen level. The parent 
nodes will be core cooling sufficiency, from the Core Cooling sub-network and LOCA size from the 
Initiating event sub-network. 
 
5.4.2 Interactions with other sub-networks 

The Fuel status sub-network affects and interacts with all other sub-networks.  
 

5.5 Sub-network 5: Reactor Pressure Vessel status  

The RASTEP BWR model consists of a sub-network where the status of the reactor pressure vessel 
(RPV) is described, the RPV status sub-network. This is not the case in the Sizewell 'B' model. 
However, the RPV status is included in the Containment sub-network. 
 
The RASTEP BWR model RPV status sub-network consists of the nodes described in Table 13. 
   

Table 13 Nodes in the RASTEP BWR BBN sub-network: RPV status 
Node name Description 

RPV failure mode This is a hidden node which combines observable information on core 
coolability, RCS pressure and any other observable with the diagnosis 
of the release from the fuel. The outcome is an indication of the likely 
RPV failure mode. 

RCS pressure in the intermediate 
phase 

This is an observable node (with no parents) to indicate the RCS 
pressure transient in the intermediate phase. This is a node that can be 
updated as the fault progresses. The RCS pressure in the intermediate 
phase of the fault can influence the mode of the RPV. 

RPV temperature Can be updated:   This question is about the reactor pressure vessel 
temperature. This information is used when determining the fuel 
release. 

 
The Sizewell 'B' model Primary Containment sub-network includes three nodes which represents the 
RPV status, these are described in Table 14. 
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Table 14 Nodes representing RPV status in Sizewell 'B' model 

Node name Description 

RPV failure mode 
 

This is a hidden node which combines observable information on core 
coolability, RCS pressure and any other observable with the diagnosis 
of the release from the fuel. The outcome is an indication of the likely 
RPV failure mode. 

RCS pressure at time of RPV failure A hidden node that represents the pressure at the time of RPV failure.  

RCS pressure in the intermediate 
phase 

This is an observable node (with no parents) to indicate the RCS 
pressure transient in the intermediate phase. This is a node that can be 
updated as the fault progresses. The RCS pressure in the intermediate 
phase of the fault can influence the mode of the RPV. 

 
5.5.1 Modelling of sub-network 

As stated in Table 13 and Table 14 the nodes representing RPV status in both of the models are 
almost the same, except for one node that is included in the RASTEP BWR model but not in the 
Sizewell 'B' model; RPV temperature. Another node included in the Sizewell 'B' model but not in the 
RASTEP BWR model; RCS pressure in time of RPV failure. The node representing RCS pressure in time 
of RPV failure will not be modelled, since the node representing RPV failure mode has three states 
that includes the RCS pressure in time of RPV failure.  
 
5.5.1.1 Nodes representing observables 

RPV temperature and RCS pressure in the intermediate phase will be modelled as one observable 
node each in the sub-network. The node representing RPV temperature will have one parent node: 
the RPV failure mode. The node representing RCS pressure in the intermediate phase will have one 
parent node from the Initiating event sub-network: RCS pressure in the initial phase. 
 
5.5.1.2 Reactor pressure vessel failure mode 

Similar to the RASTEP BWR and the Sizewell 'B' model a hidden node which represent the RPV failure 
mode based on information of the observables will be modelled, the node will indicate the most 
probable failure mode state of the RPV with respect to time (early or late) and pressure (high or low). 
This node will have three parent nodes: RCS pressure in the intermediate phase, Core Cooling 
sufficiency (from the Core Cooling sub-network) and Fuel release (from the Fuel Status sub-network).  
 
5.5.2 Interactions with other sub-networks 

This sub-network interacts with the Initiating event, Containment status, Core cooling, Fuel status 
sub-network. 
 

5.6 Sub-network 6: Containment status  

Both the RASTEP BWR model and the Sizewell 'B' model contains a sub-network where the status of 
the containment is described in case of a severe accident. To know to what extent these models can 
be used to create the RASTEP PWR model further investigation has been needed. The first thing to do 
is to study how the containment sub-network appear in the RASTEP BWR model and the Sizewell 'B' 
model. The next step is to use this together with the plant specific information from the Swedish 
PWRs to create the RASTEP PWR model's Containment Status sub-network. 
 
In Appendix 3 the nodes used in the RASTEP BWR model's and Sizewell 'B' model's Containment sub-
network are illustrated. Many of the nodes from the RASTEP BWR model are not representative for 
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the RASTEP PWR model, since they are plant specific for Swedish BWRs. Therefore it seems more 
reasonable to start working with the Sizewell 'B' model. The Sizewell 'B' plant is of the same design as 
the Swedish PWRs and therefore the sub-network created for this specific plant could reasonably be 
adapted to the RASTEP PWR model. To know whether or not all of the nodes from the Sizewell 'B' 
model also will be able to adapt to the RASTEP PWR model, plant specific information about the 
Swedish PWRs needs to be analyzed. Such an investigation will also provide information concerning 
missing nodes that also should be included in the sub-network. 

 
This is a very extensive sub-network, which aims at assessing the containment status based on 
information about RPV status, phenomena, and severe accident management systems and measures. 
 
But before starting modelling the sub-network there is one of the above mentioned terms that need 
to be described more in depth – phenomena.  
  
5.6.1 Phenomena 

During a severe accident there are a number of physical phenomena having the potential to threaten 
the integrity of the containment. In contrast to the STERPS project phenomena were modelled as 
separate nodes in the RASTEP BWR model and this will also be the case in the RASTEP PWR model. 
The phenomena included in the RASTEP BWR model are the same as those included in the PSA. 
Through investigations of PSAs for the Swedish PWRs the phenomena presented in Table 15 could be 
identified. 

 
Table 15 Phenomena identified in plant PSA 

Phenomena 

Hydrogen combustion 

Steam explosion 

Induced SGTR 

Molten corium concrete interaction (MCCI) 

Direct containment heating (DCH) 

RPV missile 

 
These phenomena are described in more detail in the following paragraphs.  
 
5.6.1.1 Hydrogen combustion 

The conditions for hydrogen combustion to occur are: 
  

Hydrogen concentration is higher than 4 %. 
Oxygen concentration is higher than 5 %. 
Steam concentration is lower than 55 %. 

 
As stated in section 2.1 the containment in a PWR is filled with air, and has therefore always an 
oxygen concentration above 5 %. 
 
Combustion of hydrogen concentrations above approximately 10 % has the potential to challenge 
the containment integrity.  
 
5.6.1.2 Steam explosion 

When a number of drops of molten metal or metal oxide come into contact with water, the cooling 
of the melt may be so fast that a pressure front develops. This may happen when the corium falls 
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into the lower head of the RPV or when it falls into the water filled cavity. This phenomenon depends 
on several parameters such as the amount of water in the cavity, time of vessel failure, and the size 
and velocity of the melt release which in turn depends on the RPV failure mode. 
 
5.6.1.3 Induced SGTR 

Induced SGTR (Steam Generator Tube Rupture) refers to a situation when there is severe core 
damage and coolant is lost in the primary system and the feedwater is lost on the steam generator's 
secondary side. The steam generator is then drained on both primary- and secondary side, while hot 
gases from the core are moving with natural circulation trough the steam generator's tubes. 
Such an event combined with the failure of pressure relief implies a high risk that a tube rupture on a 
steam generator will occur due to the combination of high pressure and high temperature. Because 
of this, there is a release route from the damaged core to the secondary side (Ringhals AB, 2007). The 
phenomenon is only assumed to be possible if there is high (>80 bar) or medium (>20 bar) pressure 
in the RCS and at least one steam generator is drained (Ringhals AB, 2009b). 
 
5.6.1.4 Molten corium concrete interaction (MCCI) 

If the melt at the bottom of the containment is not coolable it will attack the concrete floor and MCCI 
will start. The speed of the concrete erosion which arises is due to many factors such as melt mass, 
composition, and temperature, as well as the concrete geometry, the composition, and amount of 
surrounding water. During this process both hydrogen and carbon monoxide is produced. Both gases 
will contribute to the containment pressure and they are also combustible in an air environment 
(Scandpower AB, 2010). The phenomenon is conditioned on the availability of water in the cavity, 
and the RPV failure mode (Ringhals AB, 2009c). 
 
5.6.1.5 Direct containment heating (DCH) 

If the pressure in the RPV is high when the corium melts through the RPV wall there will be a high 
pressure melt ejection (HPME). The corium may be sprayed out of the vessel and then dragged out 
into the containment with the high pressure steam and hydrogen flow that follows the corium. When 
the fine fragmented corium reach the containment gas it will be cooled quickly and if there is air 
present the metallic part of the corium may be oxidized. Hydrogen combustion may also occur if the 
conditions are favourable. This is called direct containment heating (DCH) HPME is conditioned on 
the failure mode of the RPV (Scandpower AB, 2010). 
 
5.6.1.6 RPV missile 

When the corium melts through the RPV wall under high pressure strong thrust forces may occur. 
This can lead to a vertical acceleration of the RPV which can generate missiles that mechanically 
impact the containment. This phenomenon is dependent on the failure mode of the RPV (Ringhals 
AB, 2009b). 
 
5.6.2 Modelling of sub-network 

5.6.2.1    Containment mode 

The output of this sub-network will be a hidden node representing the containment mode,  similar to 
the RASTEP BWR model. This node determines the most probable state of containment failure 
considering time, release path, type of core melt and the availability of containment spray.  This node 
will have four parent nodes: containment threat, the function of the system for containment pressure 
relief, containment bypass and containment sprays. 
 



 
 
 

37 

 

5.6.2.2 Threat to containment 

A hidden node which combines information on the different threats to the containment integrity, as 
similar to the RASTEP BWR model will be modelled. This node will have three parent nodes: 
containment rupture, presence of MCCI and containment long term pressure transient.  
 
5.6.2.3 Containment bypass 

The probability of containment bypass will be represented in a hidden node. This node will have two 
parent nodes: the Auxiliary Building mode (from the Auxiliary Building status sub-network) and the 
Secondary Circuit mode (from the Secondary Circuit status sub-network). 
 
5.6.3 Modelling of nodes related to phenomena  

Whether or not a phenomenon will occur depends on different circumstances. As stated in section 
5.6.1, for example, MCCI is depending on the cavity water level and the phenomenon steam 
explosion depends on the hydrogen concentration in the containment. These are factors that 
influence the probability for phenomena to occur. Trough investigation of PSAs for the Swedish 
PWRs the influencing factors in Table 16 was found.  
 

Table 16 Factors influencing the probability for phenomena 

Factors Affected phenomenon 

Cavity water level MCCI, Steam Explosion 

Hydrogen concentration Hydrogen combustion 

PAR units Hydrogen combustion 

 
In the following paragraphs the modelling of the phenomena and the factors that influence the 
probability for them to occur will be described.  
 
5.6.3.1 Hydrogen combustion 

Whether or not hydrogen combustion will occur is dependent on the hydrogen- and steam 
concentration in the containment, as mentioned in section 5.6.1.1. Hydrogen combustion will be 
presented with a node in the sub-network, this node will have two parent nodes: the hydrogen- and 
steam concentration. The hydrogen concentration is itself dependent on the node which represents 
the PAR units, see section 5.6.3.7. 
 
5.6.3.2 Steam explosion 

Steam explosion is conditioned on the amount of water in the cavity at time of vessel failure and the 
RPV failure mode. Steam explosion will be presented with a node in the sub-network, this node will 
have two parent nodes: the water level in the cavity and the RPV failure mode, which is represented 
with a node in the RPV status sub-network. 
 
5.6.3.3 Induced SGTR 

The phenomenon induced SGTR will not be modelled in a separate node in the Containment sub-
network. The phenomenon will be provided in the Secondary Circuit sub-network, together with the 
node SGTR from the Initiating Event sub-network.   
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5.6.3.4 MCCI 

Whether or not MCCI will occur is dependent on the availability of water in the cavity and RPV failure 
mode. MCCI will be modelled with a node in the sub-network, this node will have two parent nodes: 
the water level in the cavity and the RPV failure mode.   
 
5.6.3.5 DCH 

DCH is conditioned on the failure mode of the RPV. DCH will be modelled with one node in the sub-
network, this node will have one parent node: the RPV failure mode.  
 
5.6.3.6 RPV missile 

This phenomenon is dependent on the failure mode of the RPV. RPV missile will be modelled with 
one node in the sub-network, this node will have one parent node: the failure mode of the RPV. 
 
5.6.3.7 PAR units 

There have been passive autocatalytic recombiners (PARs) installed in the Swedish PWRs. The PAR 
units convert the hydrogen and oxygen to water vapour and function without any power or manual 
actions. The PAR unit starts automatically at a hydrogen concentration of 2 volume % in the 
containment and reach full recombining capacity within a few minutes. When a PAR unit has begun 
working, it continues to recombine hydrogen and oxygen until the hydrogen content is reduced to 
0.5 volume %. At the Swedish PWRs the PAR units will be capable to rapidly reduce the global 
hydrogen concentration in the containment to levels below those which threatens the containment 
integrity. The PAR units will be modelled with a node in the sub-network with no parent nodes.  
 
5.6.3.8 Hydrogen concentration 

The hydrogen concentration will influence the node which represents the phenomena hydrogen 
combustion. The hydrogen concentration is dependent on whether or not the PAR units are 
functioning and if the phenomenon MCCI has occurred, since the phenomenon MCCI produces 
hydrogen. The hydrogen concentration will be modelled with a node in the sub-network and this 
node will have two parent nodes: the availability of PARs and the presence of MCCI. 
 
5.6.3.9 Cavity water level 

The phenomena steam explosion and MCCI, described in section 5.6.1.2 and 5.6.1.4, are dependent 
on whether or not the cavity contains water.  A "wet" cavity is defined as a water level above 0.5 m. 
In case of a LOCA the cavity is always assumed to be wet. Whether or not the spray has been 
activated will also affect the probability of wet cavity (Ringhals AB, 2009c). The cavity water level will 
be represented by a node in the sub-network, with two parent nodes: the availability of spray (from 
the Residual Heat Removal sub-network) and the presence of LOCA (from the Initiating event sub-
network. 
 
5.6.3.10  Containment rupture 

There will be a hidden node, which will gather information from all of the above mentioned 
phenomena, except MCCI, to determine the course of events, early or late, considering a possible 
containment rupture.  
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5.6.4 Modelling of nodes related to severe accident management system 

Under the following paragraphs the modelling of nodes related to severe accident management 
systems in the RASTEP PWR model will be described.  
  
5.6.4.1  System for filtered containment vent 

The Swedish BWR and PWR containments have been supplemented with a system for pressure relief 
of the containment. It is a relief system which can prevent containment over-pressurization if the 
pressure exceeds the design pressure. The system consists of a pressure relief system, filter system 
and a scrubber. In the RASTEP BWR model there are five nodes representing this system (see Figure 
9). 
 

 
Figure 9 Nodes representing the system for containment pressure relief in RASTEP BWR model 

 
Filtered venting with the system for containment pressure relief is initiated either manually or 
automatically to handle a long-term pressure increase. The manual initiation, which is represented in 
an observable node, is dependent on the long term pressure change, represented in a parent node. 
The automatic initiation is dependent on the actual pressure. At a certain set point the filtered vent 
will be initiated automatically. The actual pressure is modelled in an observable node which, together 
with the observable node for the manual initiation, is parent to a hidden node representing the need 
for venting. This node is further parent to the hidden node representing the function of the system. 
This node has three states: successful venting, unsuccessful vent and no venting needed (Scandpower 
AB, 2010). 
 
These five nodes will also be modelled in the RASTEP PWR model. In the Swedish PWRs the 
automatic activation of the filtered vent is done at the earliest when the pressure in the containment 
exceeds 514 kPa (abs) (Ringhals AB, 2008). 
 
5.6.4.2 Fan coolers 

In the Sizewell 'B' model there are two nodes representing the availability of fan cooler. These nodes 
represent the fan coolers from two different perspectives:  from a cooling of the containment 
perspective and a mixing of hydrogen concentration in the containment perspective.  In the Swedish 
PWRs there are fan coolers in the containment. They are controlling the temperature in the 
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containment under normal operation and are not safety classified and will not be credited if an 
accident would occur. The fans will neither be credited to prevent accumulation of hydrogen 
(Henoch, 2010b). Therefore, these two nodes will not be included in the RASTEP PWR model.  
 
5.6.4.3 Igniters 

In the Sizewell 'B' model there is a node representing the igniters, which is a system, as similar to 
PARs, that combusts hydrogen. The Swedish PWRs does not include igniters (Henoch, 2010b)., and 
the node representing igniters will therefore not be included in the RASTEP PWR model.  
 
5.6.4.4 Spray 

An observable node, with no parents, will indicate the actuation of the containment spray. This node 
will have one parent node: the availability of spray (from the Residual Heat Removal sub-network). 
 
5.6.4.5 Isolation of containment 

An observable node, with no parent nodes, will indicate whether the containment has been isolated.  
 
5.6.4.6 Isolation of SG  

An observable node, with no parent nodes, will indicate whether the faulted SG has been isolated, in 
case of a SGTR. This node will have one parent node from the Secondary Circuit (SS) status sub-
network: the node representing the steam release from SS to environment. 
 
5.6.5 Interactions with other sub-networks 

This sub-network will interact with the Initiating event, RPV status, Residual heat removal, and 
Source term sub-network.  

 

5.7 Sub-network 7: Auxiliary Building status 

The Auxiliary Building in the Swedish PWRs is located next to the containment and the majority of 
auxiliary plant systems are located in this area, as stated in section 3.1.5. A BWR does not contain an 
Auxiliary Building, and thus the RASTEP BWR model does not include a sub-network were the status 
of the Auxiliary Building is described. However, a BWR contains a corresponding source term volume 
(SVT) called the Reactor Building, were the major of the reactor coolant system piping and safety 
equipment are located. The RASTEP BWR model includes a sub-network that described the status of 
the Reactor Building, this sub-network consists of the nodes described in Table 17. 
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Table 17 Nodes in BWR BBN sub-network: Reactor Building status 
Node name Node title Description 

RH_P Reactor Building 
Pressure 

This is an observable node to indicate the pressure 
in the Reactor Building. 

RH_T Reactor Building 
Temperature 

This is an observable node to indicate the 
temperature in the Reactor Building.  

H_RH_extract Reactor Building Extract This is a hidden node .The outcome is the 
likelihood of the extract system working. 

H_RH_filt Reactor Building 
filtration 

This is a hidden node (daughter of H_RH_extract) 
and indicates the likelihood of filtration in the 
release pathway. 

H_RH_mode Reactor Building mode This is a hidden node which combines information 
on the possible leak paths into the Reactor 
Building (diffuse leakage from the containment, an 
interfacing system LOCA, release from the EWST). 
The outcome is the likely size of the leak into the 
Reactor Building. 

 
The Auxiliary Building was also defined as a physical STV in Sizewell 'B', thus the model includes a 
sub-network were the status of the Auxiliary Building is described. The nodes in the sub-network are 
described in Table 18. 
 

Table 18 Nodes in Sizewell'B' BBN sub-network: Auxiliary Building status 
Node name Description 

Auxiliary Building mode 
(H_RH_mode) 

This is a hidden node (daughter of H_IS_LOCA) used to indicate the 
size of the leak into the Auxiliary Building. 

Auxiliary Building extract overpressure 
(RH_extract_overP) 

This is an observable node to indicate the pressure in the Auxiliary 
Building. 

Availability of off-site power 
(OFFSITE_E) 

This is an observable node (with no parents) about the availability 
of off-site power. 

Auxiliary Building Extract 
(H_RH_extract) 

This is a hidden node which combines information on Auxiliary 
Building pressure, off-site power and Auxiliary Building 
overpressure. The outcome is the likelihood of the extract system 
working. 

Auxiliary Building exhaust filtration 
(H_RH_filt) 

This is a hidden node (daughter of RH_P, RH_extract_OP and 
OFFSITE_E) used to indicate the extract systems status. 

Auxiliary Building Temperature 
(RH_T) 

This is an observable node (daughter of H_RH_mode) about the 
temperature in the Auxiliary Building. 

Auxiliary Building Radiation Level 
(RH_GA) 

This is an observable node (daughter of H_RH_mode) about the 
radiation level in the Auxiliary Building. 

Auxiliary Building sump water level 
(RH_sump) 

This is an observable node (daughter of H_RH_mode) about the 
water level in the Auxiliary Building sumps. 

Auxiliary Building Pressure 
(RH_P) 

This is an observable node to indicate the pressure in the Auxiliary 
Building. 

 
As stated in Table 17and Table 18 both the RASTEP BWR model's sub-network Reactor building (RB) 
status and the Sizewell 'B' model's Auxiliary building (AB) status aim at assessing RB/AB status based 
on information about containment isolation, and observables in the RB/AB. The sub-network 
compiles information on leakages between containment and RB/AB, status of extract filters and 
observables in the RB/AB to the RB/AB source term node.  
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5.7.1 Modelling of sub-network 

5.7.1.1 Observables 

Through an investigation of plant specific information for the Swedish PWRs, the following 
observables could be identified in the Auxiliary Building; temperature, pressure and radiation level. 
Thus, these observables will be modelled with one node each in the sub-network, as similar to the 
RASTEP BWR and Sizewell 'B' model. 
 
5.7.1.2 Extract system 

Both the Sizewell 'B' model and the RASTEP BWR model include nodes which represent the extract 
system. The extract system is an emergency ventilation system which remains filters to prevent 
release of fission products from the RB/AB. The Auxiliary Buildings in the Swedish PWRs includes 
extract systems as well, and thus will be represented with two nodes in the sub-work. One node will 
indicate if the extract system is working or not, this node will have a daughter node which indicates if 
the filters are working or not.  The node representing the extract system will have one parent node: 
Loss of off-site power from the Initiating Event sub-network, since the extract system is dependent 
on off-site power.  
 
5.7.1.3 Auxiliary Building mode 

A hidden node which represents the mode of the Auxiliary Building will be modelled. This node will 
combine information on possible leak paths into the Auxiliary Building, such as leakage from the 
containment and IS LOCA. In case of an IS LOCA an isolation of the IS LOCA needs to be done, this will 
increase the leak into the Auxiliary Building. This node representing Auxiliary Building mode will have 
two parent nodes: IS LOCA isolation and IS LOCA (from the Initiating Event sub-network). 
 
5.7.2 Interactions with other sub-networks 

This sub-network will interact with the Initiating event, Containment, and Source term sub-network.  
 

5.8 Sub-network 8: Secondary Circuit Status 

As stated in section 3.1.3, the Secondary Circuit (SS) volume of the Swedish PWRs comprises the shell 
side of the Steam Generators (SGs), the steam lines, the turbines, the turbine bypass system, the 
condensers, and the feedwater system. The secondary system is provided with steam relief 
capabilities (the relief valves and safety valves). 
 
A Steam Generator Tube Rupture (SGTR) is a rupture on the RCS inside of a SG. The result is a leakage 
between the primary circuit and the secondary circuit, RP 2, see Figure 6 and Table 3 in section 3.2. A 
SGTR implies that not only one but two barriers have failed, the RCS and the containment.  If 
isolation of the faulted SG would fail this could lead to an uncontrolled release to the environment.  
 
The physical source term volume Secondary Circuit is irrelevant with respect to a BWR and thus this 
sub-network has not been included in the RASTEP BWR model. In the Sizewell 'B' model, on the other 
hand, the sub-network Secondary (Steam side) does exist, the nodes in the sub-network are 
described in Table 19. 
  



 
 
 

43 

 

Table 19 Nodes in Sizewell'B' BBN sub-network: Secondary (Steam Side) 
Node name Description 

Steam side relief valves 
(SS_RV) 

This is an observable node (daughter of SS_P) about the status of 
the steam side relief valves given the secondary (steam side) 
pressure trend. This is a question that can be updated as the fault 
progresses. 

Main Steam Isolation Valves 
(SS_MSIV) 

This is an observable node (daughter of SS_P) about the Main 
Steam Isolation Valves (MSIVs). This is a question that can be 
updated as the fault progresses. 

Engineered release path to 
environment 
(H_SS_relief) 

This is a hidden node (daughter of SS_RV, SS_MSIV, SS_condensers 
and H_SLB) used to indicate the likelihood of steam dump to the 
environment via the steam relief systems. 

Mode of SG release 
(H_SG_mode) 

This is a hidden node (daughter of SG_level and SG_feed) which 
indicates the mode of the release from the faulty SG. 

Steam condensers 
(SS_condensers) 

This is an observable node (daughter of SS_MSIV) about the status 
of the steam condensers. 

SG auxiliary feedwater 
(SG_feed)  

This is an observable node (with no parents) used to indicate the 
availability of auxiliary feedwater systems. 

SG Level 
(SG_level) 

This is an observable node (daughter of H_SGTR, H_PCONT_LOCA1 
and H_OTHER_init) about the initiating event. 

SLB outside containment 
(H_SLB) 

This is a hidden node (daughter of H_PCONT_LOCA1) used to 
indicate a Steam Line Break (SLB) outside containment. 

PC to SS 
(H_SGTR) 

This is a hidden node (daughter of H_INIT) used to indicate the 
occurrence of a Steam Generator Tube Rupture (SGTR) 

Steam Side pressure 
(SS_P) 

This is an observable node (daughter of H_SGTR and 
H_PCONT_LOCA1) about the initiating event. 

 
5.8.1 Description of Sizewell 'B' sub-network: Secondary (Steam Side) 

The sub-network Secondary (Steam side) describes the status of the secondary circuit in case of a 
SGTR. To start with there are a number of observables that indicates if a SGTR has occurred or not: 
rising water level and higher pressure in one SG.  
 
The activation of the Main Steam Isolation Valves (MSIV), the steam condenser and the steam side 
relief valves indicate the likelihood of steam dump to the environment through the steam relief 
systems.  
 
If the MSIVs (and MSIV bypass) are closed, the release cannot pass to the turbine building. However, 
another release path exists through the faulted SGs relief and/or safety valves. This release path may 
exist if no depressurization has occurred (by steam release/AFW supply with the unaffected SGs), this 
will lead to an opening of the relief and/or safety valves of the failed SG due to overpressure. The 
release path also exists if, for some reason, the action to close the relief valves fails.  
 
If the condenser is working or bypassed indicates the status of the MSIVs, if the MSIVs are open the 
condenser is working. This will lead to a direct release to the turbine building, which in turn leads to a 
release to the environment, since the turbine building does not have any properties with respect to 
mitigation of the concentration of fission products.  
 
The node mode SG release indicates the mode of release from the faulty SG, with regard to 
availability of auxiliary feedwater to faulted SG. The node SLB outside containment indicates the 
likelihood of a SLB (Steam Line Break) outside the containment. A SLB outside of the containment or 
a SGTR will form a direct release path (in case of a leakage between the primary and secondary 
circuit) to the environment through the turbine building or through the relief and/or safety valves of 
the two unaffected SGs.  
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5.8.2 Modelling of sub-network 

In the Swedish PWRs there are a number of observables indicating that a SGTR has occurred. These 
are described in Table 20. 
 

Table 20 SGTR observables 
Observables  

SG water level 

SS pressure 

SS gamma activity 

Feed flow mismatch 

Make up water demand 

Pressurizer level 

RCS pressure 

 
When the failed SG has been identified it is important to isolate the SG, which is done by closing the 
steam (MSIVs) and bypass valves. The setpoint of the relief valve (RV) on the faulted SG has to be 
adjusted to 79 bar to prevent release of fission products to the environment (Ringhals AB, 2004). It is 
also important to control the water level in the faulted SG to prevent dry out, in such a case crediting 
can be taken by pool scrubbing of fission products in the SG to reduce the source term to the 
environment.  To prevent core damage the residual heat removal will be controlled by the intact SGs, 
with steam release/AFW supply (see section 5.2.1).  
 
5.8.2.1 Observables 

The observable parameters in Table 20 that indicate that a SGTR has occurred will be modelled in the 
Initiating Event sub-network, together with the SGTR node. 
 
5.8.2.2 Nodes related to steam release from secondary circuit to environment 

The position of the MSIVs, Safety Relief Valves (SRVs)/Relief Valves (RVs) will be modelled in one 
node each. The position of the MSIVs and SRV/RVs will be conditioned on a manual action. The 
SRV/RVs are also conditioned of the SS pressure (if the pressure rise above setpoint the SRVs/RVs will 
open).  A SLB outside containment will form a direct release path to the environment, thus SLB 
outside containment will be modelled in one node. 
 
A hidden node, which represents the likelihood of steam release to the environment from the 
secondary circuit, will be modelled. This node will take information from the nodes representing 
MSIVs, SRV/RVs and SLB outside containment. If the SRV/RVS are opened a release path from the 
secondary circuit to the environment exists. Other release paths exist if the MSIVs are opened or if 
there is a SLB outside the containment.  
 
The nodes related to steam release from secondary circuit to environment is described in Table 21. 
 

Table 21 Nodes related to steam release from secondary circuit to environment 
Node  Parent node 

Position of Main steam isolation valves (MSIVs) Manual action on closing MSIVs and RVs 

Position of SRV/RV Manual action on closing MSIVs and RVs 

Actuation of condenser Position of Main steam isolation valves (MSIVs) 

Manual action on closing MSIVs and RVs None 

Secondary circuit (SS) pressure SS pressure in the initial phase (from Initiating Event 
sub-network) 

Steam line break outside containment (from Initiating 
Event sub-network) 

Initiating Event node (from Initiating Event sub-
network) 
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5.8.2.3 Mode of faulted SG 

The mode of the failed SG is important with respect to the size of release to the environment. If the 
SG is dried out no retention of fission products in the SG can be claimed. The best possible outcome 
would be if the water level in the SG can be controlled such that credit can be taken for pool 
scrubbing of fission products in the SG. The mode of the failed SG will be modelled in one node, with 
two parent nodes: the water level in the faulted SG and the availability of AFW to the faulted SG. The 
availability of AFW to the faulted SG will on the other hand be conditioned on Loss of offsite power, 
from the Initiating Event sub-network. 
 
5.8.2.4 Secondary Circuit mode 

The output node of this sub-network will be a hidden node representing the secondary circuit mode. 
The node will take information from the nodes representing steam release from secondary circuit to 
environment, mode of faulted SG, and the node SGTR from the Initiating Event sub-network. 
 
5.8.3 Interactions with other sub-networks 

This sub-network will interact with the Initiating event, Residual Heat Removal, Containment and 
Source Term sub-network. 
 

5.9 Sub-network 9: Source Terms 

The Source Term sub-network will contain the end states, and will be the output of the entire 
network.  
 
Both the RASTEP BWR model and the Sizewell 'B' model includes these kinds of nodes, which 
represent source terms. The source term is the quantity, characteristics and timing of the release of 
radioactivity to the environment. Both models will give significant input when modelling the RASTEP 
PWR sub-network Source Terms. 
 
As mentioned in section 1.4 this thesis does not include the matching of end states in the BBN model 
with the release paths and source terms modelled in PSA level 2, therefore these sub-network will 
only include relevant end states with respect to the release paths in the BBN model. Some of the end 
states may be irrelevant with respect to the source term and release paths modelled in PSA level 2 
and some of the end states will also be able to be grouped together since they are related to the 
same source term (from PSA level 2). But, as mentioned, this will not be dealt with in this thesis.  
 
A contributing factor when it comes to release of fission products is if the release occurs early or late. 
When modelling the RASTEP BWR model the following assumptions were made: 
- If the core cooling is insufficient the release occurs early 
- If the core cooling is sufficient but the residual heat removal is insufficient the release occurs 

late  

The above mentioned assumptions will also be made when modelling the RASTEP PWR model. 
 
Another contributing factor when it comes to release of fission products is whether or not spray is 
initiated. Spray is important due to the fact that the concentration of fission products will decrease if 
spray is initiated, and therefore will decrease the source term.  
 
5.9.1 Containment Source Term node 

Two of the nodes in the sub-network Source Terms will represent the source term from the 
containment. The containment source terms are divided in two hidden nodes dependent on the type 
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of fuel release. Containment Source Term 1 is representing the containment source terms caused by 
gap release. Containment Source Term 2 represents the source terms caused by releases after fuel 
damage (melt release). 
 
Before modelling the nodes representing Containment Source Terms, the definitions of the terms 
gap and melt release need to be clarified.  
 
There are two different kinds of releases that usually are distinguished in the RASTEP BWR model; 
gap and melt release. Gap release means that the fission products are released from a small gap in 
the fuel before any damage of the fuel has taken place. Melt release indicates that the fuel has been 
damaged and has begun to melt.  
 
Gap release can only occur in case of a LOCA together with insufficient core cooling, due to the fact 
that the core will be uncovered with water in these cases. Gap release will always occur before there 
is a melt release, or, if there is sufficient residual heat removal the melt release can be prevented and 
there will only be a gap release, which is less harmful.   
 
Containment source term 1, which represents the containment source term caused by gap release, 
will take input from the nodes in Table 22. If the core cooling is insufficient it will lead to an early gap 
release. If the core cooling is sufficient but the RHR is insufficient it will lead to a late gap release. If 
the core cooling and the residual heat removal both are sufficient, the release will be prevented and 
the outcome will be no case. 
 

Table 22 Input nodes to Containment Source Term 1 node 
Node name Description States 

Core Cooling 
sufficiency 

This is a hidden node which combines information 
on ECCS availability to indicate the likelihood of 
sufficient core cooling. 

- Sufficient 
- Insufficient 

RHR sufficiency This is a hidden node which combines information 
on RHR availability to indicate the likelihood of 
sufficient RHR. 

- Sufficient 
- Insufficient 

LOCA size This is a hidden node to indicate if the initiating 
event is a LOCA or not.  

- Large LOCA 
- Medium LOCA 
- Small LOCA 
- No LOCA 

 
The outcomes involving the state No LOCA, in the LOCA size node, will fall under the end state No 
Case, since gap release is dependent on whether or not the initiating event is a LOCA. 
After investigating which outcomes that is relevant the Containment Source Term 1 node will have 
the following end states: 
 
- LOCA gap early 
- LOCA gap late 
- No case 

 

The nodes representing RHR - and Core Cooling sufficiency in Table 22 will on the other hand not 
provide input to the states related to containment failure, in these cases fuel damage is already the 
case and the core cooling and RHR function is already lost. These cases will be modelled in 
Containment Source Term 2, which represents the source terms after fuel damage.  
 
Containment Source term 2 will obtain information from several different nodes. In the containment 
sub-network there is a node called Containment mode, a node that gather the important information 
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of the sub-network and will be an input to Containment Source Term 2. The Containment Mode node 
obtains information from the nodes presented in Table 23. 
 

Table 23 Input nodes to Containment mode node 
Node name Description States 

Containment bypass This is a hidden node that determines the 
probability of a containment bypass of the fuel 
release. 

- Bypass melt 
- Bypass gap 
- No bypass 

The 362 venting 
function 

This is a hidden node that determines the 
probability of a successful venting function with 
system 362. 

- Unsuccessful vent 
- Successful vent 
- No vent needed 

Containment sprays This is an observable node to indicate the 
actuation of containment sprays. 

- Containment spray early 
- Containment spray late 
- No spray 

Containment threat This is a hidden node which combines information 
on the different threats to the containment 
integrity: containment isolation status, likely RPV 
failure mode, likely magnitude of ex-vessel release, 
hydrogen threat and long term pressure trends. 
The outcome is the indication of the overall threat. 

- Early failure 
- Late overpressure 
- Diffuse leakage 
- Base mat melt through (MCCI) 

 
These different nodes all have at least three states each, which will lead to a lot of different 
outcomes in the Conditional Probability Table (CPT).  But many of these outcomes are not relevant. 
For instance, if there is a bypass sequence it is not relevant whether the spray system in the 
containment is initiated or not. Therefore, all the outcomes when a bypass sequence is true will lead 
to two states called bypass melt or bypass gap, independent of the states on the other nodes. 
Another example: if there is an early failure it is not relevant if spray is initiated late, this will lead to 
an early failure in any case. Partial melt and melt will be grouped together under the same end 
states under the term melt. 
 
After investigating which outcomes that is relevant the Containment mode node will have the 
following states: 
 
- Early failure – spray 
- Early failure – no spray 
- Late failure – spray 
- Late failure – no spray 
- Containment vent (362) – spray 
- Containment vent (362) – no spray 
- Containment bypass – melt 
- Containment bypass – gap 
- Base mat melt through 
- Diffuse leakage 

As mentioned earlier the Containment mode node will be an input to Containment Source Term 2.  
 
The input nodes to Containment Source Term 2 are provided in Table 24. 
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Table 24 Input nodes to Containment Source Term 2 node  
Node name Description States 

Containment mode  This is a hidden node (daughter of CONT_sprays, 
H_CONT_threat, H_function_362 and 
H_CONT_bypass) which indicates the most 
probable state of containment failure. 

- Early failure – spray 
- Early failure – no spray 
- Late failure – spray 
- Late failure – no spray 
- Containment vent (362) – 

spray 
- Containment vent (362) – no 

spray 
- Containment bypass – melt 
- Containment bypass – gap 
- Base mat melt through 
- Diffuse leakage 

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

- Small LOCA 
- Medium LOCA 
- Large LOCA 
- No LOCA 

Release from Fuel This is a hidden node which combines observable 
information on core cooling recovery and core exit 
thermocouple temperature with the initial 
diagnosis of whether a threat exists. The outcome 
is an indication of the likely fuel status. 

- Melt 
- No abnormal release 
- Partial melt 
- Gap 

 
There are a vast amount of possible combinations of the different states in Table 24. Not all of these 
combinations are relevant. For example, only the node state melt in the Release from Fuel node are 
relevant (gap release is already modelled in Containment Source Term 1). After investigating which 
outcomes are relevant the Containment Source Term 2 node will have the following states: 
 
- Early failure spray 
- Early failure no spray 
- Late failure spray 
- Late failure no spray 
- Containment vent spray 
- Containment vent no spray 
- Containment bypass melt 
- Containment bypass gap 
- Base mat melt through 
- LOCA early failure spray 
- LOCA early failure no spray 
- LOCA late failure spray 
- LOCA late failure no spray 
- LOCA containment vent spray 
- LOCA containment vent no spray 
- LOCA base mat melt through 
 
5.9.2 Auxiliary Building Source Term node 

The Auxiliary Building Source Term node will take information from three nodes, which are presented 
in Table 25.  
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Table 25 Input nodes to Auxiliary Building Source Term node  
Node name Description States 

Auxiliary Building 
filtration 

This is a hidden node (daughter of H_AB_extract) 
and indicates the likelihood of filtration in the 
release pathway. 

- Exhaust filters working 
- No filters 

Auxiliary Building 
mode 

This is a hidden node which combines 
information on the possible leak paths into the 
Auxiliary Building (diffuse leakage from the 
containment, an interfacing system LOCA). The 
outcome is the likely size of the leak into the 
Auxiliary Building. 

- Large leak to AB 
- Diffuse leak 

Release from Fuel This is a hidden node which combines observable 
information on sufficient core cooling and core 
exit thermocouple temperature with the initial 
diagnosis of whether a threat exists. The 
outcome is an indication of the likely fuel status. 

- Melt 
- No abnormal release 
- Partial melt 
- Gap 

 
By combining these different states the following final states are identified: 
 
- Large leak to AB, melt, filters 
- Large leak to AB, melt, no filters 
- Large leak to AB, partial melt, filters 
- Large leak to AB, partial melt, no filters 
- Large leak to AB, gap, filters 
- Large leak to AB, gap, no filters 
- Diffuse leak to AB, melt, filters 
- Diffuse leak to AB, melt, no filters 
- Diffuse leak to AB, partial melt, filters 
- Diffuse leak to AB, partial melt, no filters 
- Diffuse leak to AB, gap, filters 
- Diffuse leak to AB, gap, no filters 
- No abnormal release 
 
All of these states are not relevant. The final states diffuse leak to AB, gap, filter and diffuse leak to 
AB, gap, no filters will lead to no abnormal release and thus will fall under the final state no 
abnormal release.  
 
Partial melt and melt will also be grouped together under the same end states under the term melt. 
 
After these adjustments the end states of the Auxiliary Building Source Term node will be the 
following: 
 
- Large leak to AB, melt, filters 
- Large leak to AB, melt, no filters 
- Large leak to AB, gap, filters 
- Large leak to AB, gap, filters 
- Diffuse leak to AB, melt, filters 
- Diffuse leak to AB, melt, no filters 
- No abnormal release 
 
5.9.3 Secondary Circuit Source Term node 

In the Secondary Circuit sub-network there is an outcome node called Secondary Circuit mode. This 
node takes information from the nodes stated in Table 26. 
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Table 26 Input nodes to the Secondary Circuit mode node 
Node name Description States 

Steam Generator 
Tube Rupture (SGTR) 

This is a hidden node (daughter of H_INIT) used 
to indicate the occurrence of a Steam Generator 
Tube Rupture (SGTR). 

- SGTR 
- No SGTR 

Mode of SG release 
(H_SG_mode) 

This is a hidden node (daughter of SG_level and 
SG_feed) which indicates the mode of the 
release from the faulty SG. 

- SG dryout 
- SG poolscrub 

Release from 
Secondary Circuit to 
Environment 

This is a hidden node (daughter of SS_RV, 
SS_MSIV, SS_condensers and H_SLB) used to 
indicate the likelihood of steam release to the 
environment via the steam relief systems. 

- Release 
- No release 

 
By combining these different states the following end states are identified: 
 
- SGTR, SG dryout, release 
- SGTR, SG dryout, no release 
- SGTR, SG poolscrub , release 
- SGTR, SG poolscrub , no release 
- No SGTR, SG dryout, release 
- No SGTR, SG dryout, no release 
- No SGTR, SG poolscrub, release 
- No SGTR, SG poolscrub, no release 
 
All of these states are relevant and will serve as an input to the Secondary Circuit Source Term node, 
together with the node Fuel Release from the Fuel Status sub-network, see Table 27. 
 

Table 27 Input nodes to the Secondary Circuit Source Term node 
Node name Description States 

Fuel Release 
 

This is a hidden node which combines 
observable information on core cooling 
recovery, core exit thermocouple 
temperature and RVLIS with the initial 
diagnosis of whether a threat exists. The 
outcome is an indication of the likely fuel 
status. 

- Melt 
- No abnormal release 
- Partial melt 
- Gap release 

Secondary Circuit (SS) 
Mode 

This is a hidden node which combines 
information from SG mode, Release from 
Secondary Circuit toe Environment and 
SGTR. The outcome is the likelihood of 
release from Primary Circuit to SS and from 
SS to environment.  

- SGTR, SG dryout, release 
- SGTR, SG dryout, no release 
- SGTR, SG poolscrub , release 
- SGTR, SG poolscrub , no release 
- No SGTR, SG dryout, release 
- No SGTR, SG dryout, no release 
- No SGTR, SG poolscrub, release 
- No SGTR, SG poolscrub, no 

release 

 
By combining the different states in Table 27 it becomes immediately apparent that not all of the 
states are relevant. Two assumptions will be made before continuing the modelling of the Secondary 
Circuit Source Term node: 
 
- Partial melt and melt will be grouped together under the same end states under the term melt. 
- The end states where "No SGTR" or "No release" is the outcomes of the nodes representing 

SGTR and Release from SS to Environment will fall under the end state No case. This is due to the 
fact that these states indicate either no release to the environment from the secondary circuit or 
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no leak between the primary and secondary circuit (no SGTR), therefore there will be no release 
of fission products from SS to the environment if either of these states are true.  

 
After these adjustments the end states of the Secondary Circuit Source Term node will be the 
following: 
 
- SGTR, SG dryout, melt, release 
- SGTR, SG dryout, gap, release 
- SGTR, SG poolscrub, melt, release 
- SGTR, SG poolscrub, gap, release 
- No case 
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6. RESULTS 

In the following sections the sub-networks will be presented, with figures and node description.  
 

6.1 Sub-network 1: Initiating Events 

 
Figure 10 PWR BBN sub-network: Core Cooling 

 
 

Table 28 Nodes in sub-network: Initiating Events 
Node title Node name Description 

H_INIT Initiating Event 
 

This is a 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) – caused be a RCS pipebreak 
inside Containment. Similar observables are also 
seen following a Steam Line Break (SLB) or a Feed 
Line Break (FLB) inside containment. 

H_SLB SLB outside containment This is a hidden node (daughter of 
H_PCONT_LOCA1) used to indicate a Steam Line 
Break (SLB) outside containment. 

H_SGTR Steam Generator Tube 
Rupture 
 

This is a hidden node (daughter of H_INIT) used 
to indicate the occurrence of a Steam Generator 
Tube Rupture (SGTR) 

H_IS_LOCA Interfacing LOCA 
 

This is a hidden node (daughter of H_INIT) used 
to indicate the occurrence of an Interfacing 
System (IS) LOCA. 
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H_OTHER_INIT Other Initiating Faults 
 

This is a hidden node (daughter of H_INIT) used 
to indicate the occurrence of other initiating 
events. 

H_IE_LOOP Loss Of Off-site Power This is a hidden node (daughter of H_INIT) used 
to indicate the occurrence of a LOOP. 

CONT_GA Containment gamma 
activity 
 

This is an 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_T Containment temperature 
 

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

CONT_sump Containment sump state 
 

This is an observable node (daughter of 
H_CONT_LOCA1) about the initiating event. The 
state and the temperature of the sumps provide 
information on the source leak. 

MU_demand Reactor Make Up Water 
System 
 

This is an observable node (daughter of 
H_CONT_LOCA1, H_SGTR, H_ISLOCA and 
H_OTHER_init) about the initiating event. 

RCS_Pinit RCS pressure in the initial 
phase  
 

This is an observable node (daughter of 
H_PCONT_LOCA1, H_SGTR and H_OTHER_init) 
about the initiating event. 

PRZ_LOCA Pressurizer Relief LOCA 
 

This is an observable node (daughter of H_INIT 
and RCS_Pinit) about the initiating event. 

PRZ_LEVEL Pressurizer level 
 

This is an observable node (daughter of 
H_PCONT_LOCA1, H_SGTR and H_OTHER_init) 
about the initiating event. This may be caused by 
a loss of Primary Coolant inventory or operator 
action.   

SS_Pinit Steam Side pressure in the 
initial phase 
 

This is an observable node (daughter of H_SGTR 
and H_PCONT_LOCA1) about the initiating event. 

SS_gamma Steam Side Gamma Activity 
 

This is an observable node (daughter of H_SGTR) 
about the initiating event. Above normal activity 
levels on the steam side of the SGs is an 
indication of a transfer of Primary Coolant to the 
secondary (steam side) systems.   

SS_level SG Water Level 
 

This is an observable node (daughter of H_SGTR, 
H_PCONT_LOCA1 and H_OTHER_init) about the 
initiating event. 

SG_FF_mismatch SG Feed Flow Mismatch 
 

This is an observable node (daughter of H_SGTR 
and H_OTHER_init) about the initiating event. 
This observation is indicative of several faults 
where there is loss / increase of feed or increase 
/decrease in steam flow. 
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OTHER_GA Other high activity reading 
 

This is an observable node (daughter of 
H_IS_LOCA) about the initiating event. A high 
gamma activity reading elsewhere is indicative of 
an interfacing system leak. However, a high 
gamma activity reading may also be due to 
leakage following a primary pipebreak elsewhere 
(e.g. leakage to the Auxiliary Building from 
Containment) 

OTHER_P Other high pressure reading 
 

This is an observable node (daughter of 
H_IS_LOCA) about the initiating event. A high 
pressure reading elsewhere is indicative of an 
interfacing system leak. However, a high pressure 
reading may also be due to leak from other non-
active high pressure systems. 

OTHER_T Other high temperature 
reading 

This is an observable node (daughter of 
H_IS_LOCA) to indicate high temperature outside 
the containment. A high temperature reading 
elsewhere is indicative of an interfacing system 
leak. 

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. 

 
 

6.2 Sub-network 2: Core Cooling 

 
Figure 11 PWR BBN sub-network: Core Cooling 

 
 

Table 29 Nodes in sub-network: Core Cooling 
Node name Node title Description 

ECCS1 High Pressure Injection 
availability 

This is an observable node (daughter of 
H_IE_LOOP) to indicate the availability of the 
High pressure injection system.   

ECCS2 Low Pressure Injection  
availability 

This is an observable node (daughter of 
H_CONT_LOCA2 and H_IE_LOOP) to indicate 
the availability of the Low pressure injection 
system.   

ECCS3 Accumulators availability This is an observable node (daughter of 
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H_CONT_LOCA2 and H_IE_LOOP) to indicate 
the availability of boron solution with the 
accumulators.   

H_CC_sufficient Core Cooling sufficiency This is a hidden node (daughter of ECCS1, 
ECCS2, ECCS3 and H_RHR_sufficient) which 
combines information on ECCS availability to 
indicate the likelihood of sufficient core 
cooling 

 
 

6.3 Sub-network 3: Residual Heat Removal  

 
 

Figure 12 PWR BBN sub-network: Residual Heat Removal 
 
 
Table 30 Nodes in sub-network: Residual Heat Removal 

Node name Node title Description 

H_RHR1 AFW supply/Steam 
release sufficiency 

This is a hidden node (daughter of H_IE_LOOP and 
H_CONT_LOCA2) which gives information of the 
AFW supply/steam release is sufficient or not. 

H_RHR2 Recirculation cooling with 
heat exchangers 
sufficiency 

This is a hidden node (daughter of H_IE_LOOP, 
H_CONT_LOCA2 and MAN_RHR2) which gives 
information if the recirculation cooling with heat 
exchangers is sufficient or not.  

MAN_RHR2 Manual action on 
recirculation with heat 
exchangers. 

Represents the initiation of the manual action 
associated with the recirculation cooling with heat 
exchangers.   

H_RHR3 Feed and bleed 
sufficiency. 

This is a hidden node (daughter of H_IE_LOOP, 
H_CONT_LOCA2 and MAN_RHR3) which gives 
information if the feed and bleed is sufficient or 
not. 

MAN_RHR3 Manual action on feed 
and bleed 

Represents the initiation of the manual action 
associated with feed and bleed.  

RHR4 Availability of spray 
system 322 

This is an observable node (daughter of 
H_IE_LOOP) which gives information if the spray 
system 322 is available or not.  

H_RHR5 Normal RHR (RH cooling) This is a hidden node (daughter of P_RCS, 
MAN_RHR5, H_IE_LOOP and H_CONT_LOCA2) 
Gives information if the normal RHR system 
(system 321) is available or not. 
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MAN_RHR5 Manual action on RH 
cooling. 

Represents the initiation of the manual action 
associated with the RH cooling.   

P_RCS Primary system pressure Gives information of the pressure in the primary 
system.  

H_RHR_sufficient RHR sufficiency Gathers information to determine the sufficiency 
of the overall residual heat removal function.  

 
 

6.4 Sub-network 4: Fuel Status 

 
Figure 13 PWR BBN sub-network: Fuel Status 

 
 

Table 31 Nodes in sub-network: Fuel Status 
Node name Node title Description 

CORE_neutron Ex-core Neutron 
Detectors 

This is an observable (daughter of H_FUEL_ST) which 
indicates abnormal fuel behaviour.  

CORE_T Core Exit Thermocouple 
Temperature 

This is an observable node (daughter of H_FUEL_ST) 
which indicates whether the fuel has begun to melt. 

H_FUEL_ST Release from Fuel This is a hidden node which combines observable 
information on core exit thermocouple temperature 
and ex-core neutron detectors with hidden 
information such as core cooling sufficiency. The 
outcome is an indication of the likely fuel status. 

CONT_H2_level Containment hydrogen 
level 

This is an observable node (daughter of H_FUEL_ST) 
that can be updated as the fault progresses. Above 
normal hydrogen levels in the containment indicate 
an enhanced release from the fuel (e.g. Gap release 
or larger). 
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6.5 Sub-network 5: Reactor Pressure Vessel Status 

 
Figure 14 PWR BBN sub-network: Reactor Pressure Vessel Status 

 
 

Table 32 Nodes in sub-network: RPV Status 

 
  

Node name Node title Description 

H_RPV RPV failure mode This is a hidden node (daughter of H_CC_sufficent, 
H_FUEL_ST and RCS_P) which combines observable 
information on RCS pressure and any other 
observables with the diagnosis of the release from 
the fuel. The outcome is an indication of the likely 
RPV failure mode. 

RCS_P Pressure in the primary 
system 

This is an observable node (daughter of CORE_T and 
RCS_Pinit) about the pressure in the primary system.  

RPV_T RPV temperature This is an observable node (daughter of H_RPV) 
about the reactor pressure vessel temperature. This 
information is used when determining the fuel 
release. 
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6.6 Sub-network 6: Containment Status  

 
Figure 15 PWR BBN sub-network: Containment status 

 
 

Table 33 Nodes in sub-network: Containment status 
Node name Node title Description 

H_DCH Direct Containment 
Heating (DCH) 

Determines the probability of the phenomena 
Direct Containment Heating (DCH). 

H_RPV_missile RPV missile Determines the probability of the phenomena 
RPV missile. 

CONT_H2_pars Containment 
recombiners 

This is an observable node (with no parents) to 
indicate the actuation of the Containment 
recombiners, which has to occur within 3 h after 
a DBA. This is a node that can be updated as the 
fault progresses.  

H_STEAM Steam explosion Determines the probability of the phenomena 
steam explosion.  

CONT_H2_conc Containment hydrogen 
concentration 

This is an observable node (daughter of 
CONT_H2_pars, and H_CONT_exvessel) to 
indicate the hydrogen concentration in the 
containment. If directly observable, this node can 
be updated as the fault progresses. 

H_CONT_H2_combustion Hydrogen combustion This is a hidden node that indicates the possible 
modes of hydrogen combustion. 

CONT_cavity_level Water level in cavity This is an observable node (daughter of RHR4 
and H_CONT_LOCA2) about the water level in 
the cavity.  

H_CONT_RUPTURE Phenomena early or late 
failure 

This is a hidden node (daughter of 
H_RPV_missile, H_CONT_H2_combustion, 
H_DCH and H_STEAM) that gathers information 
about the course of the events from the events 
from the hidden nodes representing the 
phenomena. By gathering information, this node 
can determine the probability of an early, late or 
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no failure, i.e. the time of containment rupture.  

CONT_H2_steam Containment steam 
concentration 

This is an observable node (daughter of 
H_CONT_H2_combustion) to determine the 
steam concentration in the Containment. This 
node can be updated as the fault progresses. 
High steam concentration within the 
Containment can inhibit hydrogen combustion.  

H_CONT_exvessel Exvessel release This is a hidden node (daughter of 
CONT_cavity_level and H_RPV) which combines 
information on the likely RPV failure mode and 
the cavity water level to indicate the probability 
of the phenomena Molten Corium Concrete 
Interaction (MCCI). 

H_CONT_threat Containment Threat This is a hidden node which combines 
information of the different threats to the 
Containment integrity: Probability of MCCI, 
failure of containment due to other phenomena 
and long term pressure trends. The outcome is 
the indication of the overall threat. 

H_CONT_BYPASS Containment bypass This is a hidden node (daughter of 
H_AB_mode and H_SS_mode) that determines 
the probability of a containment bypass of the 
fuel release. 

CONT_sprays Containment sprays This is an observable node (daughter of RHR4) to 
indicate the actuation of Containment sprays. 

CONT_Ptrans Containment long term 
pressure trend 

This is an observable node (with no parents) to 
indicate the long term pressure transient within 
the Containment (prior to any containment 
overpressure protection). 

CONT_Pinst Containment pressure 
reading 

This is an observable node (daughter of 
H_CONT_OP_protection362) to indicate whether 
the instantaneous pressure in the Containment 
has exceeded an optional setpoint (514 kPa) for 
automatic containment depressurisation via 
system 362. 

H_function_362 The 362 venting 
function 

This is a hidden node (daughter of 
H_CONT_OP_protection362) that determines the 
probability of a successful venting function with 
system 362. 

H_CONT_OP_protection362 Containment vent / 
overpressure protection 

This is a hidden node which combines 
information on the triggers for automatic 
protection (maximum pressure, RHR sufficiency) 
and indicators for manual intervention (long 
term pressure trend, decision to vent), with 
system 362. 

CONT_vent_manual Containment decision to 
vent 

This is an observable node to indicate whether 
the decision to vent the Containment has been 
taken. This node can be updated as the fault 
progresses. 

H_CONT_mode Containment mode This is a hidden node (daughter of CONT_sprays, 
H_CONT_threat, H_function_362 and 
H_CONT_bypass) which indicates the most 
probable state of containment failure. 
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6.7 Sub-network 7: Auxiliary Building Status 

 
Figure 16 PWR BBN sub-network: Auxiliary Building Status 

 
 

Table 34 Nodes in sub-network: Auxiliary Building Status 
Node name Node title Description 

AB_P Auxiliary Building 
Pressure 

This is an observable node (daughter of 
H_AB_mode) to indicate the pressure in the 
Auxiliary Building. 

AB_T Auxiliary Building 
Temperature 

This is an observable node (daughter of 
H_AB_mode) to indicate the temperature in the 
Auxiliary Building.  

AB_L Auxiliary Building 
Leakage Indication 

This is an observable node (daughter of 
H_AB_mode) about the leakage indication in the 
Auxiliary Building. 

H_AB_extract Auxiliary Building Extract This is a hidden node (daughter of H_IE_LOOP). 
The outcome is the likelihood of the extract system 
working. 

H_AB_filt Auxiliary Building 
filtration 

This is a hidden node (daughter of H_AB_extract) 
that indicates the likelihood of filtration in the 
release pathway. 

IS_LOCA_isolation Isolation of Interfacing 
System LOCA 

This is an observable node (with no parents) that 
indicates if the IS LOCA has been isolated or not.  

H_AB_mode Auxiliary Building mode This is a hidden node (daughter of H_IS_LOCA, and 
IS_LOCA_isolation) which combines information on 
the possible leak paths into the Auxiliary Building. 
The outcome is the likely size of the leak into the 
Auxiliary Building. 
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6.8 Sub-network 8: Secondary Circuit (Steam Side) Status 

 
Figure 17 PWR BBN sub-network: Secondary Circuit Status 

 
 

Table 35 Nodes in sub-network: Secondary Circuit Status 
Node name Node title Description 

RV_SRV_SG Steam side relief/safety 
valves on faulted SG 
 

This is an observable node (daughter of SS_P, 
MAN_isolation) about the status of the steam side 
relief/safety valves. This is a question that can be 
updated as the fault progresses. 

MSIV_faulted_SG Main Steam Isolation 
Valves 
On faulted SG 

This is an observable node (daughter of 
MAN_isolation) about the Main Steam Isolation 
Valves (MSIVs) on the faulted SG. 

MAN_isolation Manual action on SRV/RV 
 

Represents the initiation of the manual action 
associated with closing the SRV/RV on faulted SG.  

H_SS_steam_release Steam Release from SS to 
Environment 
 

This is a hidden node (daughter of SS_RV_SRV, 
SS_MSIV, SS_condensers and H_SLB) used to indicate 
the likelihood of steam dump to the environment via 
the steam relief systems. 

H_SG_mode Mode of SG release 
 

This is a hidden node (daughter of faulted_SG_level 
and faulted_SG_AFW) which indicates the mode of 
the release from the faulted SG. 

SG_feed SG auxiliary feedwater  
 

This is an observable node (daughter of H_IE_LOOP) 
used to indicate the availability of auxiliary 
feedwater. 

Faulted_SG_level Faulted SG Water Level 
 

This is an observable node (with no parents) to 
indicate the water level in the faulted SG.  

SS_P Steam Side pressure 
 

This is an observable node (daughter of 
H_RHR_sufficient and SS_Pinit) to indicate the 
Secondary (Steam side) pressure.  

H_SS_mode Secondary (Steam side) 
mode 

This is a hidden node (daughter of H_SGTR, 
H_SS_steam_release and H_SG_mode) to indicate 
the most probable state of release from SS to 
environment.  
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6.9 Sub-network 9: Source Terms 

 
Figure 18 PWR BBN sub-network: Source Terms 

 
 

Table 36 Nodes in sub-network: Source Terms 
Node name Node title Description 

H_CONT_ST1 Containment Source 
Term 1 

This is a hidden node (daughter of H_CC_sufficient, 
H_RHR_sufficient and H_CONT_LOCA2). The 
outcome is the likelihood of gap release from to the 
environment from the Containment. 

H_CONT_ST2 Containment Source 
Term 2 

This is a hidden node (daughter of H_CONT_mode, 
H_FUEL_ST and H_CONT_LOCA2). The outcome is 
the likelihood for Source Term (other than gap 
release) from the environment from the 
Containment. 

H_AB_ST3 Auxiliary Building Source 
Term 

This is a hidden node which combines the type of 
leak into the Auxiliary Building with the status of 
the available filtration systems. The outcome is the 
Source Term to the environment from the Auxiliary 
Building. 

H_SS_ST4 Secondary Circuit Source 
Term 

This is a hidden node which combines the status of 
Secondary Circuit. The outcome is the Source Term 
to the environment from the Secondary Circuit.  
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7. DISCUSSION 

One of the main challenges in this thesis work has been the definition of the Core Cooling and the 
Residual Heat Removal sub-networks. This is due to the fact that none of the previously developed 
models have provided much input with respect to these specific sub-networks. The safety functions 
Core Cooling and Residual Heat Removal operates differently in the two different plant types (PWR 
and BWR), and thus the RASTEP BWR model has been of little help. The STERPS model does not 
include these two sub-networks, and the nodes representing these two safety functions in the other 
sub-networks are not adequate with respect to Swedish PWRs.  
 
Another challenge with these specific sub-networks was the choice between modelling safety 
functions or safety systems. Within the Swedish BWRs these two terms correspond, i.e., the auxiliary 
feed water is represented as a safety function in PSA level 2, and the system name is "Auxiliary Feed 
Water" and thus the safety function and the safety system are the same. This is not the case in the 
Swedish PWRs where the safety functions are not divided into systems, and the systems in some 
cases function both as normal power operating systems and as safety systems. That is, they not only 
change function for a certain initiating event, some parts of the systems also change names. For 
example, the CVCS drains a small stream, purifies it from pollutants, adjusts the boron content and 
other chemical under normal operation, but in case of an initiating event where the emergency core 
cooling systems are needed the CVCS's pumps will be a part of the high pressure injection system. To 
make the model less complex (decrease the number of links between nodes) and decrease the 
number of nodes, the decision to model safety functions instead of systems was made. 
 
Modelling safety functions instead of safety systems also makes it easier to find significant 
probabilities to insert in the CPTs, since the safety functions are already modelled as fault trees in the 
PSA.  
 
As mentioned in section 1.4 this thesis does not identify source terms for the Source Terms sub-
network. This means that the Source Term sub-network now only includes the end states of the BBN, 
with no related source terms (to be derived in MAAP calculations as a PSA level 2 activity). The 
source term is the quantity, characteristics and the timing of the release of radioactivity to the 
environment. The release from different sequences is grouped according to released mass fractions 
of the core inventory as well as the release rate. Thus, the list of end states in the sub-network, at 
this point, may not be in a one-to-one relationship with the source terms defined in PSA level 2, or 
may be considered irrelevant due to negligible contribution. 
 
This thesis neither included the development of CPTs, also mentioned in section 1.4. The 
probabilities inserted in the CPTs may in most cases be derived from the PSA level 1 and level 2.  
 
Many of the states in the observable nodes (e.g. pressure, water level in certain location of the 
nuclear power plant) are at this point expressed in terms of "above setpoint 1", below "set point 2" 
etc. In all of these nodes the limit values to be inserted in the model needs to be further investigated. 
The limit values will be found in the plant specific information from the Swedish PWRs. 
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8. CONCLUSIONS 

In this master's thesis a generic model for rapid source term prediction for Swedish PWRs has been 
developed to be used in the real time, online diagnosis of an event or an accident. The starting points 
have been the generic BWR model, previously developed in phase 2 of the project, and the PWR 
model previously developed in the STERPS project.  
 
The main parts of the thesis have been: 

 comparison between the two previously developed models (RASTEP BWR and STERPS), 

 mapping of plant characteristics for Swedish PWRs, i.e. source term volumes and fission 
product transport routes, 

 investigation of accident progression modelled in PSA level 2 , and 

 investigation of safety systems relevant with respect to accident mitigation for Swedish 
PWRs. 

 
Future activities should complete the model with 

 insertion of CPTs, to be found in PSA level 1 and 2, 

 source term definition (based on MAAP calculations), and 

 investigation of limit values to insert in node states, to be found in plant specific information 
from the Swedish PWRs. 
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10. APPENDIX 1: NODES IN SIZEWELL 'B' BBN SUB-NETWORK: INITIATING EVENTS 

Node name Description 

Initiating Event 
 

This is a 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. 

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

SLB outside containment This is a hidden node (daughter of H_PCONT_LOCA1) used to 
indicate a Steam Line Break (SLB) outside containment. 

Steam Generator Tube Rupture 
 

This is a hidden node (daughter of H_INIT) used to indicate the 
occurrence of a Steam Generator Tube Rupture (SGTR) 

Interfacing LOCA 
 

This is a hidden node (daughter of H_INIT) used to indicate the 
occurrence of an Interfacing System (IS) LOCA. 

Other Initiating Faults 
 

This is a hidden node (daughter of H_INIT) used to indicate the 
occurrence of other initiating events. 

Primary Containment gamma activity 
 

This is an observable node (daughter of H_PCONT_LOCA1) about 
the initiating event. A high gamma activity indicates a leak from an 
active system within the Primary Containment. 

Primary Containment temperature 
 

This is an observable node (daughter of H_PCONT_LOCA1) about 
the initiating event. A high temperature indicates that a leak has 
occurred from a high temperature system to the Primary 
Containment. 

Primary Containment pressure 1 
 

This is an observable node (daughter of H_PCONT_LOCA1) about 
the initiating event. A high pressure indicates that a leak has 
occurred from a high pressure system in the Primary Containment.  
 

Primary Containment sump state 
 

This is an observable node (daughter of H_PCONT_LOCA1) about 
the initiating event. The state and the temperature of the sumps 
provide information on the source leak. 
 

Reactor Make Up Water System 
 

This is an observable node (daughter of H_PCONT_LOCA1, H_SGTR, 
H_ISLOCA and H_OTHER_init) about the initiating event. 

RCS pressure in the initial phase  
 

This is an observable node (daughter of H_PCONT_LOCA1, H_SGTR 
and H_OTHER_init) about the initiating event. 

Pressuriser Relief LOCA 
 

This is an observable node (daughter of H_PCONT_LOCA1, H_SGTR 
and H_OTHER_init) about the initiating event. 

Pressuriser level 
 

This is an observable node (daughter of H_PCONT_LOCA1, H_SGTR 
and H_OTHER_init) about the initiating event. This may be caused 
by a loss of Primary Coolant inventory or operator action.   

Steam Side pressure 
 

This is an observable node (daughter of H_SGTR and 
H_PCONT_LOCA1) about the initiating event. 

Steam Side Gamma Activity 
 

This is an observable node (daughter of H_SGTR) about the 
initiating event. Above normal activity levels on the steam side of 
the SGs is an indication of a transfer of Primary Coolant to the 
secondary (steam side) systems.   

SG Level 
 

This is an observable node (daughter of H_SGTR, H_PCONT_LOCA1 
and H_OTHER_init) about the initiating event. 
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SG Feed Flow Mismatch 
 

This is an observable node (daughter of H_SGTR and 
H_OTHER_init) about the initiating event. This observation is 
indicative of several faults where there is loss / increase of feed or 
increase /decrease in steam flow. 

Other high activity reading 
 

This is an observable node (daughter of H_IS_LOCA) about the 
initiating event. A high gamma activity reading elsewhere is 
indicative of an interfacing system leak. However, a high gamma 
activity reading may also be due to leakage following a primary 
pipebreak elsewhere (e.g. leakage to the Auxiliary Building from 
Primary Containment) 

Other high pressure reading 
 

This is an observable node (daughter of H_IS_LOCA) about the 
initiating event. A high pressure reading elsewhere is indicative of 
an interfacing system leak. However, a high pressure reading may 
also be due to leak from other non-active high pressure systems. 

Primary Containment LOCA size 
 

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

Primary Containment fault type 
 

This is a hidden node (daughter of H_PCONT_LOCA2 and 
H_FUEL_ST) used to indicate the generic type of non-degraded 
core fault. 
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11. APPENDIX 2: NODES IN THE RASTEP BWR AND SIZEWELL 'B' SUB-NETWORK: 
FUEL STATUS 

Nodes in the RASTEP BWR BBN sub-network: Fuel status 
Node name Description 

Ex-core Neutron Detectors This is an observable (daughter of H_FUEL_ST) which indicates 
abnormal fuel behaviour.  

Core Exit Thermocouple Temperature This is the main observable node (with no parents) which indicates 
whether the fuel has begun to melt. 

Release from Fuel This is a hidden node which combines observable information on 
core cooling recovery, core exit thermocouple temperature and 
RVLIS with the initial diagnosis of whether a threat exists. The 
outcome is an indication of the likely fuel status. 

Containment hydrogen level This is an observable node that can be updated as the fault 
progresses. Above normal hydrogen levels in the containment 
indicate an enhanced release from the fuel (e.g. Gap release or 
larger). 

Reactor pressure vessel Level 
Indication System 

This is an observable node (daughter of H_PCONT_LOCA and 
H_CC_sufficient) which indicates the likely water level in the 
Reactor Pressure Vessel (RPV). 

 
Nodes in the Sizewell 'B' BBN sub-network: Fuel status 
Node name Description 

Threat to Fuel 
 

This is a hidden node which combines the information on loss of 
primary coolant with ECCS availability to indicate whether there is a 
threat to the fuel condition (i.e. the likelihood of a degraded core 
accident). 

Core Exit Thermocouple Temperature This is the main observable which indicates whether the fuel has 
begun to melt.  

Reactor Vessel Level Indication System 
(RVLIS 

This is an observable node which indicates the water level in the 
Reactor Pressure Vessel (RPV) 

Release from Fuel 
(H_FUEL_ST) 

This is a hidden node which combines observable information on core 
cooling recovery, core exit thermocouple temperature and RVLIS with 
the initial diagnosis of whether a threat exists. The outcome is an 
indication of the likely fuel status. 

Containment Hydrogen Concentration This is an observable node to determine whether the containment 
hydrogen concentration is above normal levels.  

Ex-core Neutron Detectors This is an observable which indicates abnormal fuel behaviour.  
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12. APPENDIX 3: NODES IN THE RASTEP BWR AND SIZEWELL 'B' SUB-NETWORK: 
CONTAINMENT STATUS 

Nodes in RASTEP BWR BBN sub-network: Containment status 
Node name Description 

Condensation pool level intermediate 
(about 30 min) 

This is an observable node to indicate the water level in the 
condensation pool. A decrease of about 1 metre after about 30 
minutes indicates that water filling of lower drywell (automatically 
initiated after 30 minutes) has succeeded. 

PC depressurisation line closure 
(rupture disc) 

This is an observable node (with no parents) to indicate the closure of 
the containment depressurisation line after a rupture disc 
depressurisation. The closure is automatic and occurs 15 minutes 
after the depressurisation. 

Containment oxygen level This is an observable node to indicate the containment oxygen level. 
The containment is normally inerted, and oxygen content needs to be 
limited to < 5% to avoid hydrogen combustion. However, the 
recombiner capacity is limited to 2% oxygen. 

Containment bypass This is a hidden node that determines the probability of a 
containment bypass of the fuel release. 

The 362 venting function This is a hidden node that determines the probability of a successful 
venting function with system 362. 

The water filling of lower drywell - 
system 358 

Gives information on the availability of system 358 - water filling of 
lower drywell. 

Phenomena early or late failure This is a hidden node that gathers information about the course of 
events from the hidden nodes representing the phenomena. By 
gathering this information, this node can determine the probability of 
an early, late or no failure, i.e. the time of a containment rupture.  

Direct Containment Heating (DCH) Determines the probability of the phenomena Direct Containment 
Heating (DCH). 

Recriticality Determines the probability of the phenomena recriticality. 

Steam explosion Determines the probability of the phenomena steam explosion. 

Corium coolability by flooding This is a hidden node (daughter of PCONT_cavity_waterlevel) which 
indicates the likelihood of the corium being in a coolable geometry 
given the depth of water covering the corium. 

Ex-vessel release This is a hidden node which combines information on the likely RPV 
failure mode and the ex-vessel corium coolability to indicate the 
magnitude of the ex-vessel release. 

Hydrogen combustion This is a hidden node that indicates the possible modes of hydrogen 
combustion. 

Containment threat This is a hidden node which combines observable information on the 
sprays and fan coolers with the likely threat and overpressure 
protection. The outcome is the likely release pathway out of the 
Containment. The current list considers all the possible release routes 
identified for the project. No single reactor design will need to 
consider all release pathways. 

Rupture disc depressurisation This is a hidden node representing the depressurisation with system 
361. 

Containment vent/ overpressure 
protection 

This is a hidden node which combines information on the triggers for 
automatic protection (maximum pressure, RHR sufficiency) and 
indicators for manual intervention (long term pressure trend, decision 
to vent), with system 362. 

Containment Threat This is a hidden node which combines information on the different 
threats to the Containment integrity: containment isolation status, 
likely RPV failure mode, likely magnitude of ex-vessel release, 
hydrogen threat and long term pressure trends. The outcome is the 
indication of the overall threat. 
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Node name Description 

Need for 361 rupture disc 
depressurisation 

This is a hidden node that determines the probability of the need for 
rupture disc depressurisation. The rupture disc in system 361 opens in 
case of LOCA with leakage over diaphragm floor (0.65 MPa) . Opening 
occurs early in this case, and leads to quick decrease (< 1 min) of 
pressure to < 0.2 MPa. The rupture disc should not open at LOCA (0.5 
MPa). 

Final state of system 361 This hidden node represents the final state of system 361. The 
containment can rupture through an over-pressurisation due to the 
rupture disc stuck closed. The 361 line can also fail to reclose after a 
depressurisation and become an unfiltered vent release path.   

Lower drywell water level Should the RPV fail (while the primary system is at low pressure) the 
corium will fall onto the floor of the containment. If a sufficient depth 
of water exists in that space, ex-vessel phenomena such as Molten 
Corium Concrete Interaction (MCCI) can be prevented (or delayed). 

Containment hydrogen concentration This is an optional observable node (daughter of 
H_PCONT_H2_combustion, PCONT_H2_pars and PCONT_H2_fans) to 
indicate the hydrogen concentration in the Primary Containment. If 
directly observable, this node can be updated as the fault progresses. 

Containment recombiners This is an observable node (with no parents) to indicate the actuation 
of Containment Recombiners, which has to occur within 3 h after a 
DBA. This is a node that can be updated as the fault progresses 

Containment steam concentration This is an observable node to determine the steam concentration in 
the Containment. This node can be updated as the fault progresses. 
High steam concentrations within the Primary Containment can 
inhibit hydrogen combustion.  

Containment Pressure reading This is an observable node (with no parents) to indicate whether the 
instantaneous pressure in the  Containment has exceeded an optional 
setpoint (setpoint 2) for automatic containment depressurisation via 
an engineered pathway (e.g. opening of containment overpressure 
flaps or automatic containment venting on pressure). This node can 
be updated as the fault progresses. 

Containment long term pressure 
transient 

This is an observable node (with no parents) to indicate the long term 
pressure transient within the Containment (prior to any containment 
overpressure protection). 

Containment decision to vent This is an observable node to indicate whether the decision to vent 
the Containment has been taken. This node can be updated as the 
fault progresses. 

Pool Suppression Determines the status of the pool suppression function (ok/not ok). 

Containment Isolation This is an observable (with no parents) node to indicate whether the 
Containment has been isolated. 

Restart core cooling Gives information if the core cooling has been restarted after a core 
melt. 
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Nodes in the Sizewell 'B' BBN sub-network: Containment Status  
Node title Description 

RPV failure mode 
(H_RPV) 

This is a hidden node (daughter of H_FUEL_ST, H_CC_sufficient, 
CC_exvessel_flooding and RCS_P) used to indicate the likely RPV 
failure mode. 
 

Water level in cavity This is an observable node (with no parents) about the water level in 
the cavity (where “cavity” is a broad definition of that area of the 
containment where expelled corium will pool). This is a node that can 
be updated as the fault progresses. 

Corium coolability by flooding This is a hidden node (daughter of P_CONT_cavity_waterlevel) used 
to indicates the likelihood of the corium being in a coolable geometry 
given the depth of water covering the corium (i.e. to prevent or halt 
any Molten Core – Concrete Interaction (MCCI)). 

Ex-vessel release This is a hidden node (daughter of H_RPV and 
H_PCONT_corium_coolability) used to indicate the RPV failure mode 
and the ex-vessel corium coolability to indicate the magnitude of the 
ex-vessel release. 

Primary Containment hydrogen fans This is an observable node (with no parents) about the actuation of 
Primary Containment hydrogen fans. 

Primary Containment Hydrogen 
Igniters 

This is an observable node (with no parents) about the Primary 
Containment hydrogen igniters. These are installed primarily for use 
in design basis LOCAs – however, actuation of igniters in a severe 
accident may result in an uncontrolled hydrogen burn. 

Primary Containment recombiners This is an observable node (with no parents) to indicate the actuation 
of Primary Containment Recombiners, which has to occur within 3 h 
after a DBA. This is a node that can be updated as the fault progresses 

Primary Containment steam 
concentration 

This is an observable about the steam concentration in the Primary 
Containment. This is a node that can be updated as the fault 
progresses. High steam concentrations within the Primary 
Containment can inhibit hydrogen combustion. In such conditions the 
impact of the igniters is much reduced. 

Hydrogen combustion This is a hidden node (daughter of PCONT_H2_ignition and 
PCONT_H2_steam) used to indicate the mode of hydrogen 
combustion. 

Primary containment hydrogen 
concentration 

This is an optional observable node (daughter of H_PCONT_exvessel, 
PCONT_H2_combustion, PCONT_H2_fans) to indicate the trend in 
hydrogen concentration in the Primary Containment. If directly 
observable, this node can be updated as the fault progresses. 

Primary Containment isolation This is an observable node (with no parents) used to indicate whether 
the Primary Containment has been isolated. 

Primary Containment long term 
pressure trend 

This is an observable node (with no parents) about the long term 
pressure transient within the Primary Containment (prior to any 
containment venting/overpressure protection) 

Primary Containment Threat This is a hidden node (daughter of PCONT_isolation, H_RPV, 
H_PCONT_exvessel, PCONT_Ptrans and H_PCONT_H2_combustion) 
used to indicate the generic threat the the Primary containment. 

Primary Containment sprays This is an observable node (daughter of ECCS and H_CC_sufficient) 
about the actuation of Primary Containment sprays. 

Primary containment fan coolers 
 

This is an observable node (with no parents) about the actuation of 
Primary Containment cooling fans. 

 
Primary Containment mode 1 

This is a hidden node (daughter of H_PCONT_threat, 
PCONT_fancoolers, PCONT_sprays and H_PCONT_OP_protection) 
used to indicate the threat to the Primary Containment. 
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Primary Containment Source Term 

This is an output node (daughter of H_PCONT_mode2 and 
H_PCONT_type2). The outcome is the potential source term released 
into the environment from degraded core faults within the Primary 
Containment. 

 


