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1 Introduction 
In many innovative reactor designs (HTR / Generation IV) use is made of natural processes to 
mitigate the consequences of accidents. The main reason for this use is the small probability of 
failure that the required effect is not reached. These natural processes are denoted passive 
systems or components. A characteristic of passive systems is that their operation is based on 
natural driving forces (circulation, convection, radiation, gravitation etc.) and usually need no 
active actuation to start the process. Disadvantage of these processes is that the magnitude of 
the driving force is often much less than in the case of active systems. Therefore passive 
systems are more vulnerable to external conditions or disturbances of the process. This is one 
of the reasons to investigate whether or not the normal way of assessing the risks of nuclear 
reactors is also appropriate for reactors fitted with passive elements. 
 

2 Goal 
The purpose of the current analysis is to investigate if the normally used analysis technique can 
be used equally well on (V)HTR/GenIV reactors. In particular the ability of present PSA-1 
techniques to incorporate the reliability of passive systems is investigated. Furthermore formal 
techniques to obtain lists of initiating events have been applied to a HTR to see if these 
techniques are just as well appropriate for these new designs. Finally constructing a complete 
list of initiating events for a (V)HTR reactor was considered valuable (in this case the design of 
the PBMR reactor has been the subject of investigation). 
 

3 Scope 
A normal PSA-1 analysis takes many months of work. As only the applicability of the PSA 
methods to (V)HTR/GenIV reactor is assessed, only part of the PSA-1 tasks have been 
performed in a limited way.  
 

4 Method 
The appropriateness of formal PSA-1 techniques has been investigated by applying these 
techniques to a (global) design of the PBMR reactor unit. By applying the consecutive steps 
systematically on this reactor including its passive safety systems, one can determine which 
steps cannot readily be executed or pose some problems. The main questions raised are:  
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1) Can current techniques to obtain a list of initiating events be applied for HTR/Gen IV 
reactors? 

2) Does the initiating event list differ significantly from initiating event lists of existing 
reactors? 

3) How should the failure of passive systems be incorporated in the usual event tree 
modelling?  

 
Next to this the Level 1 - Level 2 distinction / transition has been addressed. In the IAEA 
“Procedures for Conducting Probabilistic Safety Assessments of Nuclear Power Plants 
(Level1) [1] and in NUREG report “A Guide to the Performance of Probabilistic Risk 
Assessments for Nuclear Power Plants” [2] guidance is given on how to execute a PSA level-1 
analysis. Using these reports the consecutive steps have been performed in a limited way for 
the PBMR design and the need for revision or extension of these tasks for this type of reactors 
is determined, in the light of the presence of passive systems that are considered inherently 
safe. The recommended tasks are as follows (tasks of importance are mentioned explicitly): 
• Management and organisation (tasks 1 to 8) 
• Identification of sources of radioactive releases and accident initiators (tasks 9 till 17) 
• Task 9  Familiarization with the plant and PSA and information gathering 
• Task 10  Identification and selection of site sources of radioactive releases 
• Task 11  Determination and selection of plant operating states 
• Task 12  Definition of core damage states or other consequences 
• Task 13  Selection of initiating events 
• Task 14  Determination of safety functions 
• Task 15  Assessment of function/system relationships 
• Task 16  Assessment of plant system requirements 
• Task 17  Grouping of initiating events 
• Event sequence modelling (tasks 18 to 23) 
• Task 18  Event sequence Modelling 
• Task 19  System modelling 
• Task 20  Human Performance analysis 
• Task 21  Qualitative dependence analysis 
• Task 22  Impact of physical processes on development of logic models 
• Task 23  Classification of accident sequences into plant damage states 
• Data assessment and parameter estimation (tasks 24 to 26) 
• Accident sequence quantification (tasks 27 to 31) 
• Documentation of the analysis: display and interpretation of results (tasks 32 to 34) 
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5 PSA analysis steps 
5.1 Plant familiarization and information gathering (task 9 IAEA) 

Using open information sources insight is gained in the operation and function of several parts 
of the plant, front line systems and support systems, in as much this information was available 
for the 2001 version. Some parts like the reactor protection system are described only on a 
conceptual basis and the layout of the Main Power System has subsequently changed as a 
result of experience gained in the preliminary safety analysis. 
 

5.1.1 The Fuel 

The fuel sphere, which ranges 6 cm in diameter, exists of circa 15000 coated particles 
containing 9 gram of uranium, with an enrichment of 8%. Each coated particle (kernel) 
contains the fission fuel uraniumoxycarbide, a layer of porous carbon, 2 layers of pyrolytic 
carbon (with a very high density type of heat treated carbon) and a layer of silicium carbide 
(see Figure 1). The layers constitute a very solid primary barrier against release of 
radioactivity. The design accounts for a very low probability of releasing a significant amount 
of radioactivity up to some 1600ºC. The main reasons for emission of radioactivity up to 
1200ºC are particles with defective layers or contamination with radioactivity (in the 
fabrication process). The probability of defective layers due to failures during the fabrication 
process of the fuel particles, complies with very high demands. Up to some 1600oC the 
probability of release increases due to diffusion processes. Above these temperatures the layers 
become more porous and can be breached as a result of pressure build-up of gases. In Figure 1 
the fraction of failed particles is shown as function of the temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Design of a fuel particle and the failure fraction as function of the fuel temperature 
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5.1.2 Power Conversion Unit 

The primary flow of the helium and thus heat transport from the reactor core is under normal 
circumstances established by the Power Conversion Unit (PCU), see Figure 2. The heated 
helium (ca. 900 oC) drives 2 turbine compressors (High Pressure Turbine: HPT and the Low 
Pressure Turbine: LPT), where 2 bypass valves are situated (version 2001). 
Subsequently the Helium will flow through the gas turbine (Power Turbine: PT) and the 
recuperator to enhance the efficiency of the cycle. Then the flow passes the Start-up Blower 
System (SBS). This system is installed for the purpose of start up of the Brayton gas cycle, but 
is also the preferred way to provide for cooling capacity during shut down of the gas cycle or in 
case of turbine failure. Behind the SBS the pre-cooler, the LPT driven compressor, the inter-
cooler and the HPT driven compressor are located. The flow path can be bypassed by the low 
and high pressure valve systems. The gas flow can be cut short by opening the Gas Cycle 
Bypass valves (GBP). The recuperator can be bypassed by opening the Recuperator Bypass 
valve system (RBP).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Main Power System (MPS) components 
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Also indicated is the Helium Inventory Control System (HICS). This system regulates the 
Helium pressure and is able to lower the inventory with 10%/minute (pump down) in the 
pressure range of 7 MPa (100% inventory, normal operation) to 2.8MPa (40%). In the lower 
pressure range the pump down rate is lower. Overpressure will be eliminated by using pressure 
release devices (2 devices with 2 different set points). 
 
Under and on the top lid of the reactor vessel, the control rods are positioned including the 
accompanying Control Rod Motors, the Reactivity Control System (RCS) and the Reserve 
Shutdown Systems (RSS, 17 pieces). A reserve shutdown system contains boron filled 
absorber spheres (Small Absorber Spheres, SAS) which can be positioned in the side reflectors 
of the core. The Fuel Handling and Storage System (FHSS) has penetrations at the bottom side 
of the reactor vessel for the supply and removal of fuel and graphite spheres. Breach or leakage 
in one of these systems may lead to pressure loss. The position and extent of the leakage/break 
determines whether or not the helium loss can be isolated or compensated for.  
 
The primary function of the Core Conditioning System (CCS) is to transfer decay heat when 
the Brayton cycle is not operational. It consists of 3 blowers (3*50%), a water cooler, 
recuperator and valves (see Figure 3). The task of the CCS is to keep the temperature of the 
reactor below 400oC during maintenance conditions. When the SBS system is not available this 
system is also able to cool down the core, however with a much slower rate then the SBS. 

 
Figure 3 Core Conditioning System 
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The water coolers in both the PCU and the CCS operate with a much lower water pressure than 
the helium pressure so in case of a rupture or leakage cooling water can not penetrate the 
helium coolant system unless the helium pressure is low as a result of depressurisation accident 
or maintenance conditions. Pressure build up at the waterside of the heat exchangers is 
prevented by the use of rupture disks. 
 
The Reactor Cavity Cooling System (RCCS) is a cooling system around the reactor vessel that 
cools the concrete walls of the cavity (see Figure 4), the reactor vessel and the RV supports. 
The functioning of the RCCS is based on the natural processes of heat transport (air convection 
and radiation) from the reactor vessel wall to the cooling panels of the RCCS. The RCCS 
consists of three independent, 100% capacity natural-convection driven cooling systems. In 
case all cooling units are lost, heat absorption will remain for up to three days due to heat up 
and boiling of the water in the system.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Reactor Cavity Cooling System 
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• Containment1 function  
o Maintain integrity of fuel particle 
o Maintain integrity of primary reactor coolant boundary; 
o Maintain primary reactor coolant inventory; 
o Maintain spent fuel cooling. 

 
The main questions for this task are which (safety) systems are implemented and which safety 
functions are necessary to: 
1) prevent that an Initiating Event (IE) leads to core damage (radioactivity release), and; 
2) to minimise release of radioactivity as much as possible in case of an accident. 
 

Table 1 Safety functions to prevent release of radioactivity 

Safety function Purpose 
Reactivity control Shut down reactor to decrease heat 

production / prevent power excursion 
Reactor cooling system, Reactor coolant 
system inventory control 

Maintain coolant medium in the core 
(maintain coolant medium in proper state) 

Reactor coolant system pressure control  
(maintain integrity of primary reactor 
coolant boundary) 

Maintain pressure coolant within required 
margins 

Core heat removal Transfer heat from the core to the coolant 
Reactor coolant system heat removal Heat transfer from the coolant to the 

conversion unit or heat sink 
Confinement isolation Close openings in the insulation to reduce 

radionuclide releases 
Confinement temperature and pressure 
control system 

Prevent damage to confinement and 
equipment. 

Combustible gas control Remove and redistribute hydrogen to 
prevent explosion inside confinement 

Reduction radioactivity Scrub radioactive materials from 
confinement atmosphere 

 
The design of the PBMR discussed here no pressure containment is present. It has however a 
concrete building (confinement), which is not leak tight but provides for a certain mitigation of 
releases of radionuclides during accident conditions. A helium leak up to a certain magnitude 
can be released and filtered through the ventilation system. Greater leak rates will be released 
without filtering. As no accidents are expected to produce a significant amount of burnable 

                                                 
1 Containment are all barriers between fuel and environment. It is NOT restricted to the building. 
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gases (hydrogen, carbon monoxide, graphite dust), the design does not contain burnable gas 
igniters or recombiners. 
 
In Table 2 the available safety systems (front line systems) of PBMR are mentioned, in relation 
to the required safety functions (dependency matrix safety function versus front line systems). 

Table 2 Safety function and corresponding front line systems 

 
5.3 Selection of initiating events (task 13 IAEA) 

5.3.1 Definition of core damage 

The investigation into initiating events is in general focussed on those events that have the 
potential to lead to large releases of radioactivity as in the past surrogate risk figures (CDF, 
LERF, CCDF) have been defined for LWR’s based on the paradigm that the assiociated risk is 
negligible when fuel integrity is preserved [10]. For the present design of water-cooled reactors 
the definition of an initiating event is therefore as follows: an initiating event is an event that 
causes a disturbance in the plant and has the potential to cause core damage. The traditional 
end point of a level 1 PSA is core damage. This end state of core damage is clear in a 
PWR/BWR. For an (V)HTR, however, this is not straight forward as the design makes the 
large scale phenomena as in PWR’s/BWR’s virtually impossible. The low energy density of 
PBMR and (large) negative temperature coefficient are aimed at making it impossible to reach 
high temperatures of the fuel and therefore prevention of release of large quantities of 
radioactivity under any possible circumstances. Thus, the Core damage concept cannot simply 
be extrapolated to HTR. An alternative definition of the CDF term is necessary. 

Safety function Front line system 
Reactivity control Reactor Protection System (RPS) 

Reactivity Control & Shutdown System 
(RCSS) 

Reactor coolant system inventory/pressure  
control (maintaining integrity PPB) 

Helium Inventory Control System (HICS) 
Safety Relief Valves 

Core heat removal Core Conditioning System (CCS) 
Reactor Cavity Cooling System (RCCS) 
Reactor Pressure Vessel Conditioning 
System (RPVCS) 
“Natural conductivity, radiation (and 
convection)” 

Reactor coolant heat removal Power Conversion Unit (PCU) 
Start-up Blower System (SBS) in 
combination with heat exchangers 

Filtering / isolation HVAC / Isolation valves HICS/FHSS 
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Experiments with fuel spheres however have shown that elevated fuel temperatures above the 
design temperature for considerable periods of time lead to relative small releases of 
radioactivity in ideal conditions. This would imply that, perhaps, only a very limited number of 
accident scenarios need to be considered in the PSA to show compliance to governmental risk 
criteria if any. If the PSA is made with a broader intention, for example to optimise the design, 
for risk centred maintenance, economic risk or risk based inspection etc., also (very) low 
release accident scenarios could be included (in which fuel temperatures remain well below 
1600oC but above peak temperature). Detailed analyses (thermo-hydraulic analyses) may show 
that part of these accident scenarios could be screened out because of very low probabilities or 
assigned to a no-release (insignificant release) category. 
 
As a starting point one could opt for the definition that a fuel temperature above the absolute 
maximum design temperature (peak temperature) for an individual fuel sphere in normal 
operating conditions is considered a non-successful end state (“core damage”). This 
corresponds with the definition used to obtain the list initiating events, where the term 
“abnormal” or “accidental” condition is used. 
 
An end state in which the fission power not equals zero could also be regarded as a non-
successful end state. In that case namely, one could argue that an abnormal situation exists, i.e. 
the reactor is still not fully under control. The outcome of the event trees depends of course on 
the time duration of the accident analysis (1 day or 3 days for example). 
 
In [10] a Release Frequency - Consequence curve is suggested as risk criterium. 
 
In this document the following definition of an initiating event is used: each event that leads to 
an abnormal or accident condition is considered an initiating event. In other words every event 
that leads to a response of a safety system is treated as an initiating event. 
 
5.3.2 Methods to obtain a list of Initiating Events 

To obtain a list of initiating events which is as complete as possible, four methods are 
recommended: 
1) Engineering evaluation, 
2) Use earlier produced lists, 
3) Master Logic Diagram and  
4) Operational experience. 
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In the following the first three techniques have been applied to the PBMR design with focus on 
the main process2. Engineering evaluation and the use of earlier produced lists are, however, 
applied in a limited way. It will be clear that Operational experience is not an option. 
 

5.3.3 Engineering evaluation (NUREG/CR-2300: 3.4.2.1) 

In this technique all possible (partial) failure modes of all systems (operational plant systems, 
safety systems) and components that can lead directly or indirectly to accident conditions, also 
in combination with other failures or problems, are assessed. All disturbances that lead to a 
scram are of course also initiating events. 
 
Common cause failures require special attention. This relates to simultaneous failure of several 
identical components by a common cause. The common cause may for example be design 
deficiencies, procedural errors during maintenance or environmental conditions such as a high 
temperature.  
 
Per system, each failure mode that might lead to abnormal or accidental conditions possibly in 
combination with other disturbances should be identified. In Table 3 the most important 
components are analysed in this way. The events identified are traditionally categorised in a 
number of classes:  Loss of Coolant Accidents (LOCA’s), Transients, external events and area 
events. For PBMR, Loss of Coolant Accidents should be interpreted as loss of (a part of) the 
helium inventory. 
 
Considering LOCA’s, the entire reactor cooling system and associated interfaces with other 
systems should be investigated in terms of possible leakages or breaches or opening of 
systems, which could lead to loss of coolant. In many cases the several LOCA types are 
reduced to 3 or 4 cross sectional opening sizes, based on the demands on mitigating systems. 
This is also applicable for the PBMR. 

Table 3 Engineering evaluation of important parts 

Component Hazard /problem / 
transient 

Response/consequence 

Fuel temperature increase / 
oxidation 

increased probability of 
radionuclide release 

(top-)Reflector displacement change reactivity / fuel temp 
                                                 

2: Besides the core / primary system, there are some other systems containing radioactivity: the 
Spent fuel system, the Used Fuel system and the Waste Storage Tank. In a full PSA, initiating 
events in relation to these systems should be incorporated. 

 



  

RAPHAEL (ReActor for Process heat, Hydrogen And ELectricity generation) 
Page 17/51 

ReActor for Process heat, Hydrogen And ELectricity generation 
EC FP6 Integrated Project – Contract # 516508 (FI6O) 

D-ST4.6 Application of the PRA and RMPS methodology

Component Hazard /problem / 
transient 

Response/consequence 

Core displacement / 
compacting 

idem 

Core support failure idem 
Reactor Pressure Vessel rupture / leakage depressurisation, ingress of air 
Piping / Seals / Primary 
Pressure Boundary 
(cross duct / RPVCS) 

rupture / leakage depressurisation, ingress of air 

High Pressure Turbine / 
High Pressure 
Compressor 

inadvertent trip / 
breakdown 

change in flow/temp 

Low Pressure Turbine / 
Low Pressure 
Compressor 

inadvertent trip / 
breakdown 

change in flow/temp 

Power Turbine trip / breakdown / 
cooling failure / 
leakage  

change in flow/temp 
 
depressurisation 

High/low Pressure 
Coolant Valves (HCV / 
LCV) 

Inadvertent opening change in flow/temp 

Recuperator Leakage / rupture / 
blockage  

depressurisation / He-flow 
decrease 

Recuperator Bypass 
Valve 

Inadvertent opening efficiency reduction / trip 

Start-up Blower System 
(SBS) 

Spurious activation Increase He-flow 

SBS inadvertent trip / 
breakdown 
(at shutdown) 

loss cooling capacity 

High Pressure 
Compressor Bypass 
(Control) Valve 
(LPB/LPBC) 

spurious opening change in cycle temp / pressure / 
rotational speed turbo units (stop 
cycle) 

Low Pressure 
Compressor Bypass 
(Control) Valve (LPB / 
LPBC) 

spurious opening idem 

Gas Cycle Bypass Valve 
(GBP) 

spurious opening idem 

Intercooler rupture/leakage/blockage depressurisation/flow & heat 
removal decrease 

Pre-cooler rupture/leakage/blockage depressurisation/flow & heat 
removal decrease 
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Component Hazard /problem / 
transient 

Response/consequence 

Pressure Relief Valves inadvertent opening depressurisation 
Generator breakdown / trip load rejection 
HV breaker inadvertent opening load rejection 
Variable Resistor Bank inadvertent actuation PT trip 
Grid / auxiliary power failure load rejection 
Helium Inventory 
Control System 

loss of control / 
leakage/rupture 

In- or decrease inventory / 
depressurisation 

Core Conditioning 
System 

leakage / rupture /loss of 
control 

depressurisation / cooling 
capacity in- or decrease 

Reactor Pressure Vessel 
Conditioning System 

inadvertent trip / 
breakdown  

RPV temp. increase  

Reactor Cavity Cooling 
System 

inadvertent trip / 
breakdown 

RPV (support) temp. increase  

Reactivity Control and 
Shutdown System 

spurious operation change reactivity / shutdown 

Equipment Protection 
System 

spurious operation stop cycle / shutdown 

Active Cooling System Leakage/ rupture 
/blockage 

change water temp, change 
cooling capacity He-water heat 
exchangers 

Fuel Handling and 
Storage System 

leakage / rupture / 
blockage / loss of 
control 

depressurisation / reactivity in- or 
decrease  

Computer control (RPS) inadvertent operation In- or decrease 
inventory/reactivity 
trip 

 

5.3.4 Reference to previous lists 

Existing lists may be used as a starting point. The lists should be screened on appropriateness 
in relation to actual design of the plant or external conditions. In the reports NUREG/CR-2300 
[2] and IAEA safety series [1] a number of generic lists are presented. In appendix A these lists 
are shown. The applicability of each event to the actual design is considered. 
 
Unique systems, especially passive processes or systems like the RCCS have no equivalent in 
the generic lists in terms of coolant flow/capacity/loss or reactivity and are therefore not 
produced by this method. 
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5.3.5 Master Logic Diagram (NUREG/CR-2300: 3.4.2.2) 
A master logic diagram (MLD) is a tool in identifying initiating events and ensures to a high degree the 
completeness of the analysis. It is a top down approach in that it starts with consequence: for instance 
radioactive releases to the environment. The upper part of this MLD is reproduced in figure 5 for 
illustration purposes. The complete analysis can be found in [9]. 
 

Release of 
radioactivity from 

fuel

Thermal effects
(T)

Chemical effects
(C )

Air ingress
(C1)

Water ingress
(C2)

Heat sink 
availability failure

(T1)

Power & Reactivity 
control failure

(T2)

Cooling capacity 
decrease

(T3)

Loss of coolant 
accident LOCA

(T_ID1)

HICS failure 
decreasing Helium 
Inventory (T_ID2)

Water ingress due 
to mechanical 
failures (C2.1)

LOCA due to He-
water heat exch. 
ruptures (L_HE)

Heat removal 
decrease from 
primary system

(THRD)

Core support 
failure
(TCS)

Reactor coolant 
inventory decrease

(T3.1)

Reactor coolant 
flow rate decrease

(T3.2)

Core support 
failure
(TCS)

Mechanical failure 
of systems 

connected to RV

Mechnaical failures 
of systems within 
power conversion 

unit

Core support 
failure
(T_CS)

Core cooling 
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(T2.1)

Change reflector 
geometry
(T_RG)

Water ingress
(C1)

Loading error fuel 
pebbles
(T2.2)

Reactivity control & 
shutdown system 

failure (T2.3)  
 
Figure 5 Upper part of the Master Logic Diagram 

In this case the starting point of the analysis is the release of radioactivity from the fuel particles. This 
event is subsequently subdivided in all possible scenarios that can lead to this event. Successful 
operation of safety systems and other mitigating action should not be considered. The events at the 
lowest level are candidates for the list initiating events. The events considered are mainly focused on 
those occurring during normal operation of the plant (including operation at power, reactor shutdown 
and refuelling). There are several scenarios for pebble bed reactors that may increase the likelihood of 
emission of radioactivity (challenge of the first barrier, the fuel particles confinement): 
1) Chemical Effects [C]; 
2) Thermal Effects [T]. 
3) Mechanical effects; 
4) Manufacturing defects. 
 
Major source of activity is likely to be activated carbon dust – fission product releases are likely to be 
much smaller 
 
In the analysis all events that also challenge the second barrier (the primary system) are also taken into 
account. Events that may breach the third barrier (the containment / confinement building) are not 
analysed as this is out of the scope of this report. All identified initiating events are listed in appendix B. 
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Due to the structured way of analysing, the probability of missing initiating events is minimised.  
The technique shows to be well suited to obtain a comprehensive list of initiating events for this type of 
reactor including its passive features. 
 
5.3.6 Operational experience 

In this approach, the operational history of the plant (if any) and of similar plants elsewhere is 
reviewed for any events, which could be added to the list. This approach is considered only 
supplemental, as it is not likely that it will reveal low probability events. 
 

5.3.7 Summary on initiating events 

Summarizing the results of the techniques mentioned above leads to a list of initiating events 
that are considered applicable on the PBMR design, as shown in Table 4. Appropriateness of 
certain events is of course dependent on the (final) design of the plant. 

Table 4 List of initiating events for PBMR 

 

 
Inventory 
Loss of Inventory (Large / medium / small LOCA) caused by tube ruptures, RPV failure, 
PPB failure (ingress of air, water) 
Leakage/seal failure/break in HICS/HPS/CCS/FHSS/RPVCS 
Leakage from control rods (CRDM seal failure / control rod ejection) 
Inadvertent opening of a safety/relief valve (stuck) 
He/water heat exchanger leakage/rupture (depressurisation / ingress of water) 
 
HICS Pressure regulation fails: inventory decrease /depressurisation 
HICS Pressure regulation fails: inventory increase 
HICS Pressure regulation fails closed 
 
 
Turbine 
Electric load rejection (HV breaker opening / generator trip or faults) 
Electric load rejection with gas cycle bypass valve failure 
Turbine trip (loss of offsite power / cooling water / Resistor Bank) 
Loss of turbine (bearing / blades/ shaft / disk etc.) 
Turbine trip with gas cycle bypass valve failure 
 
 
Flow 
Control valves malfunction cause increase/decrease in pressure and flow: 
Gas cycle Bypass Valve (GBP) 
High/low Pressure coolant valve (HCV/LCV) 
Recuperator bypass valve (RBP) 
Start-up blower system inline valves (SIV) 
High/low pressure compressor bypass control valves (HPBC/LPBC) 
High/low pressure compressor bypass valves (HPB/LPB) 
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Table 4: List of initiating events for PBMR (cont.) 

He-water heat exchanger (Intercooler/Pre-cooler/CCS) He-flow decrease 
Flow decrease (blockage) recuperator 
Inadvertent operation SBS at power 
Trip/loss of High Pressure compressor/turbine 
Trip/loss of Low pressure compressor/turbine 
Trip of both turbo compressors (HPC and LPC) 
Low helium flow during startup or shutdown (SBS failure) 
High helium flow during startup or shutdown (SBS failure) 
 
Heat removal 
He/water heat exchanger(s) water flow decrease (blockage): He-temp increase 
He/water heat exchanger(s) water flow increase: He-temp decrease 
He/water heat exchanger(s) water flow temp increase/decrease: He-temp change 
Loss of generator cooling (leakage / loss of water flow) 
Loss of active cooling system ACS (heat sink) 
Loss of Core Conditioning System (CCS) (at shutdown) 
Inadvertent operation of CCS at power 
Loss of Reactor Cavity Cooling System (RCCS) 
Loss of Reactor Pressure Vessel Conditioning System (RPVCS) 
HE channel blockage 
 
Reactivity control 
Uncontrolled Rod (group) withdrawal/insertion at power 
Uncontrolled Rod (group) withdrawal in accident event (re-criticality) 
Uncontrolled SAS removal/insertion from reactivity control system 
Uncontrolled SAS removal/insertion from cold shutdown system 
Inadvertent reactivity control unit actuation 
Uncontrolled fuel loading (mix up of spheres, detection errors) 
Blockage of fuelling pipe 
High flux due to rod/SAS withdrawal at startup 
Pressure, temperature, power imbalance--rod/SAS-position error 
Reflector geometry modification (top reflector drop) 
 
Scram due to plant occurrences 
Spurious trip via instrumentation, RPS /EPS /OCS fault 
Detected fault in reactor protection system 
Loss of computer control (RPS) 
Manual scram--no out-of-tolerance condition 
 
Internal/External events 
Loss of offsite power 
Loss of auxiliary power (loss of auxiliary transformer) 
Loss of DC power bus(es) 
Heavy Load Drop 
External explosion 
Seismic event 
Core structural support failure 
Aircraft crash 
(Turbine) Missiles / Projectiles 
Floods 
Fire within plant 
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The procedures to obtain the list of initiating events seem to be equally well suited for 
PWR’s/BWR’s as for HTR. No significant problems or inconsistencies have been encountered. 
This shows that application of these techniques on reactor designs with passive systems 
(Generation IV) is appropriate. 
 

5.4 Grouping of initiating events (task 17 IAEA) 

The initiating events can be grouped in such a way that all events in the same group impose 
essentially the same success criteria on the front line systems as well as the same special 
conditions (challenges to the operator, to automatic plant responses, etc.) and thus can be 
modelled using in principle the same event/fault tree analysis. 
 
Of primary importance is the question whether or not the Primary Pressure Boundary (PPB) is 
breached. If the PPB remains intact, no radioactivity release to the confinement will take place. 
Breach of the PPB will lead to filtered or unfiltered venting to the environment of the helium 
with a certain amount of radioactivity. The amount of helium released depends on the 
possibility of isolating the release (i.e. closing of valves or even the release opening). 
 
All other events will challenge the reactivity control system and heat removal capability. For 
these events elevated temperatures of the fuel may lead to an increased concentration of 
radioactive materials in the helium, but will in principle not be released to the environment. If 
they do lead to a PPB breach (opening of safety valves for instance) they should be transferred 
at a certain stage of the accident delineation to one of the LOCA categories.  
 
The following groups of initiating events can be distinguished for use in the event tree 
development: 
• LOCA’s 

o Large LOCA, non-isolatable 
o Large LOCA, isolatable 
o Intermediate LOCA, non-isolatable 
o Intermediate LOCA, isolatable 
o Small LOCA, non-isolatable 
o Small LOCA, isolatable 

• Transients: 
o No heat removal from core (Loss PCU & CCS) 
o Decreased heat removal from core / RPV 
o Power/reactivity increase 
o Miscellaneous 
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The initiating events in Table 4 can be assigned to one of the event groups, as shown in 
appendix D. The grouping is a straightforward process independent of reactor type. 
 

5.5 Accident Sequence Modelling (task 18 to 23 IAEA) 

In task 18 to 23 the response of the plant on each group of initiating events is established using 
accident sequence modelling. The end points of each event tree in the level I PSA’s of 
PWR/BWR are in principle a successful end state or an end state with core damage. In case of 
a HTR like the PBMR two points that are interrelated need some consideration: 
1 Definition of Core Damage, see the discussion above in paragraph 5.3.1; 
2 Level 1 and 2 issue. 
 

5.5.1 PSA level 1 and level 2 

In a Level 2 PSA of BWR/PWR the end point of the Level 1 PSA (core damage) is a more or 
less an intermediate result. Ultimately, attention is focussed on (large) releases of radioactivity: 
without Core Damage no large releases. Based on the specific initiating event and the 
availability of safety systems, the occurrence frequency of radioactivity release from the fuel 
elements is determined. Hereto success criteria are used, often based on thermo hydraulic 
analyses. 
 
Eventually this PSA-1 step leads to a considerable number of accident sequences with respect 
to the status of the core, the reactor vessel, and plant systems. Subsequently an analysis of plant 
damage states is conducted. In this analysis sequences are clustered based on the damage state 
of the plant: availability of safety systems, status of the reactor vessel and fuel and the status of 
the contaiment barriers. In the level 2 analysis, the continuation of the accident is modelled 
based on the plant damage state primarily with regard to the containment response, by in 
principle expanding the level 1 event trees. Eventually this leads to a number of source terms 
that can in turn be binned into a smaller number of release categories. 
 
This whole process itself from initiating event up to release categories is independent of the 
fact that core damage can occur. How releases are accomplished - molten fuel, cracked fuel, 
other sources like dust, is not relevant for the analysis method. Therefore a Level 2 analysis for 
a (V)HTR is straight forward and no changes in the methodology are needed. 
 

5.5.2 Accident delineation 

The following primary systems (front line systems) are important: 
• RCS/RSS (Reactivity Control System / Reserve Shutdown System) 
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• PCU (Power Conversion Unit) 
• SBS (Start-up Blower System) 
• CCS (Core Conditioning System) 
• RCCS (Reactor Cavity Cooling System) 
• HICS (Helium Inventory and Control System) 
 
Recovery of these systems after initial unavailability may have a significant influence on the 
course of the accidents. Although recovery of systems normally is not modelled except for 
Loss of Offsite Power, taking it into account in the event trees as separate heading events is no 
problem. 
 
The following systems and recovery actions play an important role in the development of the 
accident (that is the magnitude of the releases): 
• Detection systems of helium leakages 
• Possibility of isolation leakage/breach (closing valves) 
• Possibility of closing (repairing) the leak opening 
• Availability and status of the ventilation system (HVAC) 
• Opening overpressure valves and possibility of re-closing these valves (confinement). 
The headings of the event trees will thus be formed by a number of these systems or actions. 
The end states of the event trees are determined by the initiating event, the status and 
availability of various plant systems (safety systems, support systems, detection systems) and 
human action as a function of time.  
A complicating factor in the modelling of the accident progression is that there may be the 
possibility of recovery during the course of the accident. This is due to the long period (slow 
development) of the accident progression (several days), allowing (in some cases) closing of 
the LOCA opening and establishing forced cooling or closing of the ventilation valves of the 
HVAC system, preventing further unfiltered release to the environment. The moment in time 
that isolation will take place (few seconds, minutes or hours) will have a large impact on the 
amount and timing of the helium release and associated radioactivity release. It must also be 
considered that there is the possibility of incorrect operator actions making the sequence worse 
and the modelling of the accident progression over extended periods must include accident 
management measures as it is inconceivable that no efforts would be made to attempt to 
recover the situation.  
 
Another important point here is the incorporation of the passive systems in the accident 
sequences. This will be elaborated in the next paragraph. 
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5.5.3 Passive systems 

The term passive system is generally used for systems that perform a certain safety function 
using a natural process without the support of other operational systems or human action.  
 
In a publication of the IAEA [4] one defines passive systems as systems that have no need for 
external input, especially energy, to be able to operate. In this reference passive systems are 
divided in four categories: 
 

a. physical barriers and static structures (characteristics based on material, condition, 
design and geometrical placement) 

b. movement of fluids/gases (due to phase changes, chemical reactions or neutron flux 
effects) 

c. moving of mechanical parts (for example the opening of a spring loaded check valve as 
a result of a pressure difference) 

d. external signals and potential energy (passive action / active actuation) 
 
Usually passive systems refer to the systems/processes of type b. 
 
An important question is how success or failure of passive systems should be incorporated in a 
PSA-1 analysis. In case of active systems there are only two possibilities; the system operates 
or it fails (binary logic). If there is mention of more than one component in an active system 
(there are for example 3 available pumps) the success of performing a safety function is based 
on design criteria or on detailed thermo-hydraulic analyses, which determines the number of 
components necessary to perform the required safety function. Based on this information a 
fault tree is established which assesses the probability that the required number of active 
components is not available. 
 
In relation to passive systems two problems may occur that are currently under investigation: 
the passive system does not function at all (the desired operation does not start due to physical 
processes or conditions) or is being hampered (the function is degraded). In case of degradation 
the duration of the problem is of importance besides the magnitude of the degradation. The 
seriousness of the degradation depends heavily on the operating conditions (temperature, 
pressure and flow ranges of diverse interacting systems in which the passive system should 
operate). Therefore there is no simple one to one relation between defined success criteria and 
the probability of compliance of the passive system. 
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In a branch of the event tree, the probability of a system (or action) not being available is in 
general quantified by a fault tree. The establishment of the fault trees is termed “Systems 
Modelling” (task 19 of the IAEA guideline).  
 
Using a certain definition of failure (or success criteria), it seems possible to assess the 
probability of failure of a passive system by thermo-hydraulic simulation given foreseen 
margins of the process conditions and uncertainties in the parameters. In that case there is no 
problem incorporating the passive system within the classical event tree approach.  
 
Within the framework of the 5th FP RMPS project, a methodology has been developed to 
evaluate the reliability of passive systems characterized by a moving fluid and whose operation 
is based on physical principles, such as the natural circulation (see appendix E). The reliability 
evaluation of such systems is based in particular on the results of thermal-hydraulic (T-H) 
calculations. This methodology can be structured in three parts: 
• Identification and Quantification of the sources of uncertainties; 
• Reliability evaluations of passive systems using techniques use in Structural Reliability 

analyses; 
• Integration of passive system reliability in Probabilistic Safety Assessment. 
 
The last item is not fully developed. A way of incorporating passive system reliability in the 
PSA that is consistent with current standards is given in the next paragraph. 
 

5.5.4 Example of incorporating a passive system in an event tree 

The safe operation of the PBMR is based on four passive forms of mitigation: 
1) Shutdown of the reactor based on the intrinsic negative temperature coefficient 
2) Natural heat transport from the core to the surroundings by conduction, heat radiation 

and convection (if there is sufficient helium pressure) 
3) Heat absorption and removal by the reactor cavity cooling system 
4) Heat absorption by the concrete of the building 
 
In Figure 6 an example is given how could be incorporated in a part of the event tree. In this 
example one passive process and one passive component is considered. The passive process 
concerns heat transport from the fuel spheres to the environment (core support structure, 
reactor vessel, air in the cavity and the water chambers of the Reactor Cavity Cooling System) 
by conduction, heat radiation supplemented with convection if here is enough helium pressure. 
The component that can be operated passively is the Reactor Cavity Cooling System itself. The 
RCCS consists of 45 water chambers, which are situated around the reactor vessel. By each 
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pump (2001 situation, 3 in total each 50%) water is pumped through this system and the heat 
absorbed is dissipated in the Active Cooling System (ACS). In case of pump failure the water 
in the associated water chambers will heat up and the pressure rise will lead to breaking of a 
rupture disk. The passive heat removal remains intact, as long as there is sufficient water in the 
water chamber. Actually besides the passive heat absorption of the RCCS the passive heat 
absorption of the concrete walls could be modelled. In case the RCCS boils dry or in the case 
the water content is lost early in the accident scenario (for example by a large earth quake) then 
the concrete of the reactor cavity will absorb a large portion of the heat produced during the 
course of the accident. 
 
The first heading related to passivity in the event tree concerns the event that there is a 
situation of reduced heat transport from the core to the environment (by conduction, heat 
radiation or convection). The other relates to reduced heat removal by the RCCS. 
 
In the case the Start-up Blower System (SBS) or the Core Conditioning System (CCS) (both 
systems are able to remove heat from the core) is functioning, it is assumed that the fuel 
temperature will remain within the “normal” operating range (below peak temperature). In all 
other cases there will be a (clear) elevated fuel temperature. This situation is indicated with the 
term “Core out of specification”, COOS. In case of an elevated fuel temperature (say above 
1200 oC during a longer period) there is small emission of radioactivity from the fuel spheres, 
primarily as a result of defective fuel particles. Only in case of leakage/rupture of the Primary 
Pressure Boundary or supporting systems like the “Fuel Handling and Storage System” or the 
“Helium Inventory Control System”, there is a possibility of a filtered or unfiltered release path 
to the environment. 
 

 
Figure 6 Event tree with passive components/systems 
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The specific features of passive systems can be incorporated in the event tree by using more 
branches under one heading or by splitting the system over more than one heading (see Figure 
7). Based on the thermo hydraulic analyses, the probability that the passive system is capable 
of removing a certain percentage of the produced heat and therefore maintain the fuel 
temperature below a certain level, can be determined. In figure 7 distinction is made between 4 
possible fuel temperature ranges: below 1200C, between 1200C and 1350C, between 1350C 
and 1600C, and above 1600C. Depending on the specific conditions associated for instance 
with the initiating event, the three branch probabilities could vary or a probability density 
function giving the probability as function of performanceof the passive system. 
 

 

Figure 7 Part event tree depicting 4 system states for a passive system 

 

5.5.5 Event Sequence Modelling PBMR 

Based on the groups of initiating events the event tree model can be made using the systems or 
functions as headings in the trees. For one of the initiating event groups such a tree has been 
made as an example, without expanding on the subject of passive systems. 
 
LARGE LOCA 
In case a large isolatable LOCA (opening size diameter 20cm) takes place the mass flow is 
high, initially some hundred or more kilograms per second, the actual release rate is dependent 
on friction and density (temperature) of the gas. As the gas pressure decreases rapidly the 
release rate also decreases. In a few minutes however a significant part of the entire inventory 
of the PCU (4500kg) may be released. For an opening size of 6,5 cm it takes some 10 minutes 
to release upto 90% of the PCU inventory. This shows that pump down has no influence on the 
large LOCA sizes.  
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In the first release only the activity already contained in the helium is released (unfiltered), 
including (resuspended) dust. If the release takes place in the HICS/FHSS system, successful 
prompt closure of valves will assure that the inventory of the MPS system will not be totally 
released and cooling can be assured. 
 
In a preliminary version of the PBMR Safety Analysis Report it is shown that in the worst case 
scenario (depressurised loss of forced cooling) it takes some 12 hours before the maximum 
pebble fuel temperature in the core reaches the level of 1300oC and some radioactivity release 
from the fuel will commence as a result of defective particles. A fraction of this radioactivity 
will eventually escape from the PPB (due to slight differential pressure effects or convection). 
The delayed release could effectively be stopped if in the mean time the opening could be 
closed by repair (and some cooling re-established). Finally manual closure of the direct vent 
path to environment (after the large release is below a certain rate) will assure filtering of the 
remainder of the release. 
 
In summary the following aspects determine the release: 
• Availability RCS 
• Prompt isolation of HICS/FHSS system 
• Delayed closure of release opening (and probable re-establishment of cooling) 
• Closure of direct venting path, re-establishing filtration of confinement atmosphere 
• Availability of cooling capacity 
 
In appendix B the event tree made based on the items mentioned above, is shown. 
 

5.6 PSA Level 2/3 

In the level-2 analysis a grouping is performed (called source term binning) to obtain a 
reasonable number of release categories to be evaluated in the level -3 environmental 
consequence analysis. The most important issue in determining the consequences in the 
environment as a result of accidents is the release magnitude of the radionuclides as a function 
of time.  
 
Release categories 
The most important matter in the release categories (or source term categories) is of course the 
magnitude and timing of the various radionuclide releases. This has to do with decay rates of 
various fast decaying radionuclides (like some of the noble gases) and distribution of nuclides 
in the environment. Of some importance is the energy (heat) content of the release as this 
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determines to a certain extent how far the plume rises in the atmosphere and subsequently the 
concentration distribution.  
 
The release can be subdivided in essentially two release phases; the first release phase in which 
the system is depressurised and a second phase in which a slow release occurs during heat up 
of the core and subsequent expansion of the helium. The first phase contains the radionuclide 
concentration already present in the helium (gases and dust). The second phase contains 
additional radionuclides as a result of the fuel temperature rise (basically due to defective fuel 
particles). The amount of radionuclides released in the first phase is directly proportional to the 
total mass helium released and the possibility of filtering. The radioactivity content of the 
second release is primarily caused by the fuel temperature distribution (as a function of time) 
and the ability to filter the release. Therefore the source term binning scheme in Table 5 seems 
adequate. A more sophisticated scheme could contain a subdivision related to functioning of 
the RCS, the manual closure of the open vent to the environment (in case of a large early 
release) and the time point the LOCA opening is repaired. 

Table 5 Binning scheme 

Early phase  Late phase 
Large amount unfiltered Unfiltered (no manual closure) 
Medium amount unfiltered  Filtered 
Medium amount filtered No release (closure of opening) 
Small amount filtered  
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6 Conclusions 
The purpose of the current analysis is to investigate if the currently used PSA analysis 
techniques for PWR/BWR can be applied just as well on (V)HTR/GenIV reactors that make 
use of natural processes or passive components to reduce or prevent the consequences of 
accidents to the environment. 
 
The PSA methodology and analysis techniques are equally well applicable for (V)HTR 
reactors with build-in passive safety: 
1) The way in which initiating event list are established: the “master logic diagram” 
method, the use of reference lists, the “engineering evaluation” and use of operational 
experience, are appropriate;  
2) The generally applied static event tree/fault tree technique to model the course of 
accidents is applicable by introducing the passive component or process in the event tree. 
3) The meaning of a separate Level 1 analysis is limited, as core damage in the classical 
sense is non- or practically non- existent. 
4) A Level 2 and Level 3 analysis can be conducted without any problem. 
 
Notwithstanding the foregoing, there are some issues that represent a departure from the 
traditional PSA assessment, that need to be resolved before a risk informed approach can be 
used.  
1 The LWR Core Damage concept and its relelated risk figures Core Damage Frequency 

and Large Early Release Frequency can not be extrapolated to HTR.  
2 Although the role of passive safety system reliability can be introduced without any 

problems in the generally applied static event tree/fault tree technique to model the 
course of accidents, the practical way to assess the reliability of these passive systems 
or processes needs development. 
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appendix A Generic lists initiating events 
In report NUREG/CR-2300 [2] and IAEA safety series [1] a number of generic lists have been 
included. In the following, these lists are shown and the initiating events which might be of 
importance for PBMR have been noted. The sign “V” indicates that this event is applicable 
directly or can be translated to an equivalent event in terms of corresponding systems in the 
PBMR (indicated in bold). The sign “X” means the event cannot easily be translated into an 
event with a comparable system in the PBMR design or is not applicable at all.  
 
 
List of BWR transient initiating events (NUREG/CR-2300) 
 
V 1 Electric load rejection 
V 2 Electric load rejection with turbine bypass valve failure 
V 3 Turbine trip 
V 4 Turbine trip with turbine bypass valve failure  
X 5 Main-steam isolation valve (MSIV) closure 
X 6 Inadvertent closure of one MSIV 
X 7 Partial MSIV closure 
X 8 Loss of normal condenser vacuum 
V 9 Pressure regulator fails open  =>HICS 
V 10 Pressure regulator fails closed  =>HICS 
V 11 Inadvertent opening of a safety/relief valve (stuck)  
V 12 Turbine bypass fails open 
V 13 Turbine bypass or control valves cause increase in pressure (closed) 
V 14 Recirculation control failure--increasing flow   
V 15 Recirculation control failure--decreasing flow  =>CPBP / HPB / LPB 

opening / SIV closure 
V 16 Trip of one recirculation pump => HPC / LPC trip 
V 17 Trip of all recirculation pumps 
X 18 Abnormal startup of idle recirculation pump 
X 19 Recirculation pump seizure 
X 20 Feedwater--increasing flow at power 
V 21 Loss of feedwater heater =>Loss of recuperator 
X 22 Loss of all feedwater flow 
X 23 Trip of one feedwater pump (or condensate pump)  
V 24 Feedwater=> helium low flow 
V 25 Low feedwater => helium flow during startup or shutdown 
V 26 High feedwater=> helium flow during startup or shutdown 
V 27 Rod withdrawal at power 
V 28 High flux due to rod withdrawal at startup 
V 29 Inadvertent insertion of control rod or rods 
V 30 Detected fault in reactor protection system 
V 31 Loss of offsite power 
V 32 Loss of auxiliary power (loss of auxiliary transformer) 
X 33 Inadvertent startup of HPCI/HPCS 
V 34 Scram due to plant occurrences 
V 35 Spurious trip via instrumentation, RPS fault 
V 36 Manual scram--no out-of-tolerance condition 
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List of PWR transient initiating events (NUREG/CR-2300) 
V 1 Loss of RCS flow  
V 2 Uncontrolled rod withdrawal 
V 3 Problems with control-rod drive mechanism and/or rod drop  
V 4 Leakage from control rods 
V 5 Leakage in primary system 
V 6 Low pressurizer pressure =>HICS failure 
V 7 Pressurizer leakage =>HICS leakage 
V 8 High pressurizer pressure =>HICS failure 
X 9 Inadvertent safety injection signal 
X 10 Containment pressure problems 
X 11 CVCS malfunction--boron dilution 
V 12 Pressure, temperature, power imbalance--rod-position error  
V 13 Startup of inactive coolant pump =>Startup of SBS during PT operation 
V 14 Total loss of RCS flow 
X 15 Loss or reduction in feedwater flow (one loop) 
X 16 Total loss of feedwater flow (all loops) 
X 17 Full or partial closure of MSIV (one loop) 
X 18 Closure of all MSIVs 
X 19 Increase in feedwater flow (one loop) 
X 20 Increase in feedwater flow (all loops) 
X 21 Feedwater flow instabi1ity--operator error 
X 22 Feedwater flow instabi1ity--miscellaneous mechanical causes  
X 23 Loss of condensate pumps (one loop) 
X 24 Loss of condensate pumps (all loops) 
X 25 Loss of condenser vacuum 
V 26 Steam-generator leakage =>Inter-cooler leakage 
V 27 Condenser leakage =>Pre-cooler leakage 
V 28 Miscellaneous leakage in secondary system 
V . 29 Sudden opening of steam => helium relief valves 
V 30 Loss of circulating water 
V 31 Loss of component cooling 
V 32 Loss of service-water system 

V 33 Turbine trip, throttle valve closure, EHC problems =>GCBV opening 
V 34 Generator trip or generator-caused faults 
V 35 Loss of all offsite power 
X 36 Pressurizer spray failure 
V 37 Loss of power to necessary plant systems 
V 38 Spurious trips--cause unknown 
V 39 Automatic trip--no transient condition 
V 40 Manual trip--no transient condition 
V 41 Fire within plant 
 
 
 
Boiling water reactors (table VIII in IAEA) 
 
V 1. Turbine trip 
V 2. Loss of feedwater => helium flow 
X 3. Closure of main steam isolation valve 
V 4. Loss of condenser =>water cooling 
V 5. Loss of off-site power 
V 6. Inadvertent opening of relief valves 
V 7. Manual shutdown 
V 8. Loss of DC power bus(es) 
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? 9. Loss of instrument air 
V 10. Loss of instrument water 
V 11. Loss of dry well => RPVCS cooling 
V 12. ATWS with turbine trip 
X 13. ATWS with closure of main steam isolation valve (MSIV) 
V 14. ATWS with loss of off-site power 
V 15. ATWS with inadvertently opened relief valve (lORV) 
V 16. ATWS with loss of DC power bus(es) 
V 17. Large LOCA (inside containment) 
V 18. Medium LOCA (inside containment) 
V 19. Small LOCA (inside containment) 
X 20. LOCAs outside containment 
V 21. Seismic event 
V 22. Floods 
V 23. Fires 
 
Pressurized water reactors (table VIII in IAEA) 
 
V 1. Large LOCA 
V 2. Medium LOCA 
V 3. Small LOCA 
X 3(a) Interfacing system LOCA . 
X. 4. Steam generator tube rupture 
X 5. Steam break inside containment 
X 6. Steam break outside containment 
X 7. Loss of main feedwater 
X 8. Trip of one MSIV 
V 9. Loss of flow in reactor coolant system 
V 10. Core power excursion  
V 11. Turbine trip 
V 11a) Turbine trip - loss of off-site power 
V 11b) Turbine trip - loss of service => cooling water_ 
V 12a) Reactor trip 
V 12b) Reactor trip - loss of component cooling 
V 13. ATWS 
V 14. Seismic event  
V 15. Flooding  
V 16. Fires 
 
 
 
 
EXAMPLE OF INITIATING EVENT GROUPING FOR A CANDU NUCLEAR POWER PLANT (table IX IAEA ) 
 
V 1. Forced shutdown 
V 2. LOCAs 
V 2.1 Small LOCA (inside containment) 
X 2.2 Small LOCA outside containment 
V 2.3 Medium LOCA (inside containment) 
X 2.4 Medium LOCA outside containment 
V 2.5 Large LOCA 
V 2.6 Other LOCAs 
V 3 Pressure tube rupture 
X 4 End fitting failure 
X 5 Steam generator tube rupture 
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X 6 Loss of high temperature pressure control (low) 
X 7 Loss of high temperature pressure control (high) 
X 8 Loss of pressure control (high) in solid mode due to loss of controller 
V 9 High temperature pressure and inventory control failures 
V 10 Any one primary heat transport pump trips =>HPT/HPC or LPT/LPC or PT 
V 11 Flow blockage (in an individual channel) 
V 12 Moderator failure 
X 13 Loss of end shield cooling 
V 14 Shutdown cooling failures 
V 15 Main steam line break => cross-duct break 
X 16 Loss of feed water to one or more steam generators 
X 17 Feedwater line break 
V 18 Turbine trip 
X 19 Loss of condenser vacuum 
X 20 Reheater drain line break 
V 21 Loss of condensate flow =>water flow in Intercooler / Pre-cooler 
V 22 Unplanned bulk increase in reactivity 
V 23 Unplanned regional increase in reactivity 
V 24 Loss of computer control 
X 25 Loss of low pressure service water open system 
V 26 Loss of (reactor) cooling water system 
X 27 Loss of powerhouse upper level service water 
X 28 Loss of instrument air 
X 29 Loss of cooling to fuel machine in transit 
V 30 Loss of bulk electricity supply 
V 31 Loss of switchyard 
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The following initiating events list can now be deduced using the generic lists above: 
 
 
Electric load rejection (Loss of offsite power / auxiliary power /DC) 
Electric load rejection with turbine bypass valve (HCV/LCV) failure 
Electric load rejection due to generator trip or generator-caused faults 
Power Turbine (PT) trip / failure (cooling / bearing / shaft / disk etc.) 
High Pressure Compressor/Turbine trip / failure 
Low Pressure Compressor/Turbine trip / failure 
Power Turbine trip with turbine bypass valve failure  
 
HICS Pressure regulation fails: inventory decrease /depressurisation 
HICS Pressure regulation fails: inventory increase 
HICS leakage/rupture (inventory decrease / depressurisation)) 
HICS Pressure regulation fails closed 
Inadvertent opening of a safety/relief valve (stuck) 
FHSS/CCS/RPVCS leakage/rupture (pressure decrease / depressurisation) 
Leakage from control rods / SAS systems? 
Leakage/rupture primary pressure boundary /RPV /piping (Large/Medium/Small LOCA) 
 
Turbine bypass or control valves (HCV / LCV / GBP / RBP / SIV /SBP / SBSV) cause 
increase/decrease in pressure & flow (blockage) 
Control failure HPB / HPBC (change flow/pressure) 
Control failure LPB / LPBC (change flow/pressure) 
 
Inadvertent startup SBS (during cycle) 
SBS failure during cool down 
CCS failure (during cool down) 
Loss of RPVCS 
Loss of computer control 
(Loss of instrument air?) 
 
 
He/water exchanger He-flow blockage 
He/water heat exchanger water flow decrease (blockage) 
He/water heat exchanger water flow temp increase / decrease 
He/water heat exchanger leakage/ rupture (depressurisation) 
(Partial) Loss of component cooling (active cooling system ACS) 
 
Rod / SAS withdrawal at power 
High flux due to rod/SAS withdrawal at startup 
Inadvertent insertion of control rod or rods / SAS 
Pressure, temperature, power imbalance--rod/SAS-position error 
Loading error (fuel / graphite spheres) 
Scram due to plant occurrences 
Detected fault in reactor protection system 
Spurious trip via instrumentation, RPS fault 
Manual scram--no out-of-tolerance condition 
 
Seismic event 
Floods 
Fires 
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appendix B Examples of Event trees 
Isolatable Large LOCA: 
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appendix C List of accident initiating events 
The list below shows all accidents identified and scrutinized in the previous sections. 
 
1. Chemical effects 

• Air Ingress 
• Water Ingress 
 

2. Thermal effects 
 

Heat Sink Availability Failure 
• Turbo-machinery failure 
• PCU Cooling Failure Reducing Heat Removal 
• Inadvertent CCS He Flow Rate Decrease 
• Inadvertent CCS Water Flow Decrease 
• Inadvertent CCS Water Temperature Increase 

 
Cool down Flow Rate Decrease 
• Loss of Coolant Accident due to pipe Break or leakage PPB 
• Loss of Coolant Accident due to Vessel Breach or Leakage 
• Loss of Coolant Accident due to Helium-Water Heat Exchanger Ruptures 
• Spurious Opening of Safety Valve 
• Spurious Helium Bypass Valve Opening 
• Flow Blockage of a Recuperator 
• Flow Blockage of a Pre-cooler  
• Flow Blockage of an Intercooler 
• Turbine Blade Failure 
• Compressor Blade Failure 
• Compressor Wheel Failure 
• Turbine Disk Failure 
• Magnetic Bearing Failure 
• Shaft Break Turbo Machine 
• Shaft Seizure Turbo Machine 
• Pipe Break inside the Primary Pressure Boundary 
• Leakage of seals or Breach Inside the PCU 
• Spurious CCS He Flow Rate Decrease During Cool down 
• Inventory Control System Failure Decreasing Helium Inventory 
• Make-up System Failure Decreasing Helium Inventory 
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Power & Reactivity Control 
• Spurious Removal of Small Absorber Spheres from the Reactivity Control System 
• Spurious Removal of Small Absorber Spheres from the Cold Shutdown System 
• Spurious Reactivity Control Unit Operation 
• Mechanical Failures of Systems Connected to the Reactor Vessel 
• Mechanical Failures of Systems within the Power Conversion Unit 
• Change Reflector Geometry 
• Inadvertent Operation of the CCS at Power 
• Inadvertent PCU Water Flow Rate Increase 
• Inadvertent PCU Water Temperature Increase 
• Inadvertent Closure of the Helium Bypass Valve 
• Loss of External Electrical Load 
• Loss of AC Power to the Plant Auxiliaries 
• Load Rejection due to generator failures 
• Inventory Control System Failure Increasing Reactor Coolant Inventory 
• Make-up System Failure Increasing Reactor Coolant Inventory 
• Blockage of Fuelling Pipe 
• Fuel Handling and Storage System Failure 
• Internal Mechanical Failure 
• Internal Hazards Challenging the Core Support Function 
• Load Drop Challenging the Core Support 
• Reactor vessel Mechanical Failure 
• Internal Hazards Challenging the Reactor Vessel 
• Load Drop Challenging the Reactor Vessel 
• PCU/Cross Duct Mechanical Failure 
• Internal Hazards Challenging the PCU/Cross Duct 
• Load Drop Challenging the PCU/Cross Duct 
• Pressure Boundary Challenge 
• Heat Removal Decrease from Primary System 
• Reactor Coolant Flow Rate Decrease 
• Reactor Coolant Inventory Increase 
• Differential Pressure Increase 
• Reactor Vessel Support Mechanical Failure 
• Internal Hazards Challenging the Reactor Vessel Support 
• RCCS Pipe Break 
• RCCS recirculation Water Loop Failure 
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appendix D Assignment initiating events to event groups 
 
Large LOCA, non-isolatable 
Large Loss of Inventory caused by tube ruptures, RPV failure, PPB failure (ingress of 
air, water) 
Heavy Load Drop 
External explosion 
Seismic event 
Core structural support failure 
Aircraft crash 
Control rod ejection 
Floods 

 
Large LOCA, isolatable 
Large Loss of Inventory caused by tube rupture /vessel breach HICS 
 
Intermediate LOCA, non-isolatable 
Intermediate Loss of Inventory caused by tube ruptures, RPV failure, PPB failure 
(ingress of air, water) 
Break in CCS/RPVCS 
(Turbine) Missiles / Projectiles 
He/water heat exchanger tube rupture 
 
Intermediate LOCA, isolatable 
Break in HICS/FHSS 
Inadvertent opening of a safety/relief valve (stuck) 
 
Small LOCA, non-isolatable 
Leakage/seal failure in CCS/RPVCS 
Leakage from control rods (CRDM seal failure 
He/water heat exchanger leakage 
 
 

Small LOCA, isolatable 
Leakage/seal failure in HICS/FHSS 
 
No heat removal from core (Loss PCU & CCS) 
Loss of offsite power 
Loss of auxiliary power (loss of auxiliary transformer) 
Loss of DC power bus(es) 
Fire within plant 
Loss of computer control (RPS) 
Loss of active cooling system ACS (heat sink) 

 
Decreased heat removal from core / RPV 
He/water heat exchanger(s) water flow decrease (blockage): He-temp increase 
 
Electric load rejection (HV breaker opening / generator trip or faults) 
Electric load rejection with gas cycle bypass valve failure 
Turbine trip (loss of offsite power / cooling water / Resistor Bank) 
Loss of turbine (bearing /blades/ shaft /disk etc.) 
Turbine trip with gas cycle bypass valve failure 
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Loss of Reactor Pressure Vessel Conditioning System (RPVCS) 
Loss of Reactor Cavity Cooling System (RCCS) 
Loss of Core Conditioning System (CCS) (at shutdown) 
Loss of generator cooling (leakage / loss of water flow) 
He/water heat exchanger(s) water flow temperature increase 
He-water heat exchanger (Intercooler/Pre-cooler /CCS) He-flow decrease 
Flow decrease (blockage) recuperator 
Trip/loss of High Pressure compressor/turbine 
Trip/loss of Low pressure compressor/turbine 
Trip of both turbo compressors (HPC and LPC) 
Low helium flow during shutdown (SBS failure) 
 
Control valves malfunction causing change in pressure and flow: 
 Gas cycle Bypass Valve (GBP) 
 High/low Pressure coolant valve (HCV/LCV) 
 Recuperator bypass valve (RBP) 
 Start-up blower system inline valves (SIV) 
 High/low pressure compressor bypass control valves (HPBC/LPBC) 
 High/low pressure compressor bypass valves (HPB/LPB) 
 

Power/reactivity increase 
HICS Pressure regulation fails: inventory increase 
Uncontrolled fuel loading (mix up of spheres, detection errors) 
Blockage of fuelling pipe 
Uncontrolled Rod (group) withdrawal at power 
Uncontrolled SAS removal from reactivity control system 
Uncontrolled SAS removal from cold shutdown system 
High flux due to rod/SAS withdrawal at startup 
Pressure, temperature, power imbalance--rod/SAS-position error 
Reflector geometry modification (top reflector drop) 
 

 
Miscellaneous 
HICS Pressure regulation fails: inventory decrease /depressurisation 
HICS Pressure regulation fails closed (no regulation) 
Uncontrolled Rod (group) insertion at power 
Uncontrolled Rod (group) withdrawal in accident event (re-criticality) 
Manual scram--no out-of-tolerance condition 
Scram due to plant occurrences 
Detected fault in reactor protection system 
Spurious trip via instrumentation, RPS /EPS /OCS fault 
 
He/water heat exchanger(s) water flow increase: He-temp decrease 
 
Uncontrolled SAS insertion from reactivity control system 
Uncontrolled SAS insertion from cold shutdown system 
Inadvertent reactivity control unit actuation 
 
Inadvertent operation of CCS at power 
He/water heat exchanger(s) water flow temperature decrease 
Inadvertent operation SBS at power 
High helium flow during startup or shutdown (SBS failure) 
Low helium flow during startup (SBS failure) 
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appendix E Synthesis of the works done on the reliability of passive systems 
CEA Report CEA/DEN/CAD/DER/SESI/LCFR/NT DO 11  13/06/2006 
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