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Abstract 

A sodium-cooled fast reactor, KALIMER-600, is under development. Its fuel is the metal fuel of U-TRU-Zr 
and it uses sodium as a coolant. KALIMER-600 has passive safety features such as passive shutdown 
functions, passive pump coast-down features, and passive decay heat removal systems. It has inherent 
reactivity feedback effects. 

The probabilistic safety assessment (PSA) will be one of the initiating subjects for designing KALIMER-600 
from the aspects of risk informed design. A preliminary level-1 internal full power PSA has been performed to 
evaluate the safety level and its applicability for the KALIMER-600 conceptual design. 

Various design alternatives are evaluated from the viewpoint of PSA in order to support the design of the 
KALIMER-600. Sensitivity studies are also performed to evaluate the assumptions made for the PSA. The 
applicability and weakness of the KALIMER-600 PSA are discussed. The technical issues to be solved in 
performing the PSA will be discussed. 

Keywords: Sodium Cooled Fast Reactor, Probabilistic Safety Assessment, Risk Informed Design, 
Uncertainty Issues 

1. Introduction 

A sodium-cooled fast reactor (SFR), KALIMER-600, is under development at Korea Atomic Energy 
Research Institute (KAERI) (Hahn 2007). Its fuel is the metal fuel of U-TRU-Zr and it uses sodium as 
a coolant. Its advantages are excellent uranium resource utilization, inherent safety features, and non-
proliferation.  

The probabilistic safety assessment (PSA) will be one of the initiating subjects for designing 
KALIMER-600 from the aspects of a risk informed design. For core damage prevention, the core 
damage frequency (CDF) for KALIMER-600 should be lower than that of currently operating LWRs, 
thus KALIMER-600 will be designed so that its CDF is lower than 10-6/yr, and a large radioactivity 
release is also excluded by limiting a large dose release rate lower than 10-7/yr.  

Using the conventional event tree and fault tree method which are used in LWR PSA, Level-1 PSA for 
the internal events during power operation is performed to evaluate the safety level and design 
alternatives for the KALIMER-600. The methodology and procedure of a PSA of an SFR has do not 
have a large difference compared to the current light water reactors. Among the Level 1, 2, and 3 
PSAs (core damage frequency, containment capability, and public health effects analysis), only the 
Level 1 PSA (core damage accident scenario analysis) is now considered. Internally initiated events 
such as loss of flow events, reactivity insertion events, and loss of heat sink events are considered. 
Externally initiated events such as fire or earthquake events are not considered yet. 
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The safety features of KALIMER-600 are briefly presented in Section 2. The software used for the 
PSA is described in Section 3. The preliminary PSA is described in Section 4. The sensitivity analysis 
and conclusions are given in Section 5 and 6, respectively. 

2. Safety Features of KALIMER-600  

KALIMER-600 is a sodium cooled fast reactor with an electricity output of 600MWe and reactor core 
thermal power of 1523.4 MWt. It uses U-TRU-10%Zr metal fuel for a breakeven core. An overview 
of the KALIMER-600 plant is illustrated in Figure 1. 

 
Figure 1. Schematic of  KALIMER-600 

KALIMER-600 has safety systems with passive as well as active safety features. It has passive safety 
features such as passive shutdown functions, passive pump coast-down features, and passive decay 
heat removal systems. The passive decay heat removal system is called PDRC (Passive Decay Heat 
removal Circuit), which is installed in the reactor vessel. The active decay heat removal system is 
called IRACS (Intermediate Reactor Auxiliary Cooling System), which is installed in the intermediate 
loop. The KALIMER-600 has also inherent reactivity feedback effects such as Doppler, sodium void, 
core axial expansion, control rod axial expansion, core radial expansion, and etc. For the reactor trip 
functions, independent and diverse features are assumed among the primary reactor trip systems 
(RPS), the secondary RPS and SASS (Self-Actuated Shutdown System). 

The safety functions of KALIMER-600 are summarized as follows.  

• Reactivity Control Function (1st Reactor Trip System, 2nd Reactor Trip System, Inherent 
Reactivity Feedback Features)  

• Decay Heat Removal Functions (PDRC, IRACS, Secondary Heat Removal System) 

• Inventory Control Functions (External Vessel) 

• Supporting System such as Electrical Power 
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The safety functions between conventional PWR Plants and KALIMER-600 are compared and 
summarized in Table 1. 

Table 1. Comparison of Safety Functions between PWR and KALIMER-600 

Safety Features KALIMER-600 OPR1000 

Reactivity Control RPS (1st trip system, 2nd trip 
system, SASS) 

RPS (main trip system, diverse trip 
system) 

Inventory Control External Vessel Safety Injection (High Pressure, SIT, 
Low Pressure) 

Decay Heat 
Removal 

PDRC (Passive), IRACS AFWS (2 MDP + 2 TDP), Safety 
Injection + Bleed (SDS Valves) 

Normal Feedwater Normal Feedwater, Startup Feedwater 
Pump 

Pressure Control Not Required Pressurizer, PRV 

Supporting System Electrical Power System Electrical Power System, Component 
Cooling Water System, HVAC, etc. 

 
3. PSA Software 

The AIMS-PSA (HAN 2010) and FTREX (JUNG 2004) are used for the PSA of the KALIMER-600, 
which were developed by KAERI. The AIMS-PSA provides a tool to construct fault trees and event 
trees, to generate minimal cut sets for each sequence in connection with FTREX, and to perform the 
importance and uncertainty analyses.  The FTREX is the most powerful cut set generator and has been 
successfully used for many PSAs or risk monitors in Korea and USA. The accident sequence 
quantification for KALIMER-600 PSA can be done in a couple of seconds using the FTREX. The 
AIMS-PSA was developed to simplify and automate PSA tasks. If a PSA model is provided, the 
AIMS-PSA integrates the PSA model to build one fault tree model for the evaluation of whole core 
damage frequency, and it also generates minimal cut sets for the core damage frequency. Only a few 
button clicks are required to perform the quantification of a PSA. It helps a PSA analyst to perform 
PSA tasks easily and quickly. The following figure illustrates the user interface of the AIMS-PSA. 

 
Figure 2. Example Work Screen of AIMS-PSA 
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4. Development of preliminary level-1 PSA model 

4.1 Selection of Initiating Event  

Initiating events are selected by reviewing the design of KALIMER-600, the PSA report for PRISM 
(General Electric 1987) and the PSA report for OPR1000 nuclear power plants (KAERI 1997). 
Initiating events related to the failure of supporting systems are not considered because the 
KALIMER-600 is currently in the conceptual design stage. The list of initiating events is shown in 
Table 2. 

Table 2. Estimation of Initiating Event Frequency 

Group KALIMER-600 Frequency Remark 

Transients 

General Transients 1 Commercial NPP’s experience shows less than 
1/yr in Korea 

Loss of Primary Flow 0.3 The same value assumed as the loss of main 
feedwater 

Loss of Intermediate 
Flow 0.3 The same value assumed as the loss of main 

feedwater 
Loss of Normal 
Electrical Power 3e-2 A little bigger value assumed than 2e-2/yr of 

OPR1000 PSA 
Loss of Secondary 
Flow (Main Feed) 0.3 0.3 is the sum of the loss of main feedwater and 

condenser vacuum for OPR1000 PSA   
LOCA Vessel Leak 1e-4 Conservative value assumed  

Reactivity Reactivity Insertion 
Accident 1e-3 The same value for 0.1$~0.2$ reactivity 

insertion for PRISM PSA 

Special 

Sodium Water 
Reaction in SG 1e-3 Similar value as 1.1e-3/yr of PRISM PSA  

PDRC Unavailable 3e-3 No experience in the world. It is assumed that it 
would occur once per 100 yr ~ 1000 yr. 

4.2 Definition of Core Damage 

The core damage of a metallic fuel SFR can be defined as follows in the PRISM PSA Report (General 
Electric 1987). The core damage is assumed to occur when one of the following temperature limits is 
challenged.  

• peak fuel centerline temperature is greater than 955℃ (melting temperature) 

• peak clad temperature is greater than 700℃ (eutectic temperature) 

• peak coolant temperature is greater than 760℃ (structural damage temperature, ASME 
service level D limit) 

In the metallic fuel SFR, the cladding damage temperature is much lower than the MOX (mixed 
oxide) fuel SFR due to the eutectic formation between the metallic fuel and metallic cladding. In the 
metallic fuel SFR, however, the heat transfer from the fuel to sodium coolant through the cladding is 
much better and much faster than in the case of the MOX fuel SFR. 

4.3 Development of Event Trees 

An event tree analysis is used to determine the accident scenarios for a given initiating event. It 
postulates accident scenarios for a given initiating event and facilitates the identification of failure or 
success of mitigating systems associated with various consequences of such accidents. Event trees are 
developed for the selected 9 initiating events. 
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If an initiating event occurs, the safety features required are the reactor trip and decay heat removal. 
The KALIMER-600 design does not require safety systems for the inventory and pressure controls, 
which are essential in light water reactors.  

The reactor would be shut down by the reactor protection system. Even if the reactor protection 
system fails, the inherent reactivity feedback feature in the KALIMER-600 design would shutdown 
the reactor, and the reactor power could be maintained at the decay heat level. There is enough time 
for the operation crew to shutdown the reactor. The operation crew can shutdown the reactor manually 
if the RPS fails due to a trip signal or trip breaker, not because of stuck rod. The decay heat removal is 
accomplished by the IRACS, PDRC, or main feedwater system.  

An example event tree is shown in the following figure. 
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Figure 3. Event Tree for General Transients (GTRN) 

4.4 Development of System Fault Trees 

A system failure that appears in an event tree is modelled by a fault tree. There are two types of 
systems. One is front-line systems such as RPS, PDRC and IRACS, that appear in the event tree. The 
other is supporting systems such as an electric power system that supports the function of front-line 
systems. 

Simple fault tree models for the PSA are developed instead of a detailed model at this conceptual 
design stage. We tried to consider major dominant failure modes instead of a detailed model and to 
consider the dependencies between systems.  

In this article, the fault tree model of the PDRC is discussed because the PDRC is a passive system for 
which the modelling characteristic is different with that of light water reactors. For other systems, the 
modelling characteristic is almost the same as that for light water reactors. 

The PDRC is used to remove the decay heat in case the IRACS cannot remove the decay heat after a 
reactor trip. The PDRC has 2 trains, and each train has 50% capacity. Thus, all trains should function 
to remove the decay heat successfully. The PDRC is a fully passive system that consists of pipes, heat 
exchangers (DHX), and a cooling tower (AHX). It has no valves in the main loop. It does not require 
any active components. The temperature sensor and heat tracing are installed, which are used to ensure 
that the temperature is above the solidification of sodium in the pipes. 
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During normal power operation, the DHX is separated with the sodium inventory of the reactor. 
However a small amount of heat is transferred to the PDRC thru the DHX. It maintains the 
temperature of sodium at a liquid state in the PDRC pipes. If the sodium temperature becomes lower 
than a set point, the heat tracing will start to operate so as to prevent sodium solidification. 

If the decay heat is not removed after the reactor trip for any reason, the sodium level increases inside 
the reactor as the temperature rises, and contact is made between the DHX and sodium inventory of 
the reactor. Then, the PDRC starts to remove the decay heat. The AHX is used to release the heat 
transferred to the PDRC into the atmosphere.  

Electric power is supplied to the temperature sensors and the heat tracing to prevent sodium 
solidification during normal power operation. Electric power is not required for the decay heat 
removal function of the PDRC. 

The PDRC is a passive safety system that does not require any active components. The failure mode 
considered for the PDRC is different with those of an active system. The following failure modes are 
considered for the PDRC in this study.  

• Passive system reliability due the phenomenological uncertainty 

• Pipe leak 

• Sodium solidification 

• The failure of temperature sensors and heat tracing in the case of sodium solidification 

The following figure illustrates the fault tree for the PDRC. 
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Figure 4. Top Logic of the Fault Tree for PDRC 
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The reliability data for the pipe leak, electric components and I&C components are quoted from those 
for commercially operating light water reactors. The assumptions are made for the development of a 
fault tree for PDRC: 

• The PDRC is a passive system. Even though the PDRC will be designed to function for all 
situations, it is assumed that there is a possibility that the PDRC cannot remove decay heat 
sufficiently in some cases that we have not expected. This is called passive system reliability 
due to the phenomenological uncertainty in this analysis, which is assumed to be 1e-4 for the 
PDRC. This value is a kind of target reliability for the PDRC to be met in the design stage. 
The passive system reliability due to the phenomenological uncertainty is addressed as 
reliability of the thermal hydraulic passive system if the phenomenon is for the movement of 
working fluids (Burgazzi 2007). The passive system reliability should be analyzed in future. 

• It is assumed that sodium solidification may occur once in 100 to 1000 years. A logarithmic 
mean of 3e-3/yr is used.  

• It is assumed that the mission time (the time that the PDRC should operate after an accident) 
for the PDRC is 1 week.  

4.5 Reliability Data  

The reliability data is necessary for events used in the event trees and fault trees. The reliability data 
can be categorized as follows: 

• Initiating event frequency 

• Component hardware failure data  

• Common cause failure data  

• Human reliability data 

• Reliability data for special events 

It is impossible to obtain reliability data from operating experiences because the KALIMER-600 is 
currently in the design stage. The reliability data for the pump, valve, I&C, and electric components 
are quoted from EPRI URD (EPRI 1995), NUREG reports (USNRC 2007, USNRC 2001), and 
OPR1000 PSA (KAERI 1997). The data for some components specific to the SFR are assumed based 
on engineering judgment.  

Common cause failure (CCF) events are modelled using the beta factor method. The value 0.1 of the 
beta factor (USNRC 1987) is used for all component types. This results in a very conservative output 
because the beta factor method produces conservative results in most cases. The value 0.1 of the beta 
factor is also conservative compared to the recent CCF data. The alpha factor method and recent CCF 
data will be applied in the final analysis. 

At this moment, two human actions are modelled in the KALIMER-600 PSA. One is the operator 
recovery action when the isolation valve of the IRACS is spuriously closed during normal operation 
where a 0.01 failure probability is assumed. The other is operator action to shutdown the reactor when 
the reactor trip fails due to the failure of a trip signal or trip breaker, where a 0.1 failure probability is 
assumed. The failure probabilities are assumed based on expert opinion in a human reliability analysis. 
A more detailed human reliability analysis will be done in the next phase of the KALIMER-600. 
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There are several special events considered in this PSA, whose data are not obtained from the typical 
PSAs for commercial nuclear power plants. The following table shows examples of special events. 

 

Table 3. Reliability Data for Special Events 

Special event Reliability Data Remark 
The pipe leak for IRACS 
and PDRC 

3.0e-4/y  2.5e-10 / (h ft) (USNRC 2007), 140 ft assumed 

Sodium solidification of 
PDRC and IRACS  

3e-3/y An occurrence frequency of once per 100 to 1000 year is 
assumed.  

Phenomenological 
uncertainty for PDRC 
where the system can not 
remove the decay heat as 
designed 

1.0e-4 We assign the reliability target that the PDRC should 
have. The value of 1e-4 is similar to the failure 
probability for the check valve to open. The 
phenomenological uncertainty will be analyzed in future 
work. 

Phenomenological 
uncertainty for the 
reactivity feedback 
following the RPS fails  

1.0e-6 The designer confirms there is no possibility that the 
reactivity feedback fails. However, the value of 1e-6 is 
assigned to be analyzed in more detail in the future. The 
phenomenological uncertainty will be analyzed in future 
work. 

The failure of safety 
systems affected by the 
sodium water reaction in 
a steam generator 

1.0e-4 The safety systems such as the reactor vessel, RPS and 
PDRC are designed not to be damaged against the 
sodium water reaction in a steam generator. The value of 
1e-4 is assumed and should be confirmed in the final 
design.  

4.6 Accident Sequence Quantification  

Accident sequence quantification is used to evaluate the CDF for each sequence. The event tree and 
fault tree linking approach are used as a basic method of the accident sequence quantification. The 
AIMS-PSA generates the minimal cut sets using the FTREX and calculates the CDF for each 
sequence.   

The CDF from the internal events of the KALIMER-600 is estimated to meet the design target even if 
the PSA is performed with conservative reliability data. There is a lot of uncertainty in the CDF results 
at this moment.  

5. Sensitivity studies on the design alternatives and PSA assumption 

The KALIMER-600 is in the design stage, and various configurations are now under consideration. A 
lot of assumptions are made in performing this PSA. Therefore, we try to evaluate the impact of 
configuration change and assumptions on the core damage frequency. The sensitivity study results are 
summarized in Table 4. 

There are one passive and one active system for the decay heat removal function. The sensitivity 
studies are performed for the cases of various design alternatives when only a passive or active system 
is installed (Cases 1, 2 and 6). The CDF is increased beyond the acceptable level in every case. The 
results show that both passive and active features are essential. The option to increase the capacity of 
PDRC from 2x50% to 2x100% is not considered to be effective (Case 5). 

The base case assumes that there are two independent groups of the RPS, and there are two gas turbine 
generators to support a safety grade electric power system. The CDF also increases beyond the 
unacceptable level if any feature is removed from the base case (Cases 7 and 8). 
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Several sensitivity analyses were performed for assumptions made such as the solidification frequency 
(Case 3), phenomenological uncertainty of PDRC (Case 4) and reactivity feedback probability (Case 
9). These sensitivity analyses show that the phenomenological uncertainty of PDRC has a big impact 
on the CDF, and should be studied in detail in the future. 

The current design features of the safety systems are identified to be the most acceptable in terms of 
risk as well as cost, out of various alternative designs. 

Table 4. Summary of Sensitivity Studies on the Design Alternatives and PSA Assumptions 

System  Assumption used in Base Case  Assumption used in Sensitivity 
Study (Case number) 

CDF 
Ratio* 

PDRC 

PDRC  (1) No PDRC 5,176 
2 trains x 50% decay heat 
removal, Passive System 

(2) 2 trains x 100% decay heat 
removal, Active System 10.2 

Solidification frequency 
(0.003/yr) 

(3) Solidification frequency, 10 
times increased (0.03/yr) 1.76 

Unavailability of PDRC due to 
Phenomenological Uncertainty 
(1e-4) 

(4) Unavailability of PDRC due to 
Phenomenological Uncertainty, 
10 times increased (1e-3) 

5.66 

2 x 50% Passive  (5) 2 x 100% Passive  0.86 

IRACS 
2 x 100%, Safety Class 
Electrical Powers (2 Gas 
Turbine backup) 

(6) No IRACS 364 

EPS 2 Gas Turbine backup (7) No Gas turbine 11.4 

RPS 
2 diverse system (1st, 2nd) (8) No 2nd RPS 23.4 
Reactivity feedback failure 
probability (1e-6) 

(9) Reactivity feedback failure 
probability increased to 0.1 1.03 

*CDF Ratio = CDF in sensitivity study / CDF in Base Case 

6. Conclusions 

The KALIMER-600 is under design with defense-in-depth concept with active, passive, and inherent 
safety features. The PSA is performed for several purposes. One is to confirm that the typical PSA 
methodology can be applied to the SFR and to find further research items. The other is to evaluate the 
safety level from the viewpoint of PSA and to evaluate the design options for the KALIMER-600. 

The PSA methodology has been used in conventional nuclear power plants, which mainly have active 
safety systems. Even though there are still some limitations in developing PSA models for plants such 
as the KALIMER-600 with its inherent and passive systems, core damage scenarios are identified and 
developed using event tree and fault tree models. 

The reliability data is mainly quoted from the database of conventional nuclear power plants with 
some assumptions and expert judgments. The core damage scenarios and frequency of the KALIMER-
600 are identified. Sensitivity studies on the design alternatives of safety systems and PSA 
assumptions are also performed. 

Because of the assumptions made, the following areas are identified for future studies to improve the 
quality of the PSA; 

• Develop a methodology to estimate the reliability of a newly introduced system or 
component for the SFR. 

• Develop a methodology to estimate the frequency of phenomenology such as sodium 
solidification in the PDRC. 
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• Develop a methodology to estimate the passive system reliability. The method can be 
applied to estimate the phenomenological uncertainty for the PDRC and reactivity feedback. 

• Establish a methodology for evaluating the reliability of a Digital I&C system. 

• Establish a methodology for estimating the common cause failure data of a newly introduced 
component. 

• Develop a methodology for a severe accident analysis for non-light water reactors to 
evaluate the source term. 
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