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Session I-B Summary 

Chair: Katsunori OGURA (JNES), Hak-Kyu LIM (KOPEC) 

Six papers were presented and discussed about PSA Methodology in this session. 

I-B-1. Jong-Soo CHOI (KINS-Korea): Truncation Error Evaluation for a PSA Model,  
The truncation error in quantification was discussed. A simple and practical method to measure the 
truncation error was suggested. It was discussed that the truncation value had to be decided in context 
of the essential figure or the number of significant figures of the core damage frequency (CDF). 

I-B-2. Akira YAMAGUCHI (Osaka Univ.-Japan): Usage of Information Criterion for Reducing 
Modeling Uncertainty in Reactor Safety 
This paper from Osaka University of Japan, suggested usage of information criterion for reducing 
modeling uncertainty. The entropy was introduced to judge the model and information as the effective 
parameter. 

I-B-3. Pi-Lin HSU (INER-Taiwan): The Development of a 3-D Risk Matrix for Qualitative 
Maintenance Risk Management 
This paper from INER of Taiwan, showed the 3-D Risk Matrix for qualitative maintenance risk 
management, which was pre-solved for many configurations. The developed tool is planned to be 
applied by plant operators to nuclear power plants in Taiwan from next year. 

I-B-4. Man Cheol KIM (KAERI-Korea): Some approaches for quantification of important factors in 
PSA for digital I&C systems 
I-B-5. Seung Jun LEE (KAERI-Korea): Effect Estimation of an Automatic Periodic Tests in NPP 
Digital I&C Systems by Fault Injections 
These two papers were presented about digital I&C system by KAERI of Korea, which had lots of hot 
issues.  

I-B-6. Yu YU (INET-China): An Approach for Accident Event Sequence Analysis by Different Phases 
in Nuclear Power Plant 
This paper showed an approach for accident event sequence analysis by different phases in a nuclear 
power plant (NPP) by Tsinghua University of China. 

In this session, the participants, including audiences, talked about current issues of PSA, such as 
uncertainty, risk management, and digital I&C system analysis. While they discussed in the session, 
they might understand what others have done and how they cooperate each other. 
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� PSAs are based on Minimal Cut Set (MCS) quantification.

� It is impossible to get all MCSs of PSA problems due to 
memory limitation and computing time. 

(To determine MCSs with manageable size, truncation 
neglecting low-frequency cutsets is applied.)

� Truncation error (TE) is uncertainty in all PSA results (Risk 
measures and Importance measures). 
� Incompleteness of PSA quantification method

� No tools available to evaluate TE for PSA problems

� This paper proposes an approach to TE evaluation of real 
CDF problems and presents application results .
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The 10th KJPSA
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� For fault tree problems, the TE evaluation method using 
Monte Carlo techniques and characteristics of fault trees and 
MCSs was developed.
1) J. S. Choi and N. Z. Cho, Truncation Error Evaluation Method for Minimal Cut-Set-

Based Fault Tree Analysis, Journal of Nuclear Science and Technology, Vol.42, 
p.854, 2005.

2) J. S. Choi and N. Z. Cho, A Practical Method for Accurate Quantification of Large 
Fault Trees, Reliability Engineering and System Safety, Vol.92, p.971, 2007.

� The proposed TE evaluation method for real PSA problems is 
developed on the basis of the previous study regarding FTs.
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The 10th KJPSA
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� Proposed TE Evaluation Method for truncated CDFs
1) Develop CCDP model for each initiating event

- Convert Frequency-type problem into Probability-type problem 

2) Develop a large # of MCSs for each CCDP under low cut-off value
- Get many MCSs of each CCDP which is convinced that  its TE is very 

small enough to ignore

- Overcome the computing limit, especially of memory size 

3) Evaluate TEs by the proposed Monte Carlo method
- Quantify the TEs of  CCDP models by comparing each CCDP model and 

the corresponding MCS set

- TE measure: “MCS Coverage” (defined as the ratio of MCS-covered 
probability to the actual top-event probability) 

4) Evaluate “uncut CDF” and “TE of CDF”
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Stand for MCS coverage to the actual top-event probability
- complementary measure of TE
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As � is close up to 1, its variance is close to 0.

As # of MCSs increases, the efficiency 
of MC simulation increases.
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�Importance Sampling Technique (IS)
- One of variance reduction techniques
- Very useful in rare event problems
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� Joint probability distribution for X

� If the probability pi is altered into wipi to apply IS

� The MCS coverage can be estimated by
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16,1178.17E-053.78E-210: TP: LOOP

10,5462.24E-069.56E-29: T2 : transient

4,4413.30E-077.02E-18: T1B: transient

1,6055.25E-083.60E-17: T1A: transient

11.02.70E-76: IRVR: RV rupture

11.03.03E-75: IISL: IS-LOCA

2,6972.81E-057.0E-34: TR: SGTR

8852.74E-035.0E-43: S2: SBLOCA

3784.57E-034.0E-52: S1: MBLOCA

852.82E-035.0E-61: A: LLOCA

# MCSsCCDPF(IE)IE

PSA results for a PSA model (YGN-3/4 Risk Monitor Model)

143.44E-090.128619: TA-2: ATWS

2221.82E-081.3918: TA-1: ATWS

2,3839.03E-053.34E-417: LODCB: DC bus B

1,5726.65E-043.34E-416: LODCA: DC bus A

00.5.87E-615: TF2: G3 power

00.9.29E-614: TF1: G2&4 power

1478.50E-078.92E-413: TC1: CCW

293.48E-086.50E-312: TS2: MSLB

3872.57E-066.50E-311: TS1: MSLB

# MCSsCCDPF(IE)IE

Total CDF = 6.1841E-6               # of MCSs : 41,510
��������������������������������������������

# of IEs: 19           # of BEs: 1944 # of logic equations: 6456
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PSA results for different cut-off values

337069169.5CPU time
?335327307# SEs 2)

?~ 6.26M~ 638K~ 42K# MCSs

? 3)6.245E-66.239E-66.184E-6CDF 

� 10-1710-1610-1410-12Vc 1)

1) Truncation limit or Cut-off value
2) Number of significant events (RRW>1.005 or RAW>2.0) 
3) Not calculated due to memory limitation

From the sensitivity calculation,
we don’t know the CDF without truncation (uncut CDF) any more.
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~ 8.62M2.6E-178.23E-5TP

~ 7.08M1.0E-172.36E-6T2

~ 4.10M1.4E-173.46E-7T1B

~ 7.60M2.8E-186.87E-8T1A

11.0IRVR

11.0IISL

~ 4.37M1.4E-162.87E-5TR

~ 4.76M2.0E-162.74E-3S2

~ 8.54M2.5E-174.58E-3S1

~ 6.76M2.0E-172.85E-3A

# MCSs**Vc*CCDPIE

CCDP Quantification with low Vc

~ 79.9M6.2452E-6Total CDF

~ 3.52M7.8E-223.57E-9TA-2

~ 1.98M7.2E-201.84E-8TA-1

~ 1.94M3.0E-189.67E-5LODCB

~ 3.54M3.0E-206.69E-4LODCA

~ 3.39M1.7E-176.87E-8TF2

~ 4.17M1.1E-176.87E-8TF1

~ 1.29M1.1E-189.48E-7TC1

~ 4.07M1.5E-177.39E-8TS2

~ 4.16M1.5E-162.82E-6TS1

# MCSs **Vc*CCDPIE

* Cut-off values used in quantification of the CCDP models 

** Sets of MCSs enough to cover actual CCDPs

� in order to get more accurate estimates of MCS coverage

13
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0.9998787.10E-090.999903TS1

0.9996261.79E-080.999666TP

0.9999901.53E-100.999993T2

0.9999251.28E-080.999959T1B

0.9996602.58E-070.999813T1A

1.0IRVR

1.0IISL

0.9999841.79E-100.999988TR

1.0000000.01.000000S2

1.0000001.54E-131.000000S1

1.0000000.01.000000A

95% CLVarianceMean

MCS Coverage (�)
IE

Evaluated by Monte Carlo Simulations

6.2464E-06Upper Bound

6.2463E-06Mean

Uncut CDF = SUM (uncut CCDPs)

0.9999973.29E-110.999999TA-2

0.9998566.49E-080.999932TA-1

1.0000000.01.000000LODCB

1.0000000.01.000000LODCA

0.9995571.30E-070.999666TF2

0.9993011.12E-060.999618TF1

0.9999865.39E-100.999993TC1

0.9991341.26E-060.999470TS2

95% CLVarianceMean

MCS Coverage (�)
IE
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For PSA results calculated with 10-12 cut-off

< 1% of Real CDFTruncation error of truncated CDF

99.0043% (mean)
99.0021% (UB)MCS coverage of truncated CDF 

~ 42K~ 79.90M (CCDP models)# MCSs

6.1841E-66.2463E-6 (mean)
6.2464E-6 (UB)CDF

Truncated CDFUncut CDF

15
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









 

 

 

 
 

 


 
 

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

 


 
 


 
 

             

     

 

 

  
 

   
 

       

  

  













     


















 
 

        

    

   
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
 

  
    

                               











     


























 

 

 

 










 

       

   � 

         



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

  
 
 
 


  

       
           

 
             

 
                   



                       







 

 

 
 

            
     

     

  

   

 

              

     

 



 

       

 

            









 
        



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
















 




 














 





































































 

 

 
 



 







 
     



     
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
























 
 



 







 
    
 





































 




 
 



 







 
    
 





 
 


 








  
 

 

              



  


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


 
 
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
  
 


 
 

 
 

 

  
 
  


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 
 

 


 
 

 
 
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Introduction
� The 3-D Risk Matrix provides plant personnel for qualitative 

assessment of operational risk. It is a sub-function of the MR tool.

� Maintenance Rule (MR) is an American regulation, 10 CFR 50.65, 
it declares the “Requirements for Monitoring the Effectiveness of 
Maintenance at Nuclear Power Plants ”.

� The purpose to implement MR in Taiwan
� American nuclear power plants begin to implement MR since the middle age of 

1990. Several Operating indicators and the performance of power generation 
has made great progress. 

� In view of the fruitful outcomes, the Taiwan Power Company (TPC) determines 
to implement MR in August of 2004, and plans to put it into practice for the 
basis of executing rolling on-line maintenance in the end of 2009. 

33PRA/INERPRA/INER

Introduction (Cont.)
� How to implement?

� The TPC initiated a corporative project with Institute of 
Nuclear Energy Research to setup MR for three NPPs in 
Taiwan in November 2005. In this project, INER developed 
two MR tools, 

� MEMOS (the Maintenance Effectiveness Monitor System)
� It serves as a platform for the plants to scope the 

monitoring program, and to monitor plant daily 
maintenance activities. (a1, a2, a3, b1, b2)

� The MIRU (the Maintenance Integrated Risk Utilities)
� It serves as a platform for the plants to plan their daily 

maintenance activities and perform the risk assessment 
in the future rolling on-line maintenance. (a4)

�The 3-D Risk Matrix is a sub-function of the MIRU 
for qualitative assessment of operational risk. 

a(1): SSC not meeting 
goals…… corrective 
actions needed

a(2): SSC remains 
capable of performing 
intended function

a(3): SSC goals and PM 
activities are 
periodically evaluated

a(4): Before 
maintenance, the 
licensee shall assess and 
manage the increased 
risk

b(1): Safety-related 
SSCs

b(2): Nonsafety related 
SSCs
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The Overview of the 3-D Risk Matrix
Risk Calculation

Front-end Systems

Support Systems

Power Supply Systems

System/Train List Systems/Trains 
failure combination

Quick Solver Engine

INERISKEN
DataBase

Risk Values

• The Limits of the Risk Level 

• The formula to calculate the 
remaining hours to each risk 
level

Risk Level Criteria
• Input interface 

• Output interface

Graphic Users Interface

PRA Model

The “Risk Level Criteria”
module transforms the risk 
values into the “Graphic 
Output”.

By using INERISKEN, the risk 
values are pre-calculated and stored 
in the database. 

The “Graphic Users Interface”
module provides users to query 
the risk condition level and the 
result of the qualitative analysis 
from the website at any time. 

CCC NNN

321 ��

The “Risk Calculation” module needs PRA model to generate the risk 
matrix for  the system failure combination.

55PRA/INERPRA/INER

The Risk Calculation

While the setting is done, the 
INERISEN will calculate the CDF 
and LERF on the basis of the input 
deck.

System/Train List

• the top-logic fault tree 
solver

• is written in C language 

• developed by INER

INERISKEN

Front-End Systems

Support Systems

Power Supply Systems

PRA model

• At-Power model

• Level 1+ model

• Internal Event only

Value Block of PRAID

1  $ 345KVSWYDMAIN       $

.....

2.000E-001  $ CF_VSSW_ECW_C    $

PROGRAM$ BATCH-TREES.

...

FAULT TREE$ SETS.

OG$ GCDF0112. IN$ GCDF0212, GCDF0312

....

EOF

VALUE BLOCK$ VAL-KSCDFP .

1  $ 345KVSWYDMAIN       $

.....

2.000E-001  $ CF_VSSW_ECW_C    $

EOF

SETS.in

Database

Risk Value
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The Risk Level Criteria

� Typically, risk matrix is used for two-
system/train failure combination. All the 
system/trains are listed in the top row and the left 
column.

� The diagonal cells are represented the single 
failure of the system. The upper and lower 
triangle matrix, represents two-system failure, is 
symmetrical to the diagonal line, and the risk 
value is the same both sides.

� Usually the risk matrix displays the lower 
triangle matrix, and the color of the risk matrix 
square directly correlates to the current risk 
condition level. 

xxxxxxxxxxXxxxxxxxxxxxxxxxxxxxSYS-N

xxxxxXxxxxxxxxxxxxxxxxxxx…......

XxxxxxxxxxxxxxxxxxxxSYS-4

xxxxxxxxxxxxxxxSYS-3

xxxxxxxxxxSYS-2

xxxxxSYS-1

������������������������������SYS-1

Risk matrix is a table of numerical values which represent the risk levels of 
systems/trains failure combinations. It is usually expressed as the multiplier of the 
baseline CDF. By checking the matrix, an operator can quickly determine the risk 
condition level of the current plant configuration and then take actions accordingly 
as required by the plant risk management process.

77PRA/INERPRA/INER

The Risk Level Criteria (Cont.)
The color definition referred the administrative regulation of 
American nuclear power plants is divided four risk condition.

low risk awareness level : CDF <= 3 times of the baseline

medium risk awareness level : 3 times <= CDF <= 10 times

not allowed by technical specifications and are treated as 
risk high level

high risk awareness level : CDF > 10 times
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The Risk Level Criteria (Cont.)
The qualitative analysis, according to the specific failure 
combination, estimates the remaining hours before reaching to 
the potentially more significant risk level. It reminds users to
make proper compensatory measures in time. 

� The �CDP upper limit of the green is 1.0E-6, 1.0E-5 for white, 1.0E-4 
for yellow.

� The �LERP limit is one order lower than the corresponding �CDP.

G W Y R

1.0E-7 1.0E-6 1.0E-5�����

1.0E-6 1.0E-5 1.0E-4����
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The Risk Level Criteria (Cont.)
The formula to calculate the remaining hour

before reaching to the potentially more significant risk level

� At first, the risk value for the specific system failure (CDFi) is query from the 
database and then minus the baseline risk value (CDFbase) to get the DiffCDFi. 
(DiffCDFi = CDFi - CDFbase)

� Since the total hours for one year is 8760, the �CDP and �LERP remaining 
hours reaching to each color is the upper limit divide DiffCDFi times 8760. 
(remaining hour = upper limit / DiffCDFi * 8760)

� Finally, the minimum remaining hours between �CDP and �LERP for each risk 
level will be shown in the output display.

Min(HRrcdp , HRrlerp)Min(HRycdp , HRylerp)Min(HRwcdp , HRwlerp)Result

HRrlerp=
1.0E-5 / DiffCDFi * 8760

HRylerp=
1.0E-6 / DiffCDFi * 8760

HRwlerp=
1.0E-7 / DiffCDFi * 8760

�LERP

HRrcdp=
1.0E-4 / DiffCDFi * 8760

HRycdp=
1.0E-5 / DiffCDFi * 8760

HRwcdp=
1.0E-6 / DiffCDFi * 8760

�CDP

Reaching to RedReaching to YellowReaching to White
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The Input Interface

� The Input Interface provides 
users to specify at most three 
systems/trains failure 
combination.

� If one system/train is failed, 
the operator clicks the 
checkbox in front of the 
system/train to set them as 
failed.

� In this example, the input 
interface is a BWR plant, the 
systems/trains in PRA model 
are 39. Therefore the risk 
combination is equal to 
9919.

The Input Interface of a BWR Plant “A”

Front-end Support Power Supply

CCC 39

3

39

2

39

1 �� = 9919

1111PRA/INERPRA/INER

The Output Interface – Risk Level 
While pressing the calculating button, the risk value is retrieved from the DB. And 
then the risk level, risk matrix and qualitative analysis will be displayed in the 
output interface. 

� For example, the front-end system 
RCIC and support system COND 
are failed in the same time.

� As we know,
� the Baseline for Plant “A”

� CDF is 1.36E-5
� LERF is 6.48E-7

� the ten-time-baseline
� CDF is 1.36E-4
� LERF is 6.48E-6

� the three-time-baseline
� CDF is 4.08E-5,
� LERF is 1.94E-6.

� Since the risk value of CDF and LERF are greater than the ten times of baseline, and 
will be all in the yellow region.

Calculating

6.48E-6

1.94E-6

1.36E-4

4.08E-5
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The Output Interface – Risk Matrix

The 3-D Risk Matrix lists the risk value of the third system failure 
given RCIC and COND has already failed. It helps users to handle the 
risk condition and establish the compensatory measures or emergency 
plans as needed. 

1313PRA/INERPRA/INER

The Output Interface - The Qualitative Analysis
The qualitative analysis informs operator the remaining hours before 
reaching to the potentially more significant risk level in accordance with the 
specific failure combination. 

� In this case, the RCIC and COND 
are failed, showing that the operators 
have

� 29 hours to do the proper 
action before entering the 
white light,

� 291 hours reaching to yellow,
� 2906 hours to red.

� It provides operators to oversee 
maintenance risk impact and 
evaluation of risk due to emergent 
issues so that the risk levels of 
scheduling remain acceptable.
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Conclusion

� Generally speaking, the implementation of the two-dimensional risk 
matrix is a time-consuming work. It needs a large amount of PRA 
engineers and man-hours to involve the task. INER, using the quick 
solver engine - INERISKEN, makes it possible to generate three-
dimensional risk matrix. It really shortens the execution time and 
reduces the developing cost.

� The 3-D Risk Matrix is a simple and practical approach which is 
embedded in the MIRU for the qualitative analysis. It is now used in 
the plants and will play an important role to enhance the MR risk 
management during the on-line maintenance in Taiwan.

PRA/INERPRA/INER

Thanks for your attention

Pi-Lin Hsu
Institute of Nuclear Energy Research

plhsu@iner.gov.tw
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� ���������������������������������������

– Software reliability
• Software failure = common cause failure

– Fault coverage
• (U=10-3) + (C=0.99) = (U=10-5)

– Common cause failures
– Human reliability

Reference
H. G. Kang and T. Sung, "An Analysis of Safety-Critical Digital Systems for Risk-Informed 
Design," Reliability Engineering and System Safety, vol.78, pp.307-314 (2002)

How can we quantify the parameters ?

Korea Atomic Energy Research Institute 4
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� �������������������������������
– Development of a Bayesian network (BN) model

• Based on verification and validation (V&V) checklists
• Expert knowledge elicitation 
• Quantification of qualitative information

Software
Requirements

Software
Requirements Software

Design

Software
Design

Software
Implementation

Software
Implementation Software 

Integration

Software 
IntegrationSoftware

Plan

Software
Plan

System
Integration

System
Integration

��������������������
���

����������������� ����������������

Scheme of software reliability estimation considering the software development process
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– Physical parameters vary continuously
– Analog-to-Digital converter has limited resolution and scan time
– Demand arrives when parameter goes beyond setpoint

Illustration for Input-profile-based software failure probability quantification

For Large LOCA
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� ������������������������
– Probability that a system properly processes an occurring fault in 

the system

� ��������������������������������
– Fault injection experiments

� �����������������������������������������������
– Heavy-ion irradiation
– Power supply disturbance
– Pin-level fault injection
– Software-implemented fault injection (SWIFI)

Korea Atomic Energy Research Institute 8

Fault injection environment

Stuck-at-0 fault
(0-th bit)

Fault injection algorithm
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Experimental resultsFault injection experiment

Example applications

• Quick sort
• Bubble sort
• Matrix multiplication

• Quick sort
• Bubble sort
• Matrix multiplication

Literature surveyLiterature survey

Result analysis

• Importance of “no effect”
• Dependency on fault type

and fault location

• Importance of “no effect”
• Dependency on fault type

and fault location

Analytic modelAnalytic model
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0 1 0 1 1 1 0 1

0 1 0 1 1 1 0 0

Process of fault injection experiments for fault injection estimation of digital I&C systems
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Effects of the injection of stuck-at-0 faults

Effects of the injection of stuck-at-1 faults
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� ��������������������������������������
– Different operational environment

• Analog-based conventional MCRs
• Digital-based advanced MCRs

AnalogAnalog--based conventional MCRbased conventional MCR DigitalDigital--based advanced MCRbased advanced MCR

MCR: main control room
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����������������������������������������������������������������������

– Data collection
• Simulated accident situations

– LOCA
– SGTR
– ESDE
– LOOP

• Audio-video recording
• Post experiment debriefing

– Analysis
• Identification of human error 

events
• Behavior pattern analysis
• Protocol and timeline analysis 

An operator team during an experimentAn operator team during an experiment
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Communication logCommunication log

Korea Atomic Energy Research Institute 12

����������������������������������������������������������������������

– Results
• Faster performance in the digitalized MCR for simple tasks
• Comparable performance in the digitalized MCR for complex 

tasks composed of several task steps

������������

����������������

Comparison of step performance time for procedural stepsComparison of step performance time for procedural steps

Possible effect of insufficient training or unfamiliarity in digitalized MCR ??
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� ���������������������������������������������������
���

– Software reliability
– Fault coverage
– Human reliability

� ������������

– Application to real safety-critical digital systems
• Safety-critical digital I&C system developed by KNICS
• Digitalized MCR of APR-1400

KNICS : Korea Nuclear Instrumentation and Control Systems
APR     : Advanced Power Reactor
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Introduction

� As digital technologies have been improved, new NPPs have adapted various 
kinds of digital systems including digital I&C systems for safer and more efficient 
operations. 

� The development of a methodology for the probabilistic safety assessment (PSA) of 
digital I&C systems is a critical issue because conventional PSA techniques cannot 
adequately evaluate all features of digital systems. 

� In fact, digital I&C systems have more various fault-tolerant techniques including 
automatic inspection functions than conventional analog I&C systems. 

� Even though these fault-tolerant techniques in digital I&C systems are designed to 
ensure and improve the safety of systems, the effects of them have not been 
properly considered yet in most system PSA models. 

� Therefore, it is necessary to develop an evaluation method which can describe the 
features of digital I&C systems. 

Introduction

� There are several issues to be solved in order to obtain accurate system safety.
� It is important to quantify the error coverage of the specific fault-tolerant technique, 

because the specific fault-tolerant technique cannot detect and recover all possible faults
to occur in the system. 

� It is important to exclude duplicated effect of fault-tolerant techniques since various fault-
tolerant techniques such as component-level fault detection algorithm, board-level self-
diagnostics, and system-level error detection mechanisms are implemented 
simultaneously at each level of system’s hierarchy.

� Each fault-tolerant technique has a different detection period. 
� Some fault-tolerant techniques do not make the system automatically generate fail-safe 

signals but just warn the abnormal situation to system’s human operators, In this case, 
the probability for human operators to fail to detect and recover the warning should be 
considered.

� In this work, a method to quantify the error coverage with consideration of 
duplicated effects of fault-tolerant techniques in digital I&C systems is suggested 
using fault injection experiments.
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Fault Coverage Quantification of 
Fault-Tolerant Techniques

� The digital I&C systems 
adopt multiple barriers 
consisting of various fault-
tolerant techniques to 
increase fault detection rate. 

� Even though the fault is not 
detected by the fault-tolerant 
technique implemented in 
lower level of system, it could 
be detected by higher level 
fault-tolerant technique in the 
system. 

�������� ������
�����������

�������� ������
�����������

����� ����� �����

�������� ������
�����������

� Overall fault coverage of fault-tolerant 
techniques implemented in system is 
not the simple summation of fault 
coverage of each fault-tolerant 
technique, but union set of faults which 
can be detected by 
each fault-tolerant technique.

� In this work, the overall fault coverage was identified based on the following three 
steps.
� All the possible fault are defined using FMEA (Failure Mode and Effects Analysis). 
� An input table for fault injection experiments is constructed. 
� Fault injection experiments are performed using the input table and the overall fault 

coverage is obtained based on the results.

Faults-tolerant
Technique 2

Faults-tolerant
Technique 1

Faults-tolerant
Technique 3

Faults in a system

Fault Coverage Quantification of 
Fault-Tolerant Techniques
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Fault Coverage Quantification of 
Fault-Tolerant Techniques

����� ������
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Fault Coverage Quantification of 
Fault-Tolerant Techniques
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No
. Component Serial Function Failre rate

(/106 hr) Fault type
Failure

rate
(/106 hr)

Effect

Drift 0.00387324 N/A

Shorted 0.00188892 5V power is not supplied

Opened 0.00036888 5V power is not supplied

Voids 0.0001272 5V power is not supplied

Contaminated 0.0000636 5V power is not supplied

Cracked 0.00003816 5V power is not supplied

Shorted 0.00027689 ADC_IN signal is drifted
Intermittent 0.00015368 ADC IN signal is Ground(0V)
Burned Out 6.1607E-05 ADC IN signal is Ground(0V)
Failure Not Verified6.1607E-05 ADC IN signal is Ground(0V)
Opened 6.1607E-05 ADC IN signal is Ground(0V)
Loose Particle 3.0465E-05 ADC IN signal is Ground(0V)
Low Value 3.0465E-05 ADC IN signal is Ground(0V)

3 BCMOS
IC(Digital Gate) U2 Data bus buffer 0.0152 Functional Failure 0.0152 BD[7:0] signal failure

4 CMOS
IC(Digital Gate) U15 Access control of shareing

memoty(U16) 0.0145 Functional Failure 0.0145 Bus Time Out
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� IDiPS (Integrated Digital Protection 
System) RPS

� Four independent channels consist of 
bi-stable processors (BPs), coincidence 
processors (CPs), automatic test and 
interface processors (ATIPs), cabinet 
operator modules (COMs), and other 
analog hardware components. 

� The IDiPS RPS has been developed 
with the 2-out-of-4 redundant 
architecture, and every channel is 
implemented with the same 
architecture.

� The ATIP module monitors the 
operation status of the RPS, and 
conducts the automatic periodic test to 
ensure a reliable operation of the BP 
and the CP module in the same 
channel.

ESF-CCS
Initiation
Circuit
(2/2)

D.O

D.O
D.O

D.O
D.O

D.O
D.O

To RPS
B1/C1/D1

A.I

D.ICPC

Sensors
C.P 1

A.I

D.I
C.P 2

From
CITP of the
ESF-CCS
Division
A/B/C/D

CPC
Rx Trip S/W Gear

Over Temp./door s/w
etc.

Trouble Alarm

D.I

ATIP

RPS Ch. B/C/D
ATIPs ICDN

D.O

ICN 1

ICN 2

SDL 1

SDL 2

From RPS
B1/C1/D1

To RPS
B2/C2/D2

From RPS
B2/C2/D2

COM VDU

FOM FOM

FOM FOM

B.P 2

B.P 1

FOM

FOM
FOM
FOM

D.O

Manual
From RSR

Manual
From MCR

Under Voltage Trip

Shunt Trip

WDT1

WDT2

To WDT2
To S-A2
To U-A2

Manual
From
MCR

FOTFOTFOT FOT

Div. A Div. B Div. C Div. D

Power

Power

S-A2

S-A1
U-A1

U-A2

Application

Application

Test Type Test Kind Function

Passive Testing

Board-level self-diagnostics
- HW self-diagnostics
- OS self-diagnostics
- Support mean of surveillance Test

System-level on-line status diagnostics
- Status Comparison
- Processor Integrity Monitoring
- Support mean of surveillance Test

Active Testing

Automatic periodic test
- Protection logic test
- I/O HW test
- A mean of surveillance test

Manual test

- I/O test
- Protection path test
- Protection logic test
- Initiated circuits test
- A mean of surveillance test
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Application

� For the first step, the target module was analyzed using the FMEA. 
� From the FMEA, totally 1788 possible failures were found for 344 components in the module. 
� The failures of the FMEA are categorized into safe failures and dangerous failures. 1099 safe 

failures and 689 dangerous failures were found from the FMEA. 
No
. Component Serial Function Failre rate

(/106 hr) Fault type
Failure

rate
(/106 hr)

Effect

Drift 0.00387324 N/A

Shorted 0.00188892 5V power is not supplied

Opened 0.00036888 5V power is not supplied

Voids 0.0001272 5V power is not supplied

Contaminated 0.0000636 5V power is not supplied

Cracked 0.00003816 5V power is not supplied

Shorted 0.00027689 ADC_IN signal is drifted
Intermittent 0.00015368 ADC IN signal is Ground(0V)
Burned Out 6.1607E-05 ADC IN signal is Ground(0V)
Failure Not Verified6.1607E-05 ADC IN signal is Ground(0V)
Opened 6.1607E-05 ADC IN signal is Ground(0V)
Loose Particle 3.0465E-05 ADC IN signal is Ground(0V)
Low Value 3.0465E-05 ADC IN signal is Ground(0V)

3 BCMOS
IC(Digital Gate) U2 Data bus buffer 0.0152 Functional Failure 0.0152 BD[7:0] signal failure

4 CMOS
IC(Digital Gate) U15 Access control of shareing

memoty(U16) 0.0145 Functional Failure 0.0145 Bus Time Out

Shorted Low 0.007725 LED2 is always turned on
Shorted High 0.004995 LED2 is always turned off
No Output 0.001365 LED2 status is undetermined
Opened 0.000915 LED2 is always turned off
Damaged 0.00012844 VI CH8~VI CH1 are stuck at High
Opened 0.00010256 VI CH8~VI CH1 are stuck at High
Mechanical Failure 0.000077 VI CH8~VI CH1 are stuck at High

6 DIP Switch SW4 Selection of operation
mode 0.000308

5 CMOS
IC(Digital Gate) U20 LED2 controller 0.015

2 Switching
Diode D316 Offset control of ADC_IN

signal 0.000677

1  Chip Ceramic
Capacitor C4

Stabilization of power
supply to Hot Swap

controller(U1)
0.00636

Application

� The dangerous failures could be 
categorized into six types. 

� The target module works abnormally 
or generates incorrect signals by 
these dangerous failures. 

� Some failures such as LED failures, 
however, can be ignorable because 
they do not have any effects on 
system performance. There are 52 
ignorable failures in the FMEA. 

� In the experiment, we considered only 
dangerous failures except the 
ignorable failures. 

Failure types Examples

Spurious error signal
Generation of a loopback error signal
Generation of a set-point error signal 
Etc. 

Function halt
Halt of a function
Etc.

Transmission error Transmission error of an input signal to a processor
Etc.

Stuck value
Stuck at high of an input signal
Stuck at low of an input signal
Stuck at current value of an input signal
Etc.

Wrong value
Drift of an channel input signal
Undetermined value of an channel input signal
Etc.

Ignorable error
Wrong LED signal
Etc.
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Application

� In this work, fault injection experiments were performed through simulated fault injection 
using TRACE32.
� Faults could be injected only to memory and register in the experiment environment. 
� Two kinds of fault injections were used; fault injections using hardware faults (memory and register 

faults) and software variables. 
� A fault which sticks a variable assigned at fixed address could be correspond to a memory or register fault 

representing its address. 
� The other faults which are difficult to match to a fault on memory or register of specified address are mapped 

on corresponding software variables and the values of the variables are modified when specific conditions 
are satisfied. 

Part Function Fault Mode Effects Fault Mapping

Chip Ceramic 
Capacitor DC 5V over-voltage attenuation Shorted

It cannot supply power for AD 
converter and photo coupler because of 
over-current protection circuit

The value of variable, wData0, in AIODrv_AiShiftIn 
is stuck to 0xFFFF

Switching Diode CO+CH0 over-voltage protection Shorted The voltage of CO+CH0 is stuck to  
+15V or -15V

The value of variable, wAD, in 
AIODrv_Ai_NormalScan(709 line) is stuck to  
0xFFFF when the value of variable, AI_CONV_CH, is 
0x0000

Quartz 
Crystal/Crystal Provide microcontroller clock No Output Microcontroller halts The value of global variable, XDPRAM.wMem, is 

stuck to the latest updated value

Chip Resistor Supply power for DCDC1 Opened
It cannot supply power for analog 
circuits(D5V, A5V, A-5V, +15V, -15V, 
+15V2) in module

The value of variable, wData0, in AIODrv_AiShiftIn 
is stuck to 0xFFFF

Application

� Based on the input table, the fault injection experiments were performed using the 
constructed experiment environment .

Component Serial Fault type Failure rate
(/106 hr) Self-diagnostics Automatic

periodic test
BCMOS IC(Digital Gate) U2 Functional Failure 0.0152 O O
CMOS IC(Linear Gate) U3 Functional Failure 0.0739 O O
CMOS IC(Linear Gate) U5 Functional Failure 0.0739 O O

Varistor Diode ZD1 Shorted 0.0021594 O O
Zener Diode ZD2 Shorted 0.0021594 O O

CMOS IC(Digital Gate) U15 Functional Failure 0.0145 O O
FET/N-Channel Q1 Electrical Overstress 0.0021879 O O
FET/N-Channel Q1 Opened 0.0019305 O O
FET/N-Channel Q1 Voids 0.0011583 O O

Chip Ceramic Capacitor C4 Shorted 0.00188892 O O
Chip Ceramic Capacitor C4 Opened 0.00036888 O O
 Chip Ceramic Capacitor C4 Voids 0.0001272 O O
Chip Ceramic Capacitor C4 Contaminated 0.0000636 O O
 Chip Ceramic Capacitor C4 Cracked 0.00003816 O O

Tantalum Capacitor C108 Shorted 0.0187902 O O
Network Resistor RA1 Contamination 0.00004182 O O
Network Resistor RA1 Shorted 0.000037995 O O

Quartz Crystal/Crystal X1 No Output 0.0264 O O
Quartz Crystal/Crystal X1 Degraded 0.0088 O O
Quartz Crystal/Crystal X1 Fractured/Cracked 0.0088 O O

Network Resistor RA12 Opened 0.000168394 O X
Chip Resistor R115 Contamination 0.0002384 O X
Chip Resistor R115 Shorted 0.00008 O X
Chip Resistor R115 Opened 0.0006 O X
Chip Resistor R115 Cracked/Fractured 0.0001184 O X

Chip Ceramic Capacitor C300 Shorted 0.00165726 X X
Chip Resistor R1 Opened 0.00042375 X X
Chip Resistor R1 Cracked/Fractured 0.00008362 X X
Chip Resistor R300 Contamination 0.00021456 X X
Chip Resistor R300 Cracked/Fractured 0.00010656 X X
Chip Resistor R301 Shorted 0.000072 X X
Chip Resistor R301 Opened 0.00054 X X
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Application

� Based on the result we can identify independent fault coverage for each fault-tolerant 
technique and overall fault coverage.

Fault detection rate 
(%)

Detected by self-
diagnostics 97.018

Detected by automatic 
periodic test 98.479

Detected by both 
functions 96.892

Undetected by both 
functions 1.395

Fault detection rate using 
both functions 98.605

Faults detected
by self-diagnostics

Faults detected
by APT

Faults in a system

96.892%

1.395%

1.587%

0.126%

Application

� If we assume that the system checks its availability through a self-diagnostics, automatic 
periodic tests and manual tests and that the manual test detects all the faults which are not 
detected by other fault-tolerant techniques, then the unavailability of the system could be 
calculated using the following equation. 
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Faults in a system

Self-diagnostics
Automatic 

periodic tests

Manual tests

�S

�A

�M

�SM
�AM

�SA

�SAMTS = Time interval of a self-diagnostics (50 msec)
TA = Time interval of an automatic periodic test (8 hours)
TM = Time interval of manual periodic tests (720 hours)
TR = Time required for maintenance (24 hours)
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Discussions

� The evaluation method in this work is performed based the FMEA and only the faults in the 
FMEA are simulated. Therefore, accurate and detailed FMEA is necessary. Inaccurate or 
wrong information of the FMEA may cause inadequate or incorrect results.

� For constructing an input table for the experiment, all the faults are matched with hardware 
or software fault injection. In the application of this work, the relations were defined by 
engineering judgments or experts. If a simulation tool which can simulate more various types 
of hardware faults is used, we can obtain more reliable results by minimizing the mapped 
hardware or software faults. Moreover, other methods for how to match faults to fault 
injections need to be considered. 

� Since this work is focused on the issue for duplicated effect reflections, the method needs to 
be extended considering other issues. For example, even though a fault-tolerant technique 
detects a fault successfully and provide the fault information to operators, the system could 
stay in abnormal status because of human error. Therefore, extension of the proposed 
method, including human reliability analysis (HRA) and so on, should be performed for 
further works.

Conclusions

� Even though new NPPs have adapted digital I&C systems including various fault-
tolerant techniques, the effects of them have not been properly considered yet in 
most PSA models. 

� Among the issues to be solved in order to obtain accurate reliability of digital I&C 
systems, this work focused on the issue to exclude duplicated effect reflection 
when various fault-tolerant techniques are implemented simultaneously. 

� In order to exclude a duplicated effect consideration, exact definitions of relations 
between faults and fault-tolerant techniques is required. 

� In this work, the relation between faults and fault-tolerant techniques are defined 
using fault injection experiments. 

� As an application, independent fault coverage of each fault-tolerant technique in a 
module and overall fault coverage were identified using the proposed methods and 
the experiment showed reasonable results. 
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� PSA is a systematic engineering evaluating 
technology

� Mission in different phases being executed by 
different systems or function modules is a 
common phenomena  in engineering project

� ET/FT are static analysis methods 
� Idea of the method

� Initiating event : loss of main feed water in 
PWR

� Three mitigating ways:
� Auxiliary feed water system operated
� feed-bleed is executed according to 

procedure H2 successfully
� feed-bleed is executed according to 

procedure U1 successfully

JAEA-Review 2009-038

－ 163 －



� reliability diagram for accident sequence of loss of 
main feed water

MISSION

mission failure

PHASE1

failure of PHASE1

PHASE2

failure of PHASE2

A

failure of A

PHASE1-1 A

failure of A

PHASE2-1

H

failure of H

R

failure of R

S

failure of S

U

failure of U

R

failure of R

S

failure of S
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� Cut-set reduce
� Basic event transform
� equivalent single-phase system
� Calculate the cut-set of the new fault tree

MISSION1

mission failure

MISSSION1-PHASE1

failure of PHASE1

MISSSION1-PHASE2

failure of PHASE2

A

failure of A

H

failure of H

MISSSION1-PHASE2-1

U

failure of U

R

failure of R

S

failure of S

A

failure of A
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MISSION2

mission failure

MISSION2-PHASE1

failure of PHASE1

MISSION2-PHASE2

failure of PHASE2

A1

failure of A in PHASE1

H

failure of H

MISSION2-PHASE2-1 MISSION2-PHASE2-2

U

failure of U

R1

failure of R in PHASE1

R2

failure of R in PHASE2

S

failure of S

A1

failure of A in PHASE1

A2

failure of A in PHASE2

� CDF= 8.58*10-6 /(reactor*year),
the cut-sets are: {A2,U}�{A1,U}�{A1,H}�{A2,R2}�
{A1,R2}�{A2,R1}�{A1,R1}�{A2,S}and{A1,S}

� Delete the illogical cut-set {A1,U} ,
CDF= 2.57*10-6/(reactor*year)

� {A2,R2}+{A2,R1}+{A1,R2}+{A1,R1}={A,R}
CDF = 5.8*10-6/(reactor*year)
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� The method of evaluating the accident 
sequence by different phases can be used to 
handle the dynamic problems.

� In following condition, correction should be 
made according to the engineering system:

� The logical model is changed according to 
the condition, e.g. example in this paper.

� The front systems share the common support 
systems.

JAEA-Review 2009-038

－ 167 －



This is a blank page.



Session I-C
Severe Accident Management & Level 3 PSA (I)

JAEA-Review 2009-038

－ 169 －



This is a blank page.



Session I-C Summary 

Chair: Toshimitsu HOMMA (JAEA), Kwang-Il AHN (KAERI) 

I-C-1. Dong-ha KIM (KINS-Korea): Development of Simplified Risk Measure Based on Dose (SiRD) 
The paper proposed a simplified risk measure based on a combination of frequency and dose as an 
alternative to the existing probabilistic performance goals such as CDF and LERF. This measure can 
be obtained mainly from Level 2 PSA without performing the complicated Level 3 PSA. It considers 
the whole-body and thyroid doses as consequences. It was suggested from the participant that other 
exposure pathways might be important from the release of radionuclides for the core damage 
accidents. 

I-C-2. Kyungmin KANG (KINS-Korea): The Development of a Relationship Framework between 
LERF and Level-3 PSA 
This study also developed a method for identifying correlations between LERF and individual early 
fatality without a detailed Level 3 PSA. The results of this study may contribute to defining LERF and 
finding a measure for risk-informed regulations and risk-informed decision-making. 

I-C-3. Toshimitsu HOMMA (JAEA-Japan): Risk-informed Evaluation of Off-site Response Planning 
for Nuclear Emergencies 
The paper presented the methodology and the results of the risk-informed evaluation of off-site 
emergency planning using the Level 3 PSA code, OSCAAR developed at JAEA. The analysis has 
been made to evaluate the effectiveness of protective action strategy involving a combination of 
evacuation, sheltering and administration of stable iodine. The results of this study will be expected to 
form a basis for the future technical guidance for protective action strategy. 

I-C-4. Shogo TAKAHARA (JAEA-Japan): Optimization of Relocation Decisions using the Method of 
Probabilistic Accident Consequence Assessment 
The paper described the application of a probabilistic accident consequence assessment model to the 
planning of relocation. Calculations of the consequence have been made of a postulated accident with 
source terms derived from a generic level 2 PSA. The results provided the insights for the 
development optimum dose criteria for introducing and terminating relocation. 

I-C-5. Jongtae JEONG (KAERI-Korea): Development of an Off-site Risk Assessment Tool for the 
Risk-Informed Application 
This paper presented a development plan for the offsite consequence assessment for use in the 
risk-informed application. In order to reduce the uncertainties in the offsite consequence assessment, 
the puff trajectory model for atmospheric dispersion modeling will be used to take account of the 
terrain effect on the dispersion of the release of radionuclides and the appropriate meteorological 
sampling method will be developed.  
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Risk-Informed Evaluation of Off-site 
Response Planning for Nuclear 

Emergencies

T. Homma, M. Kimura, S. Takahara, and J. Ishikawa
Japan Atomic Energy Agency

KJPSA10 Jeju, May 18 - 20, 2009

2

� ICRP Publ.60 (1990) + ICRP Publ.63 (1992)
– Recommends values for the AVERTED dose for SINGLE

protective actions where intervention is almost always justified
– Optimization of a protective action in terms of averted dose 

using a cost-benefit consideration
� ICRP Publ. 103 (2007) + ICRP TG report (2009)

– Recommends an upper value of the PROJECTED dose (called 
REFERENCE LEVEL) received via ALL pathways below which 
optimisation is applied.

– Optimization of an overall strategy in terms of RESIDUAL dose 
using a reference level 

� Objective
�To perform a risk-informed evaluation of off-site protective 

actions such as sheltering, evacuation, and administration of 
stable iodine, to develop practical guidance for protective 
action strategies.

Introduction
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1. Define source terms to be used as the bases for EP 
2. Develop a R-I framework for evaluation of EP 

effectiveness
� Application of Level 3 approach
� All weather conditions, all exposure pathways

3. Investigate site information and define parameters
4. Develop countermeasure models

� Dose reduction from protective actions 
(Shielding and filtering factors for sheltering)

� Estimation of evacuation time
� Administration of stable iodine (Introduction of 

iodine metabolic model)
5. Assess protective action strategies

Risk-Informed Methods

4

Source Terms Development
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� JAEA evaluation
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� JAEA evaluation

�Release fraction of Iodine   
�Relative frequency  (from INS/M03-22)

� JAEA evaluation

�10-1 Iodine release fraction, early release    �Energetic events
�10-1 late release         : Overpressure
�10-4�10-5 �Containment vent
�10-7�10-8 �Accident termination
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�Release time (hr) 
�Relative frequency    (from INS/M03-22)
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� the rate of uptake of radioactive and 
stable iodine by the thyroid

Metabolic Model of Iodine in Man

GUT or LUNG, Y1

THYROID, Y3

ORGANIC 
IODINE, Y4

BLADDER
EXCRETA

INORGANIC 
IODINE, Y2

s2 r2

GUT or LUNG, Y1

THYROID, Y3

ORGANIC
IODINE, Y4 

BLADDER
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INORGANIC
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s2 r2
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(for adult, 100mg)

Reduction in the committed thyroid dose to man 
(for adult, 100mg)
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Strategies of protective measures
�Large early release: precautionary evacuation with stable iodine intake
�Large late releases: evacuation and sheltering with stable iodine intake
�Control releases: sheltering with stable iodine intake

Site data
�A reference site is assumed to be located at a coastal area facing the 

Pacific Ocean (JAEA site at Tokai)

Source Terms and PM strategy

22

7

1

Duration of 
release�h�

0.0912Control release

3.327Large late release

7.93Large early release

Release 
fraction of 
iodine �%�

Release time
�hr after 
scram�

Release scenario

Three source term scenarios
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rnrir2r1

Calculation of dose from each pathway and time-dependent iodine 
concentrations in air at receptor points using OSCAAR
�248 weather sequences selected by a stratified sampling method

Calculation of dose reduction effects by various combinations of
protective measures
�Intervention levels for implementing each protective measure

Sheltering�10 mSv, Evacuation�50 mSv�effective dose�
Administration of stable iodine �100 mSv (thyroid equivalent dose)

�Inhalation dose due to iodine intake based on 131I contents in thyroid using a 
metabolic model by Johnson

Steps for Consequence Evaluation

Find a maximum dose 
at each distance and 
each weather 
sequence

Calculation of maximum dose at
each distance from the site and 
its probability of weather sequence
�Probability of exceeding a specific dose level 
�Dose at each distance from the site at a 

specific cumulative probability of weather 
sequences
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�Even for large early release without protective measures, mortality would be very unlikely 
to occur beyond about 5 km.

�Early stable iodine intake can be very effective to reduce the thyroid dose for the people 
close to the site even the delay of evacuation.

�Even for large early release without protective measures, mortality would be very unlikely 
to occur beyond about 5 km.

�Early stable iodine intake can be very effective to reduce the thyroid dose for the people 
close to the site even the delay of evacuation.

Large Early Release
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�For large late release, evacuation area is unlikely to occur beyond 10 - 20 km. 
�For the sheltering area, stable iodine intake can be very effective to reduce the thyroid dose.
�For large late release, evacuation area is unlikely to occur beyond 10 - 20 km. 
�For the sheltering area, stable iodine intake can be very effective to reduce the thyroid dose.

Large Late Release
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�For control release, evacuation area is unlikely to occur beyond a few kilometers and 
sheltering area is unlikely to occur beyond about 10 km. 

�For very severe weather conditions, sheltering with stable iodine intake is needed only 
close to the site.

�For control release, evacuation area is unlikely to occur beyond a few kilometers and 
sheltering area is unlikely to occur beyond about 10 km. 

�For very severe weather conditions, sheltering with stable iodine intake is needed only 
close to the site.

Control Release
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� For the representative source terms, the analysis has been 
performed using the Level 3 PSA approach to evaluate the 
effectiveness of protective action strategy involving a 
combination of evacuation, sheltering and administration of 
stable iodine.  

� The study indicates that pre-distribution of stable iodine might 
be considered for the people close to the site in planning.  

� The study also indicates that administration of stable iodine 
should be considered as a supplement to sheltering at greater 
distances from the site in planning.  

� The results of this study will be expected to form the basis for
future technical guidance for protective action strategies.

Conclusions
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The 10th Korea-Japan Joint Workshop on PSA, Haevichi Hotel �Resort, Jeju, Korea, 2009. 

Optimization of Relocation Decisions 
using the Method of Probabilistic Accident 

Consequence Assessment

Shogo TAKAHARA and Shogo TAKAHARA and ToshimitsuToshimitsu HOMMAHOMMA

Nuclear Safety Research CenterNuclear Safety Research Center

Japan Atomic Energy AgencyJapan Atomic Energy Agency

JAEAJAEA
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Objectives

� The application of a Level 3 PSA code to the optimization of 
relocation.

Relocation is one of the long-term protective action in case of 
radiological  emergency.

� To describe an appropriate framework for the optimization process in 
the basis of ICRP Publ.103.

� To develop the optimum dose criteria for introducing and terminating 
relocation.

Optimization of radiological protectionOptimization of radiological protection
The source related process to keep the likelihood of incurring eThe source related process to keep the likelihood of incurring exposures, the xposures, the 
number of people exposed, and the magnitude of individual doses number of people exposed, and the magnitude of individual doses as low as as low as 
reasonably achievable, taking economic and societal factors intoreasonably achievable, taking economic and societal factors into account.account.

(ICRP, Publ. 103)(ICRP, Publ. 103)

Background

Ⅰ-C-4
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Optimization of Relocation in Publ. 63

� Each protective action should be balanced against the cost in such 
a way that the net benefit achieved by protective action is maximized.

B �The net Benefit
Y0 �The detriments due to radiation with taking no reaction
Y �The residual detriments when the action is taken
R �The physical risks of any protective measure itself
X �The resources needed to implement the measure
Ai �Individual anxiety caused by the protective measure
As �Social disruption caused by the protective measure
Bc �The reassurance benefit from the protective measure

B = (Y0 – Y) – (X+R+Ai+As-Bc)

B = (Y0 – Y) – X

(IAEA Safety Series 109)

= ���S – k�t�N
: The cost of unit collective dose (person�Sv)
: The averted dose due to protective action (Sv)
: The number of relocated people�person�
: period of relocation
: The ongoing cost per individual per unit time

�
�S
N
t
k

� Average averted effective dose of about 1 Sv may serve as an almost    
always justified level for relocation.

� Relocation is optimised is about 10 mSv per month continuing and 
prolonged exposure 

(ICRP Publ.63)

4

Optimization of protective action in Publ. 103
� The new recommendation focuses on optimization with respect to the 

overall strategy, rather than the individual measures.
� It is necessary to evaluate the total residual doses that result from 

implementation of the protective strategy, and compare with the    
appropriate reference level.

� The residual dose to the relocated groups after returning to their home
� The received dose to the people in the non-relocated group

Residual Dose  

Relocated PeopleRelocated People

Introducing Criteria

Terminating Criteria

Averted
dose

Time after the accident  
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di
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) Introducing Criteria

Residual Dose  

Time after the accident  
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 d
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Sv
)

NonNon--relocated Peoplerelocated People
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� Accident condition
� Inventory� 1,100 MWe BWR
� Release time� 27 hours
� Release height� 40 m
� Release fraction

� Site date
� Tokai Site
� Meteorological condition: 248 sequence
� Population distribution: 1997 census

5.2�
10-12

2.4�
10-11

1.2�
10-8

2.8�
10-4

2.8�
10-2

3.3�
10-2

9.5�
10-1

LaRuSr-BaTe-SbCs-
RbIXe-

Kr

Level 3 PSA

Making decision in the basis 
of the received dose for the 
first year.

When the annual projected dose 
has fallen lower then terminating 
criteria, then return to home area.

50mSv y-1

20mSv y-1

20mSv y-1

15mSv y-1

10mSv y-1

5 mSv y-1

1 mSv y-1

� Protective measures
� Sheltering   : <30km, 1 day, 10mSv
� Evacuation : <10km, 1 week, 50mSv 
� Relocation  :

� Level 3 PSA code
� OSCAAR code

Introducing Criteria

Terminating 
Criteria

Averted 
Dose

� The results of Level 3 PSA are given as the expectation values from the probabilistic 
analysis, which represent a weighted average over a spectrum of meteorological conditions.

Pr
oj

ec
te

d 
do

se
 (m

Sv
y-

1 )

Time 

Residual
Dose

Period of 
Relocation

Return to the 
contaminated area

6

Classification of inhabitants

Non-relocated

Relocated

Relocated or 
Non-Relocated

Non-afflicted people

Risk of cancer

Deterministic health effects
Significant risk of cancer

Projected Dose 
for 1 year

Group 5Justified

Group nameAverted Dose

Group 1

Group 2

Group 3

Group 4

� Inhabitants whose averted dose due to relocation is greater equal 1 Sv are
classified into a group in terms of Justification criteria.

� At dose higher than 100 mSv, there is an increased likelihood of deterministic    
effects and a significant risk of cancer.  

� Inhabitants whose received dose for first year is less than 1 mSv are not 
regarded as afflicted people.

� The total collective effective dose is not a useful tool for making decisions
(ICRP Publ.103) 

1 Sv

100 mSv

Introducing Criteria

1 mSv
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Relocation cost and residual detrimentsRelocation cost and residual detriments

X= k�t�N

Y= ��S

Relocation Cost: X (US$)

Residual Detriment: Y (US$)

Terminating Criteria (mSv y-1)
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(Lochard et al.,1996)
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Relocation Cost
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: person Sv
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: Risk aversion factor
: Base line =1mSv
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: Discount Rate = 3%
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Efficiency of RelocationEfficiency of Relocation

0.0E+00

5.0E+06

1.0E+07

1.5E+07

2.0E+07

2.5E+07

0 5 10 15 20 25

� Minimization of the Cost needed to implement a relocation and the residual 
detriment when a relocation is taken.

Terminating Criteria (mSv y-1)
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 (U
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Group 3
� Introducing Criteria 20mSv y-1

� Introducing Criteria 50mSv y-1

Risk
Reduction

Cost R
YX

�
�

�

: Relocation Cost (US$)
: Residual Detriments (US$)
: Avertable risk of cancer death

X
Y

�R

�

�

�

�

�

�

DeathCancer
US$

Risk Reduction Cost

� Risk Reduction Cost strongly depend on Terminating Criteria, rather than 
Introducing Criteria.

� �� )( lifetimelifetime r�popr�R�

: Individual lifetime probability of  
cancer death

: the number of people who is 
exposed to a residual risk, r 

�r

pop(r)

10

SUMMARYSUMMARY

Issues
� The results of optimization of the protective actions is strongly influenced 

by the economic value of a unit collective dose. 
� The � value is needed in Japan. 
� It is necessary to consider the differences between WTP( an individual  

would accept to pay for avoiding the risk) and WTA (an individual 
would accept in compensation for avoiding the risk). 

� More consideration is needed for the combination other long-term 
protective actions such as the food ban.

� Level 3 PSA provide a good tool for establishing the numerical 
guidance of relocation in the basis of the comprehensive risk 
assessment that takes into account the full range of postulated events.

� Efficiency of relocation strategy strongly depend on terminating criteria, 
rather than introducing criteria.

� We should develop an appropriate framework in which the residues of 
radiation exposure for the entire affected population over the whole 
period should be taken into account for optimization of relocation
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JAEAJAEA

Thank you for your attention
takahara.shogo@jaea.go.jp
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Radioactive Waste Technology Development Division
Korea Atomic Energy Research Institute

��������������������������������
�����������������������������

���������������������

May. 18 2009
Jongtae Jeong, Joon-Eon Yang

�����������

II IntroductionIntroduction

IIII Atmospheric DispersionAtmospheric Dispersion
ModelingModeling

IIIIII Use of Meteorological Use of Meteorological 
DataData

Contents

IVIV Concluding RemarksConcluding Remarks

Ⅰ-C-5

JAEA-Review 2009-038

－ 209 －



�����������

Introduction

� The area of Risk-Informed Application in Korea: 
� Extension of RI-STI 
� Extension of RI-AOT 
� RI-ISI
� Extension of RI-ILRT interval 

• Based on an estimation of the population dose using the level-3 PSA tool,
sensitivity analysis was performed. 

� There are too many uncertainties in the estimation of the exposure 
dose and the associated risk. 

� There is a growing need to reduce uncertainties in the estimation of 
off-site risk using the Level-3 PSA tool. 

� The purpose of this research is to make a development plan for the 
off-site risk assessment, which can be used in the RIA or Level-3 
PSA.

� We will focus on the reduction of uncertainties through the change 
of atmospheric dispersion model and the use of meteorological data.

�����������

Introduction
Table 1. Meteorological data and deposition: Uncertainties and Sensitivities

ModerateLowModeratePlume trajectoryTerrain (modeling)

ModerateLowMajorQuantity and location of 
deposited material

Rainfall model

MajorModerateModerateQuantity of radioactive 
material on ground

Dry deposition velocity

Low to moderateLowLow to moderateDispersion parameters
Deposition velocity

Surface roughness

LowLowLowAirborne concentrationsLow wind speeds

LowLowLowAirborne concentrationsGaussian theory vs K-
theory (modeling)

ModerateModerateLow to moderateWeather sequencesChanging vs. constant 
weather

ModerateModerateModerate to 
major

Airborne concentrationsChoice of dispersion 
parameters

Low to moderateLowLow to moderateFrequency of occurrence of 
stability categories

Definition of stability 
categories

LowLow to 
moderate

MajorSelection of weather 
sequences

Sampling of 
meteorological data

Contaminated area, 
property damage

Latent-cancer
fatalities

Early fatalities, 
injuries

Contribution to uncertainties in CCDFs
Quantities most sensitiveParameter or modeling 

assumption

Source: PRA Procedure Guide, NUREG/CR-2300)
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Atmospheric Dispersion Modeling

� The Gaussian plume model is widely used in the off-site risk 
estimation (Level-3 PSA);
� Economical use of computing time.
� The availability of meteorological parameters.
� In some circumstances, the results do not differ sufficiently from 

those of more complicated models.
� The observed maximum downwind concentration is within 10~20 % 

of the calculated value for a surface level source and within 20~40% 
for an elevated source.

� The Gaussian plume model is valid for release heights of up to about 
200m.

� The terrain effect on the dispersion of the radioactive material
cannot be modeled by using the Gaussian plume model. 

� We will consider the puff model in order to reduce the 
uncertainties in the atmospheric dispersion by taking into 
consideration of the terrain effect on the dispersion. 

� We will consider the CALPUFF model used as a regulatory 
models by US EPA. 

�����������

Atmospheric Dispersion Modeling

� The CALPUFF Model: 
� a multi-layer, multi-species non-steady stae puff dispersion model.
� can simulate the effects of time- and space-varying meteorological 

conditions on pollutant transport, transformation, and removal. 
� Can use the three dimensional meteorological fields developed by

the CALMET
� Or can use simple, single station winds 
� Contains algorithms for near-source effects such as

• building downwash
• transitional plume rise
• subgrid scale complex terrain interactions 
• longer range effects such as wet scavenging and dry deposition
• Chemical transformation
• Vertical wind shear
• Overwater transport and coastal interaction effects 

� Does not model the radioactive decay 
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Atmospheric Dispersion Modeling

Fig. 1 Overview of the program elements in the CALMET/CALPUFF modeling system
Source: A User’s Guide for the CALPUFF Dispersion Model, Version 5)
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Use of Meteorological Data
� There are big climate changes around the world.
� It is necessary to consider a large amount of data and 

to modify the sampling scheme of meteorological data. 
� The seasonal variation of meteorological data will also 

have an impact on the risk estimation.
� In order to obtain insights into the use of meteorological 

data, we performed risk estimation based on the 
different sampling intervals of the rainfall rate for 
different years and seasons;
� We analyze the meteorological data of the last 3 years
� We suggest different sampling intervals of the rainfall rate 
� We suggest the necessity of modifying the sampling intervals 

of meteorological data
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Use of Meteorological Data

Figure 2. Distribution of the wind direction Figure 3. Distribution of the stability class
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Use of Meteorological Data
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Figure 4. Seasonal variation of the wind direction Figure 5. Seasonal variation of the stability class
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Use of Meteorological Data

2.42.72.9Hourly average rainfall 
(mm/hr)

3126.436.6Maximum rainfall (mm)

6.15.98.7Percentage of rainfall 
(%)

532518760Rainfall hours

126014232347Total rainfall (mm)

200520042003Year

Table 2. Analysis of the rainfall rate for each year Table 3. Analysis of the rainfall rate for each season 

7.618.031.07.1Maximum rainfall 
(mm)

1.33.12.61.4
Hourly average 

rainfall 
(mm/hr)

89.4481.8547.9140.7Total rainfall 
(mm)

6715521199Rainfall time (hr)

WinterFallSummerSpring

������������

Use of Meteorological Data

3 < uF16

2 < u � 3F15

1 < u � 2F14

0 < u � 1F13

3 < uE12

2 < u � 3E11

1 < u � 2E10

0 < u � 1E9

7 < uC/D8

5 < u � 7C/D7

3 < u � 5C/D6

2 < u � 3C/D5

1 < u � 2C/D4

0 < u � 1C/D3

3 < uA/B2

0 < u � 3A/B1

Wind Speed (m/sec)StabilityWeather Bin

Table 5. Sampling interval of the rainfall rate for each season 

Table 4. Initial condition weather bins 

3.0�x5.0�x7.0�x4.0�x

2.0�x�3.03.0�x�5.03.0�x�7.02.0�x�4.0

1.0�x�2.01.0�x�3.01.0�x�3.01.0�x�2.0

0.0�x�1.00.0�x�1.00.0�x�1.00.0�x�1.0

WinterFallSummerSpring

Source: MACCS User’s Guide, NUREG/CR-4691)
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Use of Meteorological Data

3.23E-083.25E-083.19E-083.30E-082005

1.87E-081.93E-081.97E-081.93E-082004

2.96E-083.26E-083.40E-083.20E-082003

WinterFallSummerSpringSeason
Year

Table 6. The variation of the early fatality risks. 

Table 7. The variation of the cancer fatality risks. 

7.71E-087.45E-087.44E-088.32E-082005

4.79E-085.53E-084.53E-084.65E-082004

6.68E-086.94E-086.81E-086.96E-082003

WinterFallSummerSpringSeason
Year
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Concluding Remarks

� We suggested a development plan for the offsite risk estimation for 
use in the risk-informed application. 

� The basic principle in its development is to reduce the uncertainty. 
� We will consider the puff trajectory model in order to assess the 

terrain effect on the dispersion of the radioactive material. 
� The CALPUFF model, chosen as a reference dispersion model, 

must be modified to be able to determine the radioactive decay. 
� We will consider the use of meteorological data at least for 3 years 

to determine the climate change. 
� Also, we will develop and apply an appropriate sampling technique 

for the meteorological data in order to determine seasonal 
variations. 

� The off-site risk assessment tool will be developed by considering 
the suggestions in this study.

� It will be very useful in the risk-informed application in Korea. 
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Session II-A Summary 

Chair: Hidetaka IMAI (TEPCO), Dae-Wook CHUNG (KINS) 

II-A-1. Tsuyoshi UCHIDA (JNES): Analysis and Evaluation of Accident Sequence Precursor
Mr. Uchida from JNES presented the current status of development and implementation of Accident 
Sequence Precursor (ASP) in Japan. JNES developed the framework for analysis and evaluation of 
ASPs. Using the framework, analysis and evaluation of ASP were performed for 202 events which 
occurred in CY2008. 2 of 202 events were identified to be safety significant through the qualitative 
screening and the quantitative screening. 

II-A-2. Myung-Ki KIM (KEPRI): Analysis of Risk Change by adding Bypass Function into RPS/ESFAS
In this study, Authors have performed the evaluation of CDF along with Surveillance Test Interval 
(STIs) to find out the effect of bypass function during test and maintenance on the safety. Through the 
study, Authors get insights that bypass function during test and maintenance gives the positive effects 
on the safety because the effect of preventing the reactor trip on the safety is more dominant over 
other negative effects such increasing the unavailability of “No trip signal” and “No ESFAS signal.” 

II-A-3. Young H. IN (ERIN): Risk Management in the NPP
A famous Korean-American expert, Dr. Young Ho In from EPRIN-USA explained the comprehensive 
implementation status of risk-informed applications in Exelon Power Company. 

II-A-4. Bag Soon CHUNG (KEPRI): Tech. Spec. Optimization Study for the RPS/ESFAS of Kori Unit 2
This paper described that the improvement of the evaluation for Surveillance Test Interval (STIs) and 
Allowed Outage Time (AOT) for the analog channels, logic cabinets and slave relays by a 
Probabilistic safety assessment approach which includes the fault tree models, signals, component 
reliability database, and most of the test and maintenance assumptions. 
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Analysis and Evaluation of 
Accident Sequence Precursor (ASP)

Hiroaki SHIMOZAKI,
Tomomichi ITO, Yoshikane HAMAGUCHI, Katsunori OGURA 

Probabilistic Safety Assessment Group
Nuclear Safety Analysis and Evaluation Office

Nuclear Energy System Safety Division
Japan Nuclear Energy Safety Organization (JNES)

18th – 20th May, 2009
The 10th Korea-Japan Joint Workshop on PSA
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1. Introduction

Back Ground

� Recently the nuclear regulatory body in Japan recognizes the importance 
of risk-informed application to the nuclear safety regulation. 

� Accident Sequence Precursor (ASP) program provides safety perspective 
of nuclear power plant operating experiences.

Objectives
� The objective is to construct the framework of analysis and to evaluate 

ASP systematically. Evaluation results in CY2008 are discussed along with 
the following items. 

(1) Identification of Safety Significant Events (ASP)
(2) Potential of Escalating into Accidents 
(3) Possible Corrective Actions 

The risk information could be utilized to the regulatory judgment (e.g. 
corrective actions to other plants�.

Ⅱ-A-1
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2. Framework for Analysis and Evaluation of ASP (1/4)

� Evaluation Steps 

� 1st step the qualitative screening of the events including       
incidents and accidents

� 2nd step the quantitative screening using a generic PSA model

� 3rd step the detailed evaluation using a realistic PSA  model

� 4th step    the assessment of corrective actions 
a) Potential of Escalating into Accidents

b) Possible Corrective Actions

3

2. Framework for Analysis and Evaluation of ASP (2/4)

� PSA Models

� Quantitative screening (2nd Step)
The PSA models of Japanese typical plants are applied. 
BWR � BWR3, BWR4, BWR5 and ABWR
PWR � 2Loop, 3loop, 4loop(dry containment type) and

4-loop PWR (ice condenser type)

� Detailed evaluation (3rd Step)
The modified PSA model is applied to reflect the configuration of the 
real target plant into the PSA model of the typical plant.
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2. Framework for Analysis and Evaluation of ASP (3/4)

� ASP Criterion 
The importance of an event is defined by the conditional core 

damage probability (CCDP). 
The event of which the CCDP is greater than 10-7, is  recognized 

as an accident sequence precursor (ASP). The value of 10-7 is a 
tentatively used as an ASP criterion.

Table.1  ASP Criterion Utilizing CCDP

5

2. Framework for Analysis and Evaluation of ASP (4/4)

Fig.1  Flow for Analysis and Evaluation of ASP

S
creen
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g
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u
t
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3. Example of Detailed Evaluation�1/3�

(1) Event Description
During the start-up of the plant (BWR4 type), the operator conducted the 

functional test of HPCI system. An alarm of HPCI turbine trip was occurred, 
and steam was detected near the HPCI governor valve. Then, HPCI operation 
was manually tripped by the operator. 

According to the maintenance code, the operator checked the operability of 
RCIC. However, the RCIC pump stopped automatically during adjusting a test 
bypass valve. 

Based on the situation, the operator judged that HPCI and RCIC were both 
not operable, and manually shutdown the reactor.

�2� Analyses Condition
� The modified PSA model is applied to reflect the real plant configuration 

(system configuration only) into the PSA model of the typical BWR4 plant.
� Japanese component failure rate database are used.
� According to the cause analysis, the failure of both systems was judged not to 

be a common cause failure.

7

HPCI Test
[Success]

On power operation

����
�����

����
�����

����
�����

����
�����

RCIC Test
[Success]

Shutdown
Start-up

����
�����

(a)

2days

(b)

80min.

(c)

128min

(d)

32min.

(e)

Shutdown

Shutdown

HPCI��

RCIC��

HPCI��

RCIC��

HPCI��

RCIC��

HPCI��

RCIC��

HPCI��

RCIC��

System Status
�� operational,  �� unknown, ��failed

Status of HPCI

����
�����

HPCI Test
[Success]

Status of RCIC

3. Example of Detailed Evaluation�2/3�

����������

HPCI Test
[Success]

Fig.2 System Configuration during the Event 
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10-11

10-10

10-9

10-8

10-7

10-6

C
C

D
P

Total

(a) (b) (c) (d) (e)

ShutdownStatus of On power Operaton 

2 days 80min. 128min. 32min. 429min.

3. Example of Detailed Evaluation�3/3�
The CCDP of the event was evaluated to exceed the ASP criterion �3.0�10-7 �.
The corresponding event was judged to be an safety significant event or an ASP.

[ASP Criterion]

Fig.3  CCDP Result of Detailed Evaluation

9

1.
E-

11
1.

E-
10

1.
E-

09
1.

E-
08

1.
E-

07
1.

E-
06

No failure HPCI/RCIC
failure

HPCI failure RCIC failure

C
C

D
P

1.
0E

-1
1

1.
0E

-1
0

1.
0E

-9
1.

0E
-8

1.
0E

-7
1.

0E
-6

No failure HPCI/RCIC
failure

HPCI failure RCIC failure

C
C

D
P

Transient
LOCA

(a) On Power Operation Risk (b) Shutdown Risk

Risk
Increment

4. Potential of Escalating into Accidents (1/3)
Sensitivity analyses could reveal the event characteristics.
(1) Plant risk during the power operation is dominated by transients.
(2) The risk increase is relatively low when either of HPCI or RCIC is operable.
(3) The risk during the reactor shutdown increases when both HPCI and RCIC are at 

failed state.

Risk
Increment

Fig.4  CCDP Results from Sensitive Analyses
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4. Potential of Escalating into Accidents (2/3)
� The LOSP is the dominant initiating event under the condition of simultaneous 

failure of HPCI and RCIC.
� The operator should take into account of external events (e.g. typhoon, thunderbolt, 

fallen snow etc.) which increase the likelihood of LOSP. 

Fig.5  Contribution of each initiating event to the local CDF

BASE Case (No Failure)
LOSP
13%

Transients
other than

LOSP
2%

Manual
Shautdown

0%

LOCAs
85%

HPCI and RCIC Failure

LOSP
69%

Manual
Shautdown

7%

Transients
other than

LOSP
22%

LOCAs
2%

11

4. Potential of Escalating into Accidents (3/3)

� The total risk is dominated 
by the risk of the manual 
shutdown.

� The risk of the continued  
operation is relatively low 
(i.e. 12%, 24%, 36%). 

1.
0E

-1
0

1.
0E

-0
9

1.
0E

-0
8

1.
0E

-0
7

1.
0E

-0
6

1.
0E

-0
5

0 10 20 30 40

Days after the Event (day)

CC
DP

Risk of manual shutdownTotal Risk

Risk of continued 
power operation

12% increase 24% increase 36% increase
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5. Possible Corrective Action (1/3)

Based on basic events with the large FV value, potential corrective 
actions to reduce the plant risk are identified.

� Calibration error of pressure process switch (a,b,c,d)       FV�8�10-1

Possible corrective action
Confirmation of procedure for forced start-up of water injection.
Check of instrument calibration test results and confirmation process. 

� Failure to start of emergency diesel generator�EDG)      FV�2�10-2

Possible corrective action
Confirmation of an other EDG operability (Surveillance of the EDG)

13

5. Possible Corrective Action (2/3)

� Diagnostic failure to manually start up alternative injection   FV�2�10-3

Possible corrective action
Confirmation of operating condition for alternative injection start up

� Failure of manually operation of ADS FV�1�10-3

Possible corrective action
Confirmation of operating procedure for manual ADS backup
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0 %3.0�10-7Confirmation of procedure for manual ADS 
backup4

3.0�10-7

3.0�10-7

6.8�10-8

CCDP (*1)

0.2 %Confirmation of the another EDG availability 2

77 %Forced start-up of LPCS 
Check of instrument calibration test results1

(*1) CCDP = CCDP of On power operation + CCDP of Shutdown
(*2) Decreasing Risk = 1-(CCDP of each case / CCDP of base case)

0.1 %Confirmation of operating condition of 
alternative injection start up3

Decreasing
Risk�*2)Corrective Action Case

�Countermeasure for instrument calibration error prevention is availableness. 

5. Possible Corrective Action (3/3)
Table.2  Effect of Corrective Action to Reduce the Risk 

�The evaluation results will be applied to the regulation judgment for the 
reference  information.

15

6. Summary

� JNES developed the framework for analysis and evaluation of ASPs. 
Using the framework, analysis and evaluation of ASP were performed 
for 202 events which occurred in CY2008. 

� 2 of 202 events were  identified to be safety significant through the 
qualitative screening and the quantitative screening. 

� 2 events were analyzed and evaluated in the detailed evaluation step 
and one of two was identified as an ASP. 

� The ASP event of "simultaneous failure of HPCI and RCIC in BWR4 
plant" is important at loss of off-site power, and is identified to be safety 
significant. A potential corrective action to reduce the plant risk was 
discussed and identified.

� JNES has been conducting ongoingly the ASP evaluation, and has a 
plan to start a risk trend analysis.
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2) With Bypass function

No MSI-CNMT Pr Hi signal due to failure of components
and T/M
1) Without Bypass function
2) With Bypass function

Spurious OTDT trip signal due to failure of components
and T/M

Spurious MSI-CNMT Pr Hi signal due to failure of
components and T/M

� ��������������� ��� ��������� ���� ���������� ��������������� �� ���
����� �� ������ �� ����� ������� ��� �� ��� ��� ������ �������� ���
����������� ���� ���������� ����� ������� ������� ��� ����� ����
��� ��� ����� �������� ��� ����������� ���� ���������������
����� ������� ���� �� ����������� ��� ��� �� ���

� �� ����� ��� ��������� ���� ������ ���� �� ���������� ����� ��
��������� ������������

1) Without Bypass function
2) With Bypass function

1) Without Bypass function
2) With Bypass function
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� ������� ��� ����������� �������� ��� ��� ���� ��� ������� ������
�������� ��������� �� ��� �� �� � �����
� �������������� �� ��� ���� ���� ������ ��� �� ������� �� ����������

��� ����
� ����������� �� ��������� ���� ���� ������ ��� �� ������� ��

���������� ��� ����

Fault Tree for RPS signals Unavailability Unavailability UnavailabilityFault Tree for RPS signals y
(1 M)

y
(3 M)

y
(6 M)

Without Bypass function

No OTDT Trip signal 3.38E-06 3.79E-06 4.89E-06

Spurious OTDT Trip signal 2.23E-02 3.36E-02 5.37E-02

With Bypass function

No OTDT Trip signal 3.41E-06 3.81E-06 4.90E-06

Spurious OTDT Trip signal 2.19E-02 3.34E-02 5.36E-02

�

�

����������� ��� ���� �������� �������

� �� ���������� ������ �������� ����� �������������� �� ��� ���� ����
������� �� �������� ���������� ����� ����� ���� ����� ������� ���
���������� ��� ����������� �� ��� ������� ��� ����� ���� ����������
������ �������� ������� �� ��� �������

� �������� ��� ����������� �� ��������� ���� ���� ������� �� ��������
���������� ����� ����� ���� ����������� ������� ���� ��� ��
������� �� ���������� ��� ��� ���������� ������ �������� �������
�� ��� �������� ��� �������
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� ������ ��� ���� ��� ������������ ��� ����������� �� ���������
���� ���� ������� �� ������ �������� �� ����� ���� ���� ���� ��
������� ������ ���������

�������

�������
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����� ���� ��� ������ ��������

����� ���� ���� ������ ��������
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�������

�������

�������

�������

� � �
����������

��
�
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��

����������� ��� ���� �������� �������

� ������� ��� ����������� �������� ��� ����� ���� ��� ������� ������
�������� ��������� �� ��� �� �� � �����
� �������������� �� ��� �������� �� �� ������ ��� �� ������� ��
���������� ��� ����

� ����������� �� ��������� �������� �� �� ������ ��� �� ������� ��
���������� ��� ����

Fault Tree for ESFAS signals Unavailability
(1 M)

Unavailability
(3 M)

Unavailability
(6 M)

�

�

Fault Tree for ESFAS signals (1 M) (3 M) (6 M)

Without Bypass function

No MSI-CNMT Pr Hi signal 1.0338E-03 1.1617E-03 1.2990E-03

Spurious MSI-CNMT Pr Hi signal 1.1795E-02 1.1893E-02 1.2075E-02

With Bypass function

No MSI-CNMT Pr Hi signal 1.0885E-03 1.2303E-03 1.3747E-03

Spurious MSI-CNMT Pr Hi signal 1.1739E-02 1.1829E-02 1.1999E-02
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���� ���� ������ �������� ������� ��� �� ��������� ���� ��� ���
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��� ���� ��� ��� ���� ����� ���� ���� ��� �� ��������

���������

���������

���������

���������

���������

���������

���������

���������

���� ��� � � � � ��

���� ������ ��������

������� ������ ��������

��� �������

��
�
��
��
��

�����������

� �� ��� ������ �� ������� ��� ���������� �� ��� ����� ���� ���� ��
���� ��� ��� ������ �� ������ �������� ������ ���� ���
����������� �� ��� �������
� ������ �������� ����� �� ���� ��������� �� ������ ������� ������ ����

��� ������������

� ������� ��� ������ �� ��� �������� ���� ������ �������� ������
���� ��� ����������� ����� ��� �������� ������� �� ��� ������
������� ��� ������ �� ���������� ��� ������� ���� �� ��� ������ ��������� ��� ������ �� ���������� ��� ������� ���� �� ��� ������ ��
���� �������� ���� ����� �������� ������� ���� ���������� ���
�������������� �� ��� ���� ������� ��� ��� ����� ��������

� �� ��� ���� ������� �������� ��� ���������� ������� ���� ��� ����
��� ������� ������ �������� �� �� ��� ���������� ������

� �� ��� ������� ���� ������ �������� ����� ��� �������� ����
����������� ��������� �� �������� ��� ������ ���� ���������
������� ��������� ������ �� ��� ������
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Background

� Exelon Nuclear Fleet
� 10 sites and 17 units
� 12 BWRs and 5 PWRs
� Mainly located in Illinois & Pennsylvania 
� Planning to build 2 ABWR units in Texas

� Risk Management Group 
� Outsourced 6 years ago to ERIN Engineering & 

Research
� 9 PSA - Byron/Braidwood is one model
� 10 Site Risk Management Engineers
� ~30 additional PSA support engineers

an SKF Group Company

Engineering and Research, Inc.
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� Byron and Braidwood PSA Model
� Original IPE
� Modified IPE
� 1999 R0 Conversion from IPE
� 2000 R1 Model enhancements
� 2001 R2 Interim version
� 2001 R3 CV pump mods incorporated
� 2002 R4 Model enhancements
� 2003 R5 1st Periodic update
� 2008 R6 2nd Periodic update
� 2011 -- 3rd Periodic update

Background BYRON/BRAIDWOOD PRA
CDF TOP EVENT

CDF

INTERM EDIATE GATE FOR
B/B UNIT 1 PRA CDF

QUANTIFICATION

UNIT1-CDFS

BRAIDWOOD UNIT 1 PRA
CDF (FLAGS-APPLIED)

A1-CDF

FLAG INDICATING
BRAIDWOOD PSA

ANALYSIS

FLAG-BWOOD

16 0.00E+00

BYRON/BRAIDWOOD
UNIT 1 PRA CDF

(FLAGS-APPLIED)

U1-CDF

BYRON UNIT 1 PRA CDF
(FLAGS-APPLIED)

B1-CDF

FLAG INDICATING BYRON
PSA ANALYSIS

FLAG-BYRON

30 0.00E+00

BYRON/BRAIDWOOD
UNIT 1 PRA CDF

(FLAGS-APPLIED)

U1-CDF

INTERM EDIATE GATE FOR
B/B UNIT 2 PRA CDF

QUANTIFICATION

UNIT2-CDFS

BRAIDWOOD UNIT 2 PRA
CDF (FLAGS-APPLIED)

A2-CDF

FLAG INDICATING
BRAIDWOOD PSA

ANALYSIS

FLAG-BWOOD

16 0.00E+00

BYRON/BRAIDWOOD
UNIT 2 PRA CDF
(FLAGS-APPLIED)

U2-CDF

BYRON UNIT 2 PRA CDF
(FLAGS-APPLIED)

B2-CDF

FLAG INDICATING BYRON
PSA ANALYSIS

FLAG-BYRON

30 0.00E+00

BYRON/BRAIDWOOD
UNIT 2 PRA CDF
(FLAGS-APPLIED)

U2-CDF

an SKF Group Company
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Operational Applications of Risk

� Maintenance Rule a(4) – Work 
Management/Operations

� Operator Training
� Long Range Planning
� Risk Insights/Operation Action Information 

Provided for Simulator Exercises.

� Significance Determination Process (SDP)
� NRC Management Directive (MD-8.3)
� Tech Spec 3.0.4.b – Mode Changes 
� Tech Spec 4.0.3 – Missed Surveillances
� Notice of Enforcement Decision (NOED)
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Operational Applications of Risk

0

10

20

30

40

50

2001 2002 2003 2004 2005 2006 2007 2008

2008 actual is 35 as of 8/31/08. 

� Technical Speciation Changes
� CV, RH, SI, CS, CC, SX – Completion Time Changed from 

72 hours to 7 days
� Added 72 hour CT for SX Crosstie

� DG – CT Changed from 72 hours to 14 Days
� 120V AC Inverters – CT Changed from 24 hours to 7 

days
� ESFAS/RPS – Multiple Completion Time and Surveillance 

Interval Changes

an SKF Group Company

Engineering and Research, Inc.

Risk Insights

� Risk Reduction Improvements:
� Auxiliary Building Flooding

� Extended SX Discharge Above Lake Level – Limits 
Size of Flood Source

� Added alternate cooling capability (FP) for CV 
Pump Lube oil coolers – allows use of CV for 
RCP Seal Cooling following loss of SX (due to 
floods or other causes)

� Created Aux Building Flooding Abnormal 
Operating Procedures (0/1/2BwOA PRI-8). 
Includes determination of SX isolation capability 
and impact of isolation actions.

� AF Crosstie Modification In Progress – Allow use 
of opposite unit’s Motor Driven AF pump
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Risk Communications
� PSA model changes or updates

� Driven by need to reflect changes to the plant and 
procedures in risk-informed decision-making and 
insights

� Impact the calculated benefit (CDF/LERF impact) of 
plant and procedure changes

� Impact MSPI margin in both the positive and 
negative directions

� Insights driving plant changes should be considered 
at a functional level and not at a component level 
because changes or updates can impact component 
importance

� Communication of Insights
� A corporate alignment initiative has been 

developed to drive consideration of CDF insights    

an SKF Group Company

Engineering and Research, Inc.

2009 Impacts

� Workload continues to increase due to Burden 
Reduction Initiatives

� Burden Reduction is actually Burden Shift to 
PRA
� EDG CT – Implemented
� Inverter CT – Implemented
� RI-ISI – Implemented
� MSPI - Implemented
� Missed Surveillances – Implemented
� Mode Change – Implemented
� RPS/ESFAS CT and STI - Implemented
� Relocation of TS Surveillance to Owner Control 

Document – Planned 2009
� Barriers – Planned 2009
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Near term activities
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Online Maintenance Schedule
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PARAGON Software
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Remain-in-service (RIS)
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Protected Equipment

� Methods of Posting:
� Protective Covers (clamshells, plastic cylinders or 

rings)
� Curtains (examples are tarps, paper, screens, fire 

resistant blankets, etc.)
� Placement of highly visible reminders such as 

“little men,” orange cones, easels, or reusable 
laminated signs

� Magnetic placards that are placed on breaker 
doors, room doors, or panels to mark the 
protected equipment.

� In addition, SSCs are protected by the online 
schedule (i.e., Train A may not be allowed to be 
worked on, if this is a 'B' train week).

an SKF Group Company

Engineering and Research, Inc.

Equipment Reliability (AP-913)

Yes

Change Request
from Anyone

Equipment Reliability Process Flowchart

Yes

Document and Notify
Originator as
Necessary

PM ImplementationPerformance Monitoring Corrective Action

Equipment Failure

Yes

Yes

No

Yes

No

2

No

32

Long -Term Planning & Life-Cycle Management

Yes

No

Document Basis
 for RTF

1

1

Start Equipment
Reliability Improvement

�
 Predictive Results
�
 Equipment Test

Program Results
�
 Operator Rounds
�
 System Engineer

Walkdowns

No

Yes

Yes

Yes

No

Yes

Yes

No

No

YesNo

No

No

No

� EPRI SysMon
Guidelines

� Maintenance
Rule

� PSA/Risk
Significance

� License Renewal,
including passive
SSCs

Industry OE

� EPRI PM templates
� Vendor

Recommendations
� EPIX
� Aging Studies
� INPO Web Site

(events, JIT OE)
� New Predictive

Technology

INPO AP-913
(Revision 1)

Yes

No

Business Plan

Maintenance
Results

Identify Important
Functions

1.1

Will  Component
Failure Defeat or Degrade

Important Function?

1.2

Establish Performance
Criteria & Monitoring

Parameters

2.1

Monitor/Trend
System/Function

Performance

2.2

Monitor/Trend
Component
Performance

2.3

Has Performance
Degraded?

2.4

Yes

Is the Failure a
Potential Functional

Failure?

3.3

Perform Corrective
Maintenance

3.2

Work Mgmt

Determine Cause
& Corrective

Action

3.5

Corr. Action

Key equipment
Problems Prioritization

by Management

3.6

Does PM Basis Exist?

4.3

Is Change Justified?

4.4

Initiate PM Change

4.5

Does an Applicable
PM Template Exist?

4.6

Can Degradation be
Detected?

4.7

Identify Condition
Monitoring or

Predictive Task

4.8

Adjust Performance
Measures or Criteria?

4.2

Periodically Assess
System/Component

Health & Vulnerabilities

5.1

Enter Activities
into Appropriate

Schedule

5.6

Work Mgmt

Develop Standard
Postmaintenance Test

(PMT)

6.1

Update Work
Management

Database

6.2

Work Mgmt

Does Model PM Work
Order Exist?

6.3

Develop Model PM
Work Order

6.4

Work Mgmt

Begin Performance
Monitoring

Can the Component be
Run to Failure?

1.3

Noncritical

No

Document As-
Found Equipment

Condition

6.6

Work Mgmt

Perform predictive,
periodic PM, test,

or inspection

6.5

Work Mgmt

Determine
Maintenance Rule

Status

3.4

No

Integrate, Prioritize, and
Reconcile SSC Plans

with the Station
Business Plan

5.5

Critical

Is There a Cost- Effective
Periodic or Planned PM to

Prevent Failure?

4.9

Develop New PM
Template to Address

Predominant
Failure Modes

4.10

Select PM Tasks,
Establish Frequency,
and Document Bases

4.11

Initiate Proactive
Strategy for Aging and

Obsolescence
Concerns

5.4
3

Change to Task or
Frequency?

4.1

Can Failure or
Consequences be

Controlled?

4.12

Initiate
Design Change to
Eliminate Failure

4.13

Conf Mgmt

Apply Configuration
Change or Strategy to

Control Failure

4.14

Conf Mgmt

Document
Classification of Critical
and Noncritical SSCs

1.4

Yes

Continuing Equipment Reliability Improvement

Scoping and Identification
of Critical Components

Develop/Update
System/Component
Long-Term Health

Strategy

5.2

Is There
an Aging or

Obsolescence
Concern?

5.3

Unanticipated
Failure that Should be

Prevented?

3.1
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Related Programs

� Reliability Centered Maintenance ( RCM)
� Maintenance Rule (MR)
� Equipment Reliability (ER)
� Nuclear Asset Management (NAM)
� Life Cycle Management (LCM)

� Risk Management (RM)
� Defense-in-depth (DID) management

� Margin Management
� Safety Culture

an SKF Group Company

Engineering and Research, Inc.

What are most critical elements?

� From overall technological perspective
� Decision making process 
� Deterministic and probabilistic

� From the station perspective
� Changing the mindset or perspective
� Changing the values and culture

� For the long term consequences
� Safety assurance perspective
� O&M perspective
� Design perspective
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Conclusion

� ‘Why should the risk management be 
considered, if at all?’

� The realism: ‘as-built and as-operated’
is important
�Perform the work at the station and 

train the station staff
� Perform the work to change the 

station toward: 
�The safer operation and 
�Higher confidence in operations, 

maintenance and planning

an SKF Group Company

Engineering and Research, Inc.

THANK YOU!

JAEA-Review 2009-038

－ 245 －



May 18-19, 2009 10th Korea-Japan PSA Workshop

�������������������������������
��������������������������������

��������������������������������

���������������������������������������

������� �����

Contents

�. Introduction & Background

�. Proposed Changes 

�. Risk Assessment
�� PlantPlant--Specific DataSpecific Data
� Signal Unavailability
� Risk Assessment

�. Performance Monitoring
�. Conclusions

Ⅱ-A-4

JAEA-Review 2009-038

－ 246 －



�. Introduction & Background

� Evaluated changes to STI and AOT for the analog channels, logic 
cabinets and slave relays by a Probabilistic safety assessment approach
which includes the fault tree models, signals, component reliability 
database, and most of the test and maintenance assumptions

� NRC approved increasing the STI, test times, and AOTs for the 
analog channels as well as the AOTs for the logic cabinets, master 
relays, and slave relays.

� Inadequately Frequent Testing and Short AOT
� Significant Manpower and Human Factor Considerations
• Adverse Effect
- Increasing Components Wear
- Increasing Unavailability by Testing
- Reactor Trip by Human Error or irrelevant 
- Inadequate Equipments Arrangement after Testing 

Simplified Diagram of the Protection System
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�. Proposed Changes
Component Current Proposed

� Analog Channels
- STI (Months)
- Test AOT (Hours)
- Maintenance AOT (Hours)

1
2
1

3
4
6

� Logic Cabinet
- STI (Months)
- Test AOT (Hours)
- Maintenance AOT (Hours)

2
2
6

2
4
12

� Trip Breaker (No Change)
- STI (Months)
- Test AOT (Hours)
- Maintenance AOT (Hours)

2
2
6

2
2
6

� Master Relay
- STI (Months)
- Test AOT (Hours)
- Maintenance AOT (Hours)

2
2
6

2
4
12
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�. Risk Assessment
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���������������������� ��� �������� �������� ���

������������������������� ���� �������� �������� ���

���������������– ��������������������� �������� �������� ���
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���Risk Assessment

� �����������������������������������

� ������������������������������������������������
���������������������

RISKRISK CurrentCurrent ProposedProposed Increasing Rate (%)Increasing Rate (%)

CDF 1.936E-5 1.941E-5 0.26

LERF 2.296E-6 2.305E-6 0.39
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�. Performance Monitoring

� Monitored Under Maintenance Rule Program
� In general, the reliability of the components is monitored under

Maintenance Rule Program 
� Kori Unit 2 Maintenance Rule Program will have been developed by June 2009
� New provisions for unavailability monitoring is required Until Maintenance 

Rule Program working Properly.

� Provide Reliability Goals in Tech. Spec.
� Develop the reliability goals and specify them in Tech. Spec.
� If the pre-established reliability criteria is exceeded, back to a month interval

�. Performance Monitoring

� Developing Reliability Goals
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�. Performance Monitoring
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�. Performance Monitoring
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V. Conclusions

� The risk averted by eliminating a potential plant shutdown, 
can almost offset the increase in risk of the proposed changes 
due to increased signal unavailability while at power

� The proposed changes being considered having a minor 
impact on the availability of the RT and ESF actuation signals
and the plant risk. 

� The performance will have been monitored by provisions 
specified in Tech. Spec. until Maintenance Rule Program 
works effectively.
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