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ABSTRACT 

Probabilistic safety assessment is a standardised tool for assessment of safety of nuclear 
power plants. It is a complement to the safety analyses. Standard probabilistic models of 
safety equipment assume component failure rate as a constant. Ageing of systems, structures 
and components can theoretically be included in new age-dependent probabilistic safety 
assessment, which generally causes the failure rate to be a function of age. New age-
dependent probabilistic safety assessment models, which offer explicit calculation of the 
ageing effects, are developed. Several groups of components are considered which require 
their unique models: e.g. operating components e.g. stand-by components. The developed 
models on the component level are inserted into the models of the probabilistic safety 
assessment in order that the ageing effects are evaluated for complete systems. The 
preliminary results show that the lack of necessary data for consideration of ageing causes 
highly uncertain models and consequently the results.  

 

1 INTRODUCTION 

The study combines a probabilistic safety assessment [PSA] with aging effects for the 
components and systems in a nuclear power plant. Probabilistic safety assessments are 
standard tools for assessing safety in nuclear power plants [1], [2]. The estimation of 
reliability of components, systems and structures is improved, by including aging mechanism 
in existing PSA models. Many studies have shown how reasonable is to determine the risk 
and reliability implications of aging [3], [4], [5] especially in models with long term operating 
power plants. Same authors believe that aging effects of passive components on core damage 
frequency (CDF) is very small or almost negligible [6], [7], others indicate that aging of 
passive components is not just recommended but it is necessary for prediction of reliability 
[3].  

In this paper, we focus on the relationships involving aging mechanisms of passive and 
active components, property changes, and component failure rates. Aging of piping [6] is 
included as a basic event in a fault tree model. The results are evaluated and interpreted with 
an emphasis on risk measures such as system unavailability, CDF, Risk Increase Factor (RIF) 
and Risk Decrease Factor (RDF).   
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2 METHOD 

The purpose of the paper is to evaluate the impact of aging in probabilistic safety 
assessment. Contribution of one passive component – piping to the CDF was evaluated. 
Because of complexity and insufficiency of the available data, other passive components [6] 
were not included in the calculation. Our expectation anticipated that results were similar as 
for piping. An evaluation was made on the system level, how much unavailability of system 
could increase, if aging has been included for active components. 

Calculations have been made for a probabilistic safety assessment model of a nuclear 
power plant. Software for PSA has been used for modeling and evaluation of models. Aging 
models are based on a linear mathematical model and stepwise constant failure rates. 

 
2.1 Linear mathematical model [8] 

This model represents failure rates as an increasing function with age. Thresholds can 
be incorporated in the model to represent commencement of aging at some nonzero age . 
Basic description is presented in Eq. (1) and Eq. (2):  
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Figure 1: Linear mathematical model 

 
2.2 Method of stepwise constant failure rates  

With stepwise constant failure rate method there is no need to know the precise value of 
a failure rate for a selected component each time. It is enough to know failure rates at times 
T1 and T2, and hence the failure rate is the average of time interval T1T2. After the first time 
interval, average is made for second interval between different times, so calculation is made 
step by step. An advantage of this method is a faster estimation of time dependent failure rate, 
especially when the problem is the lack of data. Method is used in standard PSA and in 
standard tools for PSA. The Figure 2 shows basic principle of method: 
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Figure 2: Method of stepwise constant failure rates 

Once the failure rate is determined (connection between age and time is expressed over 
w=w(t) and  λ(t)= λ(w(t))), the component reliability characteristic can be determined using 
reliability approaches. A basic component reliability characteristic is the component- failure 
probability F(t), which is defined as 
 

F(t)= the probability that the component fails by age t if the aging effect is not detected 
by testing and maintenance. 

 
The failure probability, F(t), is given by Eq. (3)  

0

( ) 1 exp( ( ') ')
t

F t t dtλ= − −∫                                                                                              (3)                          

                                        
For a linear aging failure rate, Eq. (4) 
 
( )t aλ = t                                                                                                                         (4) 

 
And the failure probability, F(t), is given by Eq. (5) 
 

21( ) 1 exp( )
2

F t at= − −                                                                                                     (5)                        

Failure rate λ(t) and linear aging rate a were selected from data base Component 
Reliability Data for Use in PSA and [8].  

 
Components with initial failure probability include aging contribution by Eq. (6): 
 

( ) ( ) 1 exp( )F t F TI f at TI= = + − − ⋅                                                                                 (6)                        
 

 f…………….initial failure probability  
TI……………test interval for component 
 

Test interval and doubling time were selected from NUREG/CR-5510 and NUREG/CR-
5248.  
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The failure rate for piping and numbers of elbow, welds and straight pipe length were 

estimated according to Eq. (7): 
 
F(t)aging_piping= F(t)st.pipe + F(t)elbow + F(t)weld= 8,33E-7/d                                (7)                         
 
We determined aging factor in average period as k(t)=1,2. The average growth of aging 

impact is 10% in 10 years time interval. New estimation, Eq. (8), of aging effects on piping is: 
 
F(t)aging_piping*=k(t)*F(t)aging_piping=1E-6                                                            (8)                         

 
2.3 Importance measures for selection of safety significant components and systems 

Importance measures in Table 1 are risk measures. They define the most important 
components and systems that have a significant impact on the risk.  

 

Table 1: Criteria for risk importance measures 

Risk importance measures Criteria 
 

RRW- Risk Reduction Worth 
• system level 
• component level 

 
>1.05 
>1.005 

FV- Fussell -Vesely Importance 
• system level 
• component level 

 
>0.005 
>0.005 

RAW- Risk Achievement Worth 
 component/line level 

 
>2 

 
The computer code, which was used for evaluation of the models, refers to slightly 

different risk measure identifications: 
 

• RRW as RDF-Risk Decrease Factor, 
• RAW as RIF-Risk Increase Factor. 

 
RIF applies to cases in which the application considers the impact when a component, 

system, structure or other plant feature modeled in PSA is considered to fail. Then RIF is an 
indication of the limit how much risk could increase, if an element completely failed. It is 
expressed in terms of the risk with the event failed to the baseline risk level. RDF is a direct 
measure of the maximum possible reduction in CDF that can result from making a given plant 
feature perfectly reliable and is a reasonably good measure of the influence of its normal 
performance on the baseline CDF. It is expressed in terms of the ratio of the baseline risk 
level to the risk with the feature guaranteed to succeed.       

3 MODEL 

3.1 Aging consideration for passive component in PSA  

Real model of PSA was composed of 192 fault trees, 596 basic events and 21 event 
trees. Core damage frequency was 6,05E-5/yr. Aging influence of passive component was 
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added on basic events that were dominant for CDF. Table 2 presents the most important basic 
events (BE) that were selected for further analyses. Basic events present components and their 
failure modes. We chose only fans (FAN), motor operated valves (MOV) and motor driven 
pumps (MDP) as significant active components. Selected systems auxiliary feedwater system 
(AFW), charging pump system (CHP), low-pressure injection (LPI) and service water system 
(SWS) were determined by RDF criteria for systems. 

Table 2: Selected basic events for aging 

No. Basic Event [BE] Probability for 
BE 

FV RDF RIF 

3 CHP-FAN-FS-1BB       3,00E-03 2,86E-01 1,40E+00 9,57E+01

8 CHP-FAN-FR-1BB24   7,20E-04 6,86E-02 1,07E+00 9,57E+01

10 SWS-MDP-FS-M-B      3,00E-03 5,23E-02 1,06E+00 1,83E+01

23 SWS-MDP-TM-M-B     2,00E-03 3,49E-02 1,04E+00 1,83E+01

27 LPI-MOV-OO-631       3,00E-03 2,47E-02 1,03E+00 9,19E+00

36 AFW-MDP-FS-1BB      3,00E-03 1,28E-02 1,01E+00 5,25E+00

37 SWS-MDP-FR-M-B24  7,20E-04 1,26E-02 1,01E+00 1,83E+01

41 AFW-MDP-TM-1BB    2,00E-03 8,55E-03 1,01E+00 5,25E+00

54 LPI-MDP-FS-1AA       3,00E-03 4,77E-03 1,00E+00 2,58E+00

55 LPI-MOV-PG-631       5,40E-05 4,72E-03 1,00E+00 8,82E+01

62 LPI-MDP-TM-1AA       2,00E-03 3,18E-03 1,00E+00 2,58E+00

63 AFW-MDP-FR-1BB24 7,20E-04 3,08E-03 1,00E+00 5,25E+00

69 AFW-MDP-TM-1AA    2,00E-03 2,45E-03 1,00E+00 2,22E+00

 
Basic events No.10 and No.23 present the same component but the failure mode is 

different. From sample of components we separated components with RIF and RDF larger 
than the criteria in Table 1.  

Next steep was to include probability of aging mechanism for each component 
separately connected by piping. Basic events were added in fault tree models for AFW, SWS, 
LPI and CHP systems. Figure 3 shows schematic modelling for consideration of aging for 
CHP system. Basic event PF-PIPING-CHP with failure probability of 1E-6 is added to the 
fault tree. 
 

CH-30A1

FAULTS IN PS05 
(RECIRCULATION)

CH-29
H2

CHP-FAN-FS-1BB

CHG FAN 1B-B FAILS 
TO START

CHP-FAN-FR-1BB24

CHG FAN 1B-B FAILS 
TO RUN FOR 24 HRS

SWS-XVM-PR-1600B

PLGED OR 
MISPOSITIONED

SWS-AOV-PR-1170

SWS AOV 1176 PLGED 
OR MISPOSITIONED

SWS-XVM-PR-1601B

PLGED OR 
MISPOSITIONED

SWS-XVM-PR-1602B

PLGED OR 
MISPOSITIONED

PF-PIPING-CHP

Passive failure of piping 
in CHP system for FAN

 
Figure 3: Schematic modeling for aging consideration for CHP system 

 
3.2 Aging consideration for active components in SWS model  

In SWS model as part of model in 3.1, aging mechanism was considered only for active 
component. Basic events were selected by FV risk importance measure and are shown in 
Table 3.  
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Table 3: Selected basic events for SWS unavailability analysis  

BASIC EVENT DESCRIPTION 
OEP-DGN-FR-1AA6   DISEL GENERATOR FAILS TO RUN 
OEP-DGN-FS-1AA     DISEL GENERATOR FAILS TO START 
SWS-MDP-FR-J-A24  SWS MD PUMP FAILS TO RUN 
SWS-MDP-FR-K-A24 SWS MD PUMP FAILS TO RUN 
SWS-MDP-FR-Q-A24 SWS MD PUMP FAILS TO RUN 
SWS-MDP-FR-R-A24 SWS MD PUMP FAILS TO RUN 
SWS-MDP-FS-K-A     SWS MD PUMP FAILS TO START 
SWS-MDP-FS-Q-A     SWS MD PUMP FAILS TO START 
SWS-MOV-PG-1127   SWS MOTOR OPERATED VALVE PLUGGED
SWS-XVM-PR-1554A SWS MANUAL VALVE PLUGGED 
SWS-XVM-PR-1603A SWS MANUAL VALVE PLUGGED 
SWS-XVM-PR-1613A SWS MANUAL VALVE PLUGGED 

 
Eq. (5) and Eq. (6) define unavailability of components with aging consideration. The 

complete observational time is 15 years with intervals of 2,5 and 5 years over which failure 
rates are averaged. Figure 4 shows rising failure rate for SWS-XVM-PR-1613A in 15 years 
considering aging mechanism.   
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Figure 4: Time depended failure rate for SWS manual valve 

4 ANALYSES AND RESULTS 

4.1 Analyses and results for passive components in PSA 

Analyses were made to estimate the difference between CDF with aging impact and 
CDF without aging impact. Analyses were done for different values of basic event, which 
consider aging. Table 3 presents a comparison between four different sets of results: 

 no aging, 

 aging quantified based on failure probability 1E-6, 

 aging quantified based on failure probability 2E-6, 

 aging quantified based on failure probability 1E-5.   

The results show that RIF for basic events did not change notably. In the case where a 
passive component was added to most dominant active component for CDF, the RIF 
increased significantly for that passive component, because the probability of the added 
passive component is low it does not influence the CDF significantly. The difference between 
CDF with aging of piping and CDF without considering aging is: 
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  ΔCDF=CDFaging – CDFnoaging=1E-8/yr 
 

Table 4: List of most important basic events concerning RIF 

Basic Event RIF Position 
[no aging] 

Position 
[q=1e-6] 

Position 
[q=2e-6] 

Position 
[q=1e-5] 

CHP-FAN-FR-1BB24  9,57E+01 16 16 16 16
CHP-FAN-FS-1BB      9,57E+01 17 17 17 17
LPI-MOV-PG-631      8,82E+01 23 25 25 25
SWS-MDP-FS-M-B     1,83E+01 28 33 33 33
SWS-MDP-FR-M-B24 1,83E+01 30 35 35 35

SWS-MDP-TM-M-B    1,83E+01 31 32 32 32
LPI-MOV-OO-631      9,19E+00 66 71 71 71
AFW-MDP-FS-1BB     5,25E+00 76 80 80 80
AFW-MDP-TM-1BB    5,25E+00 77 82 82 82
AFW-MDP-FR-1BB24 5,25E+00 79 81 81 81
LPI-MDP-TM-1AA      2,58E+00 96 99 99 99
LPI-MDP-FS-1AA      2,58E+00 99 100 100 100
AFW-MDP-TM-1AA    2,22E+00 109 112 112 112
PF-PIPING-LPI        1,08E+02 - 15 15 15
PF-PIPING-CHP       9,57E+01 - 19 19 19
PF-PIPING-AFW       9,16E+01 - 23 23 23
PF-PIPING-SWS       2,78E+01 - 29 29 28

 
Core damage frequency was 6,05E-5/yr, contribution of aging was relatively small. By 

including aging consideration of passive components in PSA model, we improved our model, 
but it is necessary to realize that the number of elbows, welds and straight pipe segments were 
just estimated. 

 
4.2 Analyses and results for SWS model  

In SWS model (section 3.2), unavailability of SWS was considered with aging of 
dominant active components. 

Probability for SWS model with aging consideration
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Figure 5: Difference of unavailability of SWS in 15 years 

 
When failure rates or failure probabilities are constant for active component, then 

unavailability of top event is not a time dependent function; it is a constant parameter. Figure 
5 shows the difference between constant unavailability and unavailability with aging 
consideration of SWS. Dominant components are indicators for growth unavailability, 
especially when life expectancy of component is short. Another result is that unavailability of 
a system constantly rises in the long term because of components with long life expectancy. 
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They are never changed during operational time. Unavailability of system is higher even if we 
change motor operated valve after 15 years because of the long life expectancy of a diesel 
generator in this case. If a system has more similar components, unavailability rises faster, 
than it would with only one dominant component with a long lifetime.          
 

5 CONCLUSIONS 

The contribution of aging is assessed in probabilistic safety assessment. Models are 
developed and the results are obtained. The problem is lack of real data, which make the 
results subjective. It is difficult to separate random failures of components and systems from 
failures due to aging phenomena. Priority of probabilistic safety assessment is to analyze and 
investigate safety and reliability of systems for random failures. Many failure modes, which 
are included in PSA, have large uncertainties. Relative contribution of aging impacts can be 
small compared to large uncertainties, but the consideration of aging includes more 
uncertainties to the models. For investigation and development of aging PSA it is 
recommended to regularly revise data for failure probabilities of components and systems to 
estimate real aging effect. At the moment it can be concluded, that the obtained results of 
consideration of aging in PSA do not justify the invested efforts. 
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