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ABSTRACT 

The study presented herein is aimed towards improvement of nuclear power plant safety 
by utilizing the probabilistic safety assessment methodology. A new time-dependent 
unavailability model of ageing safety equipment within the nuclear industry is proposed. 
Equipment ageing along with effects of corrective maintenance and preventive maintenance 
are modelled as an integral part of the new time-dependent unavailability model. The 
development and coding of the new model is seen as the first highlight of the thesis. 
Subsequently, a platform for multi-objective multi-dimensional optimization of the 
surveillance requirements of selected safety equipment is developed and coded-the second 
highlight. The platform accommodates options for optimization of wide range of surveillance 
requirements-related variables. The goal herein is optimization of the surveillance test interval 
for selected equipment. Moreover, the multi-objective optimization is being performed on 
plant level, being the third highlight of this thesis. The core damage frequency is the selected 
plant risk measure for the analysis herein and the first objective function. Test and 
maintenance costs and the associated incurred dose, modelled through the exposure time, are 
considered as the second and third objective functions in the process of multi-objective 
optimization of selected equipment surveillance test interval. The obtained results are 
discussed and the importance of the inclusion of safety equipment ageing in the plant long-
term probabilistic safety assessment is recognized. The results of the optimization show that 
the risk-informed surveillance test intervals designated as optimal within this thesis are 
different from the deterministically-determined ones.  

1 INTRODUCTION 

Reducing the unavailability of safety systems in nuclear power plants (NPP) by utilizing 
the merits of the probabilistic safety assessment (PSA) methodology is one of the prime goals 
in the nuclear industry. In that sense, optimization of test and maintenance (T&M) activities, 
e.g. surveillance test intervals (STIs) which are defined within each NPP technical 
specifications (TSs), represents quite popular and interesting domain [1]. Approaches for 
T&M optimization in NPPs combine PSA as the tool for assessing and improving plant safety 
with different optimization techniques such as genetic algorithms, simulated annealing and 
particle swarm optimization. The benefit of risk-informed approaches and their application to 
nuclear as well as non-nuclear industries has been emphasized by several authors [2], [3], [4]. 
Yet, most of the work encountered in the literature on T&M optimization does not consider 
component ageing. On the other side, the world’s NPP fleet is ageing fast. About 20% of all 
the power reactors operating worldwide have been in operation for more than 30 years, and 
almost 50% have been in operation for 20 to 30 years. Moreover, a rather limited number of 
new NPPs are being put into operation. In view of this trend, many countries are giving a high 
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priority to extending the operation of NPPs beyond the operational deadline originally 
anticipated [5]. Explicit consideration of ageing effects would suit to more detailed risk 
modelling and would identify, qualitatively and quantitatively, the effects the ageing might 
have on the general plant risk profile. 

1.1 Original contribution 

A new model for calculating time-dependent unavailability of safety equipment in 
nuclear power plant is developed. The essential feature of the model is that it integrates the 
effects of performing surveillance tests, preventive maintenance, and corrective maintenance, 
i.e. repair, as well as absolute overhaul, i.e. component replacement. Simultaneously, the 
model incorporates the effects of ageing on the calculated time-dependent unavailability. In 
such a way, a new detailed time-dependent unavailability model for ageing safety equipment 
is presented. This is the first highlight of the thesis. It is the first step towards the intended 
multi-objective optimization of the surveillance requirements of a NPP that implicates 
reduced NPP risk. 

Since much of the previous work on the subject does not comprise plant level analyses 
but only mostly analyses conducted at component level or simple system level, the emphasize 
of this thesis is given on the analyses at plant level. Thus, the new model, i.e. its associated 
computer code, is subsequently linked to commercial software used for PSA modelling. This 
commercial software is utilized for FT/ET modelling and analysis of a selected case study 
NPP. The consequence minimal cut sets, leading to some plant damage state (PDS) are the 
qualitative results obtained from the PSA software. The core damage frequency (CDF) is the 
selected plant risk measure for the analysis and the PDS of interest herein. By linking the new 
model and the PSA analysis results on a plant level, a time-dependent CDF is obtained. In that 
sense, the development of a new platform, i.e. software toolkit that integrates the PSA 
analysis results, the newly developed time-dependent unavailability model and the GA 
optimization tool is the second highlight of this thesis. The plant CDF is then used as the first 
objective function along with the T&M costs and the incurred dose by the personnel due to 
performing the T&M activities as the second and third objective function and in the process 
of multi-objective optimization. The STIs of selected categories of safety components are 
selected as optimization goals, although the platform comprises versatile features and 
capabilities from the aspect of optimization performance. Given multiple optimization goals, 
the performed optimization is being multi-dimensional as well. Thus, applying the developed 
platform for performing multi-objective multi-dimensional optimization analysis of STIs for 
selected components on plant level is the third highlight of this thesis.  

2 MODEL 

2.1 Time-dependent unavailability modelling on component level 

The time-dependent failure rate ( )tλ  is of interest herein for the purpose of modelling 
the ageing effects on equipment unavailability. The linear ageing model: 0( )t tλ λ α= + ⋅  is 
assumed for modelling equipment ageing, where 0λ  is the initial failure rate, and α  is the 
ageing failure rate [6]. Implicitly, the non-homogeneous Poisson process is considered herein. 
As discussed earlier, TSs require surveillance testing to assure certain level of safety systems 
availability. Besides the positive effects in terms of detecting equipment failures, the 
surveillance tests may adversely impact safety due to their undesirable side effects, such as 
wear-out due to frequent testing. The failure rate ( )tλ  can be defined as function of the 
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number of tests n performed on the equipment. The test-caused component degradation, seen 
as a progressive wear-out due to frequent testing, will be modelled by defining the equipment 
demand failure probability as a function of number of tests performed n , i.e. 

0( , ) ( ) ( )n t n t tρ ρ ρ β ρ= = + ⋅ = , where 0ρ is the initial demand failure probability, ( )n t  is the 
number of tests performed on the equipment under consideration until time t and β is a test 
degradation factor [6], [7]. Therefore, the time-dependent unavailability on component level 
is modelled with the following expression: 
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where iT  is the duration of one STI. The first term on the right-hand side of Eq. (1) models 
component probability of failure to start upon demand. The second term models the 
probability of failure due to random failure at a time t of successfully started equipment. In its 
form, Eq. (1) models the time-dependent component unavailability as a function of the 
number of tests performed on the component and their adverse effect along with the inclusion 
of ageing effects. By setting ( ) 1compQ t =  for ( )0t within one STIT t   > ≥   , a provision is made to 
account for the test-caused risk contributor associated with the downtime tT  needed to 
perform the test. 
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Eq. (2) presents the general expression for the time-dependent failure rate on component 
level, incorporating only the PM effect along with the “default” effects of ageing (the linear 
ageing model). 

The CM activities are modelled as imperfect. The component is considered to undergo 
imperfect repair immediately after the surveillance testing, provided the considered 
component has experienced a failure in the last STI. The main idea behind the CM model 
herein is the assumption that the repair reduces the failure rate for a constant factor 

: , [0,1]ξ ∈  proportionally to the current failure rate 
,CM nTλ +  at the moment the repair is 

finished after the nth  STI ,CM nT +   and relatively to the initial failure rate 0λ , i.e.: 
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where FT  is the time to first surveillance test, and rT  is the repair time, i.e. the time needed to 
perform CM. Figure 1 depicts, just for illustration, the combined effects of the PM and CM 
simultaneously on the time-dependent failure rate as well as graphical comparison between 
the PM and CM. The overhaul effect is also incorporated in the model. The probability 
whether given component will experience failure during certain STI is also modelled. Thus, 
two (21) different failure rate time-dependent functions are possible after the first STI for a   

 

 

 

 

 

 

 

 

 

 
 

   Figure 1: Combined PM and CM effect      Figure 2: “Multiple” ( )tλ  per STI 

given equipment, 22 after the second STI,..., 2n after the nth STI, as presented on Figure 2. The 
probabilities of occurrence ,i jε , i.e. existence of the specific failure rate , ( )i j tλ  are calculated 
at the end of each preceding STI, i.e.: 
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This probability, i.e. “need” for CM is being incorporated into the component time-

dependent unavailability in that way. Consequently, Eq. (1) is upgraded. E.g., component 
unavailability after the first CM, i.e. within the second STI, will be calculated as:  
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and analogous onwards after the nth CM, i.e. within the ( )1 thn +  STI. The analysis herein are 
related to equipment unavailability calculations and optimization on a time scale that 
comprise few hundreds of STIs in average, which directs operation with matrices with 
dimensions 2few hundreds , which in turn is non-feasible due to the implicated breach of utilized 
PC memory boundaries. Therefore, an aggregation approach is proposed. This aggregation 
approach copes against the memory limit problem in such a way that the number j of multiple 

, ( )i j tλ  within a STI is kept to be less than or equal to a predetermined limiter of maximum 
allowed failure rates per STI, limMax. The loss of accuracy by applying the aggregation 
approach proposed is found to be negligible. 
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2.2 Time-dependent core damage frequency model 

Probabilistic modelling of the complete plant [8] represents combining together all 
event trees (ETs), combining all FTs. The ET is a tool to identify and assess all possible 
accident sequences of safety systems functions responses (success or failure), analysed with 
the corresponding FTs. The initiating event is an event which may lead to the accident 
consequences. A consequence can be assigned to each event tree accident sequence end point. 
Several accident sequences can share the same consequence, i.e. a plant damage state (PDS). 
The final accident frequency (e.g. CDF) combines together PDS frequencies: 

( ) ( ) ( )
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j
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where 
jASQF  is the frequency of accident sequence j; IEF - is the initiating event frequency 

[/yr]; PDSF  – is PDS frequency; 
efASQF  - is the frequency of fth accident sequence in eth event 

tree; E-number of ETs; F-number of PDSs in ET; D-total number of PDSs implicating CDF. 

3 CASE STUDY ANALYSIS AND SELECTED RESULTS 

3.1 Definition of the multi-objective optimization problem 

The time-dependent CDF, obtained in the way as discussed in the previous chapter, is 
accounted as the plant risk measure herein. Its mean value, given plant operational lifetime of 
interest maxt , is considered as the first objective function. The cost function &T MC , 
encompassing the total T&M costs [9] associated with the considered N components, is 
considered to be the second objective function herein: 
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where ,ht kC –costs due to testing for component k; ,hc kC – costs due to corrective maintenance 

for component k; ,hp kC – costs due to preventive maintenance for component k; ,ho kC – costs 

due to overhaul for component k; accC – general costs associated with consequences related to 
accidents possibly occurring at the NPP; _ ,o un kT – time period for which component k is 

considered unavailable due to overhaul;  ,o kT - overhaul interval for component k. The 
incurred dose due to performing the T&M activities is considered as the third objective 
function to be simultaneously minimized with the first one within the multi-objective 
optimization (MOO) problem herein. The T&M activities on the safety equipment are usually 
associated with radiation dose incurred by the personnel. An assumption is made that a 
constant exposure rate is considered, thus implying the provision that the minimization of the 
dose is equivalent to that of the exposure time. Therefore, the minimization of the incurred 
dose &T MD  is equivalent to that of the exposure time, summed up over the components 

1,...,k N= considered [9]: 
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, 1.5compf =  is a compensation factor, conservatively determined based on expert judgement 
(exposure times are larger than the respective downtimes). The overhaul is herein modelled as 
such to bring the component to its conditions at time t = 0, i.e. to absolutely renew it. An 
elitist non-dominated sorting GA, NSGA-II, is used to solve the MOO problem [10].   

The new time-dependent unavailability modelling approach and its associated computer 
code are subsequently linked to commercial software used for probabilistic safety assessment 
modelling. A PSA model of second generation PWR NPP is applied as a case study. The 
consequence analysis results are in the focus. Namely, all the PDSs ending with CDF are 
grouped and the associated consequence MCSs quantified. The total list of generated 
consequence MCSs is truncated due to calculational time constraints. The idea of this paper is 
more in the direction of qualitatively presenting the methodological approach given the newly 
developed time-dependent unavailability model and conducting comparative analysis (STI 
specified by the relevant standard TSs ( _i TST ) versus optimal derived STI ( _i optT )) than 
performing quantitatively accurate analysis.  

3.2 Selected results 

This chapter presents briefly some selected results given the page number constraints. 
Eight different groups of safety components are encompassed by the analysis. These 
components are: diesel generators (“DG”), component cooling pumps (“CC pump”), air-
operated valves (“AOV”),  centrifugal charging pumps (“CS pump”), auxiliary feedwater 
system turbine-driven pump (“AFW TDP”), 110 kV circuit breaker (“CB”), auxiliary 
feedwater system motor-driven pumps (“AFW MDP”) and motor-operated valves (“ECS 
MOV”). All these components are subjected to both PM and CM activities. Relevant generic 
reliability data [11], [12], [13] associated to these components are used as data source. 

 

         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Pareto set of optimal solutions ( max 60 yrt =  ) 
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Multi-objective optimization of the STIs associated to the components comprised in 
Table 1, is performed for max 60 yrt =  . Pareto front, as a set of optimal solutions in the space 
between the three objective functions, is obtained (Figure 3). The obtained optimal STIs, 

_i optT , are found to be extended in general when compared to _i TST  (Table 1). 

Table 1: Obtained considered components optimal STIs 

comp / 
param. DG CC 

pump AOV CS 
pump 

AFW 
TDP CB MDP 

AFW 
ECS 

MOV 

_i optT  [h] 4172 2145 3087 5722 2699 5369 2862 4298 

_i TST  [h] 4416 1440 2880 4416 2200 4416 2200 2880 

The advantages of replacing _i TST  with _i optT  in terms of CDF and &T MD  reduction 
are summarized in Table 2. 

 

Table 2: Objective functions relative comparison results ( _i TST  vs. _i optT ) 

4 CONCLUSIONS 

Test and maintenance activities are of fundamental importance for the safe and efficient 
operation of nuclear power plants. Combining the aspects of plant risk with issues related to 
economic performance, such as test and maintenance costs, directs the problem of managing 
the surveillance, test and maintenance activities as highly complicated, especially for multi-
component complex systems. The analysis encompassed with this study presents an approach, 
i.e. a platform for risk-informed multi-objective optimization of a set of deterministically-
determined surveillance requirements in the nuclear industry that would ultimately direct 
improved nuclear power plant safety. Given the three different objective functions considered 
(risk, costs, dose), the optimization is directed as multi-objective one. The primary target of 
the optimization is obtaining optimal surveillance test intervals, i.e. optimal test and 
maintenance schedules for the considered equipment. Thus, different categories of safety-
related components are subjected to the optimization analysis, making the multi-objective 
optimization multi-dimensional as well. Given the first objective, a new model for assessing 
the time-dependent unavailability model of ageing safety equipment is proposed. The model 
accounts simultaneously for the effects of corrective and preventive maintenance on 
calculated unavailability. In such a way, an integral general time-dependent unavailability 
model, simultaneously encompassing the aspects of ageing, surveillance, testing, repair, 
maintenance and overhaul is developed. Subsequently, this new model is linked to 
commercial software used for NPP PSA modelling. Consequently, plant-level analysis is 
feasible and conducted. 

Given the case study presented, a Pareto front of optimal solutions is obtained as a 
result of the multi-objective optimization. The best compromise is determined on a basis of 

STI /  
objective function 

 

case for _i TST  [h] case for _i optT  [h] relative 
difference 

mean CDF [/yr] 2.17E-4 
(no ageing: 1.60E-4) 1.63E-4 25% 

Total T&M costs  [$] 1.06E+8 1.04E+8 1.3% 

Total dose [h] 3.61E+4 3.17E+4 12% 
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expert judgment. This best compromise solution implicates extended STIs for the analysed 
components. Moreover, a general core damage frequency reduction of 25% along with total 
test and maintenance costs reduction of 1.3% and incurred personnel doses reduction of 12% 
is achieved for a plant operational time of interest max 60 yrt =   is achievable if the set of 

_i TST  are replaced with the set of optimal _i optT . The proposed work within this thesis is a 
scientific contribution in the field of nuclear safety, where the multi-objective optimizations 
of test and maintenance activities related to nuclear applications are investigated. The benefit 
of a multi-objective optimization approach regarding risk and cost is that it augments existing 
engineering judgement and experience in a way that helps to refocus the resources available 
for meeting the test and maintenance requirements according to the assessed contribution to 
risk. In that way a more economical and effective design and operation of nuclear power 
plants is achieved. 
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