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Abstract:   Nuclear plant operators are studying the possibility of extending their existing generating 
facilities operating lifetime to 60 years and beyond.  Many nuclear plants have been granted licenses 
to operate their facilities beyond the original 40 year term; however, in order to optimize the long 
term operating strategies, plant decision-makers need a consistent approach to support their options. 

This paper proposes a standard methodology to support effective decision-making for the long-term 
management of selected station assets.  Methods detailed are intended to be used by nuclear plant site 
management, equipment reliability personnel, long term planners, capital asset planners, license 
renewal staff, and others that intend to look at operation between the current time and the end of 
operation.  This methodology, named Integrated Life Cycle Management (ILCM), will provide a 
technical basis to assist decision makers regarding the timing of large capital investments required to 
get to the end of operation safely and with high plant reliability.   

ILCM seeks to identify end of life cycle failure probabilities for individual plant large capital assets 
and attendant costs associated with their refurbishment or replacement.  It will provide a standard 
basis for evaluation of replacement and refurbishment options for these components.  ILCM will also 
develop methods to integrate the individual assets over the entire plant thus assisting nuclear plant 
decision-makers in their facility long term operating strategies. 

1.0 Introduction 

Integrated Life Cycle Management (ILCM) is being developed to provide a standard methodology to 
support effective decision-making for the long-term management of selected station assets.  It is 
intended to be used by nuclear plant site management, equipment reliability personnel, long term 
planners, capital asset planners, license renewal staffs, and others that intend to look at operation 
between the current time and the end of operation.  ILCM will provide input to the decisions for 
making large capital investments that may be required to get to the end of operation safely and with 
high plant reliability.  The timing of when those investments should be made will be considered.  The 
investments will include both the procurement of spares and the eventual replacement or 
refurbishment.  

ILCM will be primarily applied to high cost-high consequence components and structures in the plant.  
In addition to individual components and structures, ILCM will also consider “classes” of components 
and structures, like cables or buried pipe.  In that the selected components will be of different 
character – mechanical components and concrete structures, for example – the methodology will 
provide a consistent basis for evaluating disparate components and structures within a single unit and 
between multiple units in a “fleet”. 

ILCM will not replace other programs at a plant site, but will be a part of the activities and programs 
that maintain reliability, safety margins, design adequacy, and licensing basis.  Other programs are 
assumed to be continued.  Many of the existing programs are generally tactical in that they consider 
one to three operating cycles.  The ILCM Program is unique in that it will be forward looking to the 
end of operation.  It will rely on plant operating characteristics and combine that information with an 
improved understanding of the degradation mechanisms to obtain likelihoods of failure that will 
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include degradation uncertainties and the effect of specific plant designs and operating experience.  In 
this way, it will effectively augment existing programs. 

2.0 Components and Structures Included in the Program 

ILCM will be applied to “high cost-high consequence” components and structures.  While these SSCs 
will be selected by each plant on a specific plant basis, standard criteria and methodology will be 
prepared to ensure that consistent data sets will be evaluated.   

The criteria for selecting components and structures to be included in the pilot program are the 
following: 

• High-cost high-consequence components and structures. 
• May be life limiting 
• Credible that they may be replaced or refurbished during the life of the plant. 
• Include individual components and structures as well as “classes” of components and 

structures.  “Classes” include complex systems, like control systems, that are made up of 
multiple types of components. 

• Impact of obsolescence. 
• Should be eventually included in every plant and fleet assessment. 

Based on a ranking and evaluation process, the initial list of components and structures are shown in 
Table 1. 

Table 1  Components and Structures included in the Pilot Program 
Electrical Mechanical Structural 

Large Power Transformers Main Turbine Rotors/Casings Post-Tensioned Containments 

Medium Voltage Cables Pressurizer Torus 

Main Generators 
Reactor Coolant Pump 
Internals and Casing 

Spent Fuel Pool 

 Feedwater Heater  
Buried Piping 

Steam Generators 

 Condenser  

3.0 ILCM Structure 

Implementation of an ILCM Program requires two actions.  These are: 

1. Development of “Likelihood of Failure” Curves – For each selected component or 
structure, a curve that defines the likelihood of failure over time will be developed.  This will 
require the definition of the materials, stressors, and degradation mechanisms.  If the 
relationship between stressors and degradation mechanisms are related to “life consumption” 
with algorithms, an analysis technique like Monte Carlo analyses can be used to develop a 
failure curve.  The stressors that are used should be definable on an individual plant basis so 
that the failure curves will be defined on a plant-by-plant basis. 

2. Determination of Optimum Replacement or Refurbishment Strategy – This activity will 
use the “likelihood of failure” curves and component and plant financial and schedule data.  
The calculation will provide the optimum time for investment given plant constraints.  The 
opportunities for investment will include purchase of spares, timing for replacement, and 
timing for major refurbishment.  The constraints will include investment funds allocated, 
outage time and lengths, replacement costs, costs of the consequences, and many other items 
that are plant specific. 
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4.0 “Likelihood of Failure” Model 

At the heart of ILCM is the determination of the likelihood of failure between now and the end of 
operation for the components and structures included in ILCM scope.  If this is not accomplished 
reliably, the optimization will be misleading. 

The Component and Structure Aging data will be used to calculate the likelihood of failure.  
Generally, component or structure life is related to stressors, degradation mechanisms, and time in 
service.  Component failure likelihood is classically defined by the well-known “bathtub curve”, as 
shown in Fig. 1.  If the stress increases, the likelihood of failure at any given time will be statistically 
higher and the wear-out period, the time period in which the slope increases, will begin earlier. 

 

Figure 1  Likelihood of Failure Curve  

An early life “run-in” period where there is a higher likelihood of failure is followed by what is 
commonly many years of low and relatively flat failure performance.  The performance during the flat 
portion of the curve is highly dependent on preventive maintenance and condition monitoring 
practices.  In nuclear plants, because of effective maintenance and monitoring, this middle region is 
characterized by flat or sometimes declining probabilities of failure.   

ILCM presumes that the maintenance and monitoring practices that are being implemented will 
continue “as is” or will be improved.  With time, even with ongoing maintenance, the likelihood of 
disruptive failure of all structures and components will eventually increase.  The time that it takes to 
get to that “wear-out” period has to be determined.  The stressors – use practices, duty cycles, 
temperature, etc. – cause the likelihood of failure to increase despite the maintenance that is being 
performed.  This rate of increase and the timing of the increase must be defined and is an important 
part of this project. 

A classical bathtub curve is the envelope of many degradation curves.  If many degradation 
mechanisms are active or may be active on a component, the one mechanism that degrades the 
capability to function the earliest is the mechanism that will define the shape of the curve.   

The bathtub curve is the envelope of all the failure distribution curves for all the active failure 
mechanisms on a piece of equipment.  This is as shown in Fig. 2.  The bathtub curve is the “failure 
envelope” line that envelopes all the individual curves.  The mechanisms that occur in the run-in 
period are different than the ones that occur in the wearout period.   

This curve demonstrates that in order to predict the time that the slope of the failure curve begins to 
increase, all the mechanisms that may be active on a piece of equipment are not necessary to be 
known.  What is important is to know the one or two dominant mechanisms that are likely to reduce 
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the ability of the component to operate reliably.  If those mechanisms and the behavior of those 
mechanisms can be determined, then the failure likelihood versus time can be calculated. 

 

 
Figure 2  Envelope of the Failure Probability Curves 

The approach used in the ILCM program defines the one or two (or more) mechanisms that are likely 
to cause an increase in the slope of the failure curve.  The stressors are defined that affect each 
specific mechanism.  A basic understanding of the mechanism allows an algorithm to be written that 
relates “life consumption” to a degradation mechanism and associated stressors.  The basic approach 
is called the “Physics of Failure” method [1].  It is referred to here as a degradation-based approach.  
This general approach will be used to assess the likelihood of failure long into the future operation of 
nuclear plant equipment and structures.  The insight gained should also allow for decisions regarding 
mitigating actions that extend the life of the component. 

5.0 “Likelihood of Failure” Process 

A methodical process is required to develop the “likelihood of failure” on a complex component or 
structure, particularly when a degradation-based approach is used.  The ILCM process examines every 
component and structure in a similar manner.  This requires definition of at least the following: 

• Component/structure description 
• Subcomponents/substructures 
• Design requirements 
• Typical Materials of manufacture/construction 
• Degradation mechanisms 
• Stressors 
• Failure modes 
• Operating experience 

Following these steps allows a progressive understanding of the relationship between the 
subcomponents and the failures that can occur in the field.  This has to be done at the subcomponent 
level as the whole “component” is usually too complex to define a failure algorithm.  This also allows 
the degradation mechanisms to be defined and the relationship between the degradation mechanisms 
and the stressors to be defined.   

The definition of a relationship between stressors and “life consumption” allows the algorithm and 
calculation to be performed on a plant-by-plant basis.  It requires a probabilistic calculation to achieve 
the likelihood of failure.  The plant input data – examples would be stress, chemistry, or temperature –   
are required to define the rate of progression of the degradation mechanism.  An uncertainty factor 
can be applied to the data that is supplied.   

The algorithms that are used to relate the stressors to the mechanism also have uncertainty associated 
with them.  The methods that are used is to place distributions onto the variables that define the 
stressors and the appropriate factors in the algorithm and then to calculate a failure likelihood versus 
years of operation.  This is done with a Monte Carlo analysis that results in a distribution of failure 
probability versus time. 
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The primary objective is to develop algorithms that relate one or more degradation mechanisms to the 
stressors that are active on a component.  The degradation mechanism is related to “life consumption” 
by defining a metric of acceptability – like acceptable minimum wall thickness.  The data collection 
will first be drawn from much of the information that has been developed over the years by EPRI, the 
NRC, the national laboratories in the United States, international research, and others and the 
operating experience that has been collected from around the world for specific components and 
structures.   

Review of operating experience is an important part of the process.  Past failure can influence the 
selection of dominant degradation mechanisms.  The failures that have occurred, though, cannot limit 
the need to consider other failures that may occur.  An understanding of the past and the possibility 
for the future can be developed by research and by the use of experts in specific fields. 

This process is initially performed generically.  When these results are applied to a particular plant, 
the industry data will be modified by specific plant designs and operating characteristics.  If failures 
have already occurred or been noted at a given plant, the particular plant may be more susceptible and 
the likelihood of failure will be increased.  If the specific materials or operating environment make it 
more susceptible, the likelihood of failure will be increased.  This plant adjustment will be done with 
plant specific data.  That plant specific data is expected to include many or all of the following: 

• Design/materials used 
• Materials of Manufacture 
• Maintenance practices  
• Condition monitoring/test results  
• Operating Environment 
• Duty Cycles 
• Plant Operating Experience 

The process that has been used with ILCM is to utilize “pilot plants” to first assess the viability of the 
degradation mechanisms and algorithms.  Testing the algorithms against failures that have occurred is 
a useful method of validation. 

It is important that the algorithms that are used to develop the likelihood of failure models be 
considered to be “living” so that they can be upgraded with new knowledge or updated plant 
experience or industry Operating Experience (OE).  Additional research and OE data can be important 
to improve the algorithms that relate stressors to life consumption. 

6.0 Optimization Model 

The result of the likelihood of failure calculation is used in a financial optimization model to inform 
decisions on purchase of spares and time of replacement or refurbishment.  This will be performed on 
either a specific component basis, a plant basis, or a fleet basis.  The data is expected to include the 
cost of replacement or refurbishment, the cost of capital, maintenance costs before and after 
replacement or refurbishment, and the consequences of failure while in operation.  The specific 
information that is expected to be required in each of these areas includes the following: 

Replacement/Refurbishment 
• Replacement cost (now and into the future) 
• Lead time for replacement 
• Limitations on when the replacement can be performed 
• Subcomponent replacement options  
• Replace or refurbish options 
• Time required for replacement or refurbishment  

Capital 
• Cost of capital  

Maintenance 
• Annual maintenance cost 
• Projections for maintenance cost in the future 
• Expected maintenance cost after replacement/refurbishment 
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• Potential enhanced maintenance or monitoring that will improve performance and cost 
• Outage schedule 

Consequences 
• Forced outage duration 
• Replacement time 
• Safety/regulatory implications 
• Environmental implications 

Others 
• Programmatic requirements 
• Regulatory requirements 

The optimization is performed relative to a “metric” that can be related to the decision making 
process.  

7.0 ILCM Metric 

A metric will be used based on the cost and timing of capital replacement or refurbishment, the 
estimated cost of maintenance, and the cost of the consequences of the failure.  This metric will be 
related to an “Integrated Life Cycle Cost” (ILCC).  The methodology should calculate the investment 
required and timing of the investment that will avoid the cost of a forced outage caused by the failure 
of a specific component or structure.  The calculation of the Integrated Life Cycle Cost will integrate 
the probability of failure from the “likelihood of failure” model with costs and consequences to 
determine optimum replacement times.  Conceptually, the optimum time for replacement or 
refurbishment will be when the life cycle cost is a minimum.   

With example data, a calculation of the Integrated Life Cycle Cost is shown in Fig. 3.  This shows that 
for this component, the optimum time of replacement is in 2025.  If it is replaced earlier, the life cycle 
cost is higher because the likelihood of failure is still relatively low and, even though there is a 
possibility that a failure will occur, the likelihood of failure is low enough that making the investment 
will result in a higher cost.  If the replacement is made after 2025, the increase in the likelihood of 
failure is significant enough that the forced outage cost and other costs that would result from the 
failure would increase the projected cost, making the ILCC higher again. 

 

 
Figure 3 

Integrated Life Cycle Cost Sample Problem 
 
The Integrated Life Cycle Cost is not deterministic but is probabilistic.  It will provide an indication 
of an optimum time for replacement.  The output will include information of the impact of 
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accelerating or delaying the suggested action.  The risk associated with taking or not taking the action 
is also provided. 

This is intended to be useful on an individual plant level but can be agglomerated to a fleet level so 
that investments can be levelized. 

8.0 Example 

As proof of concept, the likelihood of failure calculation was applied to large step-up transformers at 
pilot nuclear plants.  The Likelihood of Failure curves were first generated.  The transformer 
subcomponents, materials, degradation mechanisms, and stressors were investigated and tabulated.  
The transformer operating experience at nuclear facilities was collected and reviewed.  Research on 
the mechanisms of degradation was performed.  It was determined that the core and internals provide 
the greatest threat to extended life of the transformer. 

Of the materials that are in the core and internals, the properties of the winding insulation will change 
with time and temperature and can effect operation.  A reduction of the insulating properties can cause 
arcing and failure of the core.  Arcing can cause a pressure rise in the transformer tank and can cause 
tank rupture and fire. 

The insulation that is on the windings is referred to as “paper insulation”.  It is a cellulose based 
material that is infused with transformer oil.  Experiments have been performed on the insulation that 
resulted in the modeling of the rate of change of measured properties.  This is dependent on the 
temperature of the insulation during operation.  The temperature was affected by cooling oil 
temperature and the loading of a transformer as a percentage of rated load.  Equations were obtained 
for the change in properties or reduction in life of the insulation as a function of oil temperature and 
operating load. 

At nuclear installations, the transformers are operated at one load nearly continuously with little 
variation.  The oil temperature varies during the year.  It is hotter in the summer than the winter.  For 
the prediction of life, the operating year was split into a period of summer operation and a period of 
winter operation.   

Operating data was collected for typical plants and input into the algorithms.  Statistical distributions 
were assigned both to the input variables and to selected values in the algorithms.  Monte Carlo 
analyses were performed and the expected life of the transformer was calculated.  At typical curve is 
shown in Figure 4.  In practice, this calculation would be performed on a plant and individual 
transformer basis. 

 
Figure 4  Transformer Life Prediction for Typical Plant 
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This likelihood of failure curve was used as input to an optimization program that has been developed 
by Electricite de France (EDF) [2].  The EDF methods were used to determine spare part strategies 
and optimum transformer replacement times.  The optimization utilized likelihood of failure curves 
and a variety of specific plant input, such as cost of replacements, consequences of failure, cost of 
money, outage schedule,  

The optimization is based on the calculation of the Net Present Value (NPV).  The optimization also 
takes into account plant specific constraints like budget and supply chain.  The results provide an 
optimum schedule for procuring spares and the optimum time for component replacement.  The 
results of this optimization on transformers are provided in Reference 2. 

9.0 Integrated Life Cycle Management (ILCM) 

Likelihood of failure models are in the process of being developed as an EPRI project.  These will be 
provided as input into the optimization process.  The optimization process is being developed by EDF 
as a joint EPRI-EDF project [2].  The combined results will be utilized in a pilot at a selected nuclear 
plant in the United States prior to the end of 2012.  The integration of the likelihood of failure 
calculator and the optimization will be integrated into a computer code that can be implemented by 
individual utilities.  
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