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Abstract: The purpose of this paper is to describe the method and tool dedicated to optimize investments 
planning for industrial assets. These investments may either be preventive maintenance tasks, asset 
enhancement or logistic investment such as spare parts purchase. The three methodological points to 
investigate in such an issue are: 

1. The measure of the profitability of a portfolio of investments 
2. The selection and planning of an optimal set of investments 
3. The measure of the risk of a portfolio of investments 

The measure of the profitability of a set of investments in the IPOP® tool is synthesised in the Net Present 
Value indicator. The NPV is the sum of the differences of discounted cash flows (direct costs, forced 
outages…) between the situations with and without a given investment. These cash flows are calculated 
through a pseudo-markov reliability model representing independently the components of the industrial asset 
and the spare parts inventories. The component model has been widely discussed over the years but the spare 
part model is a new one based on some approximations that will be discussed. This model, referred as the 
NPV function, takes for input an investments portfolio and gives its NPV. 
The second issue is to optimize the NPV. If all investments were independent, this optimization would be an 
easy calculation, unfortunately there are two sources of dependency. The first one is introduced by the spare 
part model, as if components are indeed independent in their reliability model, the fact that several 
components use the same inventory induces a dependency. The second dependency comes from economic, 
technical or logistic constraints, such as a global maintenance budget limit or a precedence constraint 
between two investments, making the aggregation of individual optimum not necessary feasible. The 
algorithm used to solve such a difficult optimization problem is a genetic algorithm. After a description of 
the features of the software a test case is presented showing the influence of the optimization algorithm on its 
efficiency to find an optimal investments planning. 
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1. INTRODUCTION 
The purpose of this paper is to describe the method and tool, developed by EDF, dedicated to optimize 
investments planning for nuclear assets in order to support decisions for long term operation. These 
developments are based on previous works on asset management, presented in [1]. Investments may either be 
preventive maintenance tasks, asset enhancement or logistic investments such as spare parts purchase. The 
three methodological points to investigate in such an issue are: 
 

1. The measure of the profitability of a portfolio of investments 
2. The selection and planning of an optimal set of investments 
3. The measure of the risk of a portfolio of investments 
 

EDF has developed a software, named IPOP® for Investments Portfolio Optimal Planning, with the three 
different modules (Mean Value Calculation Program, Optimization Algorithm and the Risk Indicators 
Calculation Program). This tool allows to deal with several dimensions of studies from a single component to 
the analysis of all major components at a fleet level. IPOP® supports decision making on maintenance 
alternatives choice, prioritizing investments or comparison of broader strategies. After a description of the 
features of the software a test case is presented showing the influence of the optimization algorithm on its 
efficiency to find an optimal investments planning. 
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2. IPOP® DESCRIPTION 
The articulation of the different steps used in IPOP® is described in Figure 1. 
 

 
Figure 1 - Articulation of the different steps of the optimization and the risk assessment of long term 

industrial investments 
 
3. PROFITABILITY OF A PORTFOLIO OF INVESTMENTS 
3.1.  Reliability Model 
Each event associated with the life cycle of a component has consequences that can be monetized into cash-
flows. These cash flows are calculated through a PDMP (see [2]) reliability model representing 
independently the components of the industrial asset, the associated preventive maintenance program and the 
spare parts inventories. The component model has been widely discussed over the years, a generic model 
being described in [3]. In the particular case of IPOP®, the PDMP graph for a component is showed in 
Figure 2. 
 

 
Figure 2 – Piecewise Deterministic Markov Process (PDMP) to represent the evolution of a component 
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Figure 3 – Spare part model 

 
For major components, spare part management is often a crucial stake as, if the maintenance delay may be 
neglected if a spare is available, the purchase lead time of a new component may be very long. This is why it 
is necessary to represent the supply chain as shown in Figure 3. Every time a spare is used for a maintenance 
task, the number of spare parts in the stock is decreased by one until a spare is replenished in stock (whether 
it is the old replaced component after refurbishment or a new purchase). The supply chain generates three 
types of cash-flow: 

1. Purchase costs 
2. Holding fees for spare parts stock 
3. Spare part unavailability consequences 

 
3.3  Net Present Value 
The measure of the profitability of a set of investments may be synthesised in the Net Present Value 
indicator. The NPV is the sum of the differences of discounted cash flows (direct costs, outages, power 
generation…) between the situations with and without a given investment, that is to say losses avoided by 
the investment or profits created: 
 

)()()( StrategyCFØCFStrategyNPV −=      (1) 

 
4. SELECTION AND PLANNING OF AN OPTIMAL SET OF INVESTM ENTS 
4.1. Constraints 
There may be several constraints for an investment program to be acceptable. These constraints may be 
economical (global budget limit, annual budget limit…), logistic ones (a delay between two preventive 
replacement in order to move the maintenance team and equipment from a plant to another, replacement of 
two particular components may not be done in the same outage because of a risk of planned outage 
extension…) or extern ones (safety authority want a specific component to be replaced before it reaches 20 
years…). 
 
4.2.  Genetic Algorithm 
In order to optimize the planning of investments, IPOP® uses genetic algorithms. Genetic algorithm is a 
class of metaheuristic widely used in Operational Research, it belongs to evolutionist algorithms iteratively 
trying to improve a population of solutions to a problem, in opposition with trajectory methods such as 
Tabou search of simulated annealing manipulating one solution exploring neighbourhood of this solution. 
For a complete description of GA see [4]. 
 
5. MEASURE OF RISK OF A PORTFOLIO OF INVESTMENTS 
Major maintenance tasks have two specificities that justified the development of a risk measure method. The 
first one is that, in most cases, such tasks are characterized by a long supplying duration. That’s why the 
choice of an exceptional maintenance strategy should not only be based on the maintenance tasks selection 
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but also on the stock level. Indeed, for a corrective strategy, the supplying of a component may induce a 
financial loss if the task is never applied, as on the opposite the non-supplying of a component may induce a 
long unavailability if the task has to be applied. 
The second specificity is that major maintenance tasks are unlikely to be carried out several times in the life 
time of a plant, that is to say the probabilities of the events that would lead to maintenance (component 
failures) are very low. Moreover the consequences (costs and unavailability) of mitigation actions are often 
high. That’s why the classic financial approach, that would be to optimize both the choice of the strategy and 
the stock level with regards to a financial indicator such as the Net Present Value, is not sufficient for major 
maintenance tasks as average indicator values do not take into account residual risks which are very 
important for this kind of maintenance (high impact and low probability). This is the reason why EDF 
developed a methodology and a tool that not only evaluates the average value of the NPV but also its 
complete probabilistic distribution in order to help decision makers to choose the best maintenance and stock 
strategy taking into account risks. 
The probabilistic distribution of the NPV of a strategy, the NPV being the difference between the cumulated 
cash flows generated with and without this strategy, may not be calculated from the distribution of each case 
evaluated separately as the two distributions may be highly correlated. As a consequence IPOP® simulates 
the NPV probabilistic distributions, based on a Monte-Carlo simulation algorithm that evaluates for each 
step, in parallel, the cumulated cash flows (CF) with and without a given strategy. Tables containing the 
failure dates are initialised randomly depending on the reliability data, and duplicated so that the failures 
occur at the same dates for the two strategies as long as an investment (maintenance or spare supply) does 
not distinguish them. 
For a more detailed description of this method see [5]. 
 
6. TEST CASE 
The test case deals with the lifetime management of transformers for CENG nuclear power plants. This study 
has been carried out in 2010 and was synthesized in an EPRI report [6], its aim was to demonstrate the alility 
of EDF tools to help asset managers in elaborating life cycle strategies for main components of a fleet of 
power plant. This test case validated the relevance of IPOP® to be used in the EPRI ILCM (Integrated Life 
Cycle Management) suite in combination with the failure curve database that is being developed. 
 
6.1.  Test case description 
Thirty one transformers on five different plants were studied, they were grouped into fourteen families, all 
transformers of a same family may be replaced by the same type of spare parts. Failures of transformers have 
two types of impact on the plant: 

• Generate a forced outage to replace the failed transformer by a spare part 
• If no spare part is available the plant may operate in a degraded situation with a power going from 

0% (forced outage, no redundancy at all) to 100% (full redundancy, no impact on the plant), 
depending on which family of transformers is concerned. 

The cost of a transformer goes from $k300 to $M7, its reliability has been modelled by a Weibull law scaled 
by expert judgement based on industry-wide assumptions. 
The different types of cash-flows calculated are: 

• Preventive maintenance cost 
• Corrective maintenance cost 
• Holding fees for spare parts 
• Planned transformer purchase 
• Unplanned transformer purchase (after failure) 
• Forced outage for failed transformer replacement 
• Power loss awaiting spare part 

Two types of investments were studied: 
• Preventive date based replacement of transformers 
• Purchase of one spare part for each family 

The only constraint for the optimization of the investments planning was a limit of one investment maximum 
per site each year. 
 
6.2. Average results 
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Figure 4 presents the budget planning for preventive investments, it highlights that the main priority is to 
purchase spare parts to cover the risk of forced outage, this type of investment won’t reduce the risk 
probability (the reliability of transformers remain the same) but it will reduce its consequences. The two first 
years will then be dedicated to spare parts purchase (a last spare is purchased in 2015) for half of the fourteen 
families of transformers. Spares will be purchased for families having at least two of the following 
characteristics: 

• More than one transformer in the family 
• No redundancy at all 
• No spare parts already available 

Once spare parts stocks are constituted, the program of transformer preventive replacement starts in 2014, 
the planning is optimized so it reaches the best balance between postponing preventive replacements to profit 
from the discount effect and making the replacement to improve the reliability of transformers. 
 

 
Figure 4 - Budget Planning 

The repartition of the profits (Figure 6) confirm the priority given to spare parts purchasing with 85% of the 
profits coming from avoided power loss due to spare parts unavailability. The second source of profits, 
representing 13% of the total profits, comes from preventive replacements that will avoid failures and then 
reduce the time of forced outage necessary for making corrective replacements. The remaining 2% 
corresponds to the avoided costs of corrective replacement, that is to say the purchase of a new spare (to 
make the replacement if none is available or to be put back in stock) and all installation and site support 
costs. 
As for the loss (Figure 5), that correspond, to investments they are equally divided between spare parts 
management (purchases and holding fees) and preventive replacement. 
 

 
Figure 5 – Loss repartition 

 
Figure 6 – Profits repartition 

 
Figure 7 and Figure 8 show the time evolution of costs and forced outage for both the optimal strategy and 
the pure corrective “do nothing” strategy that is taken as a reference. For the costs, the different peaks of the 
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blue line correspond to the discounted investments. It is also noticeable that the cost trend, considering 
investments, for the optimal strategy is beneath the reference costs. As for the forced outage, it drops as soon 
as the first spare part is purchase, but the optimal strategy curve also present peaks that correspond to periods 
during which a spare part has been used for a preventive replacement, the new transformer has not yet been 
delivered, so a failure of a transformer during this new purchase lead time could not be managed 
immediately. 
 

Figure 7 – Time evolution of discounted costs 
 

Figure 8 – Time evolution of discounted forced outage 
consequences 

 

 
Figure 9 – Comparison of cash-flows between the reference and the optimal strategy 

 

 
Figure 10 – Comparison of cash-flows (excepted forced outage) between the reference and the optimal strategy 
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Figure 9 and Figure 10 represent the detailed breakdown of cash-flows for each site/strategy. These figures 
show that CCNP is the main contributor to the global NPV of the strategy (more than 50%) and the site for 
which half of the investments are made, although Preventive Maintenance costs are equivalent between 
CCNPP and NMP. The difference of investments comes from purchasing spare parts, if the number of spares 
purchased is divided equally between all three sites (2 for CCNPP, 2 for Ginna and 3 for NMP), one of the 
spare part purchased for CCNPP is the most expensive one thus leading CCNPP to represent 70% of the total 
spare part budget.  
 
6.3. Probabilistic results 
 

Figure 11 – NPV probabilistic density 
function for Nine Mile Point 

 

 

Figure 12 – NPV probabilistic 
density function for Calvert Cliffs 

 

Figure 13 – NPV probabilistic 
density function for Ginna 

 
Figure 11,  
Figure 12 and Figure 13 are the probabilistic density functions of the NPV for each site. The results for 
Ginna are interesting as its shape present three different zones, explanations can be found thanks to one of 
IPOP® functionality that enable to track a particular series of events that leads to a given value of NPV, 
among all possible life scenarios. Using this ability, it was possible to characterize the three modes of 
Ginna’s NPV, that correspond to the number of long forced outages avoided by purchasing a spare part. The 
fact that only one family of transformers may induce a forced outage at Ginna explains why these modes are 
clearly separated in the density function, it is not the case for CCNPP and NMP (see Figure 11,  
Figure 12) for which all different modes are merged to form a Gaussian-like distribution. Ginna is also the 
only site for which the probability of regret (probability that the NPV is negative) is higher than zero.    
 
6.3. Sensitivity analysis 
 
One of the most important step in an asset management study is to carry out sensitivity analysis. As a matter 
of fact, in such a study many parameters are uncertain, such as the reliability of components, spare parts 
costs or nominal power cost forecast. This is why it is important to make calculations for different 
assumptions. This was the case for this study, two uncertain parameters were studied: 

• Transformers reliability: the industry-wide assumption used to calibrate the reliability laws for the 
transformers seemed a bit pessimistic, this is why a sensitivity analysis with more reliable 
transformers was done. This uncertainty could be reduced using reliability data from the ILCM 
failure curve database. 

• Supply lead time: The purchase lead-time may go from 16 to 64 weeks, generating long forced 
outages. Although in case of an emergency supply, it would be possible to reduce this lead time by 
purchasing existing spare parts to another plant. 

 
If the optimal NPV is of course different when changing assumptions, what is important is to assess how the 
optimal investment planning is modified. In our case there was some modifications, some not very important 
(one year delay for some preventive replacement) and others more strategic (cancelling a spare part 
purchase). As the parameters are uncertain, the question is then: “which solution should a decision maker 
choose?”. To help asset managers or decision makers it is possible to calculate the robustness of a solution to 
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parameter uncertainty, that is to say calculate the error one would make by picking a solution for a given 
series of assumption if these assumptions happened to be false in the future. Table 1 gives an example of 
such a robustness analysis for CCNPP, it shows that if a decision maker thought the purchase lead time could 
be reduced in case of an emergency and he choose to use the optimal planning obtained with this assumption, 
and if this assumption happened to be false, the NPV of the chosen solution would be around 11% under-
optimal. The conclusion one should make by looking at this table of results should be that the optimal 
solution obtained under the reference assumptions is the most robust to reliability or purchase lead time 
uncertainty. 
 

  CCNPP 
  solution 

  Reference Reliability 
Purchase 
Lead Time 

Input data 
universe 

Reference  -0,48% -11,74% 
Reliability -0,17%  -10,92% 
Purchase 
Lead Time 

-1,09% -1,97%  

Table 1 – Robustness of solutions for Calvert Cliffs 

 
7. CONCLUSION 
 
IPOP® is a tool dedicated to make major investments for assets management, the version v.0 of the tool has 
been released in 2012 and its prototype has been used to make several real industrial decisions, such as the 
optimization of preventive replacement programs for major components (transformers, steam generators, 
snubbers) or strategic decisions like planning the power up-rate of a fleet of nuclear power plants. It could 
also be used to evaluate and optimize the profitability of life extension. 
In this first version of the tool, optimization is made on average indicators, the risk-informed valuation 
function being only used to calculate risk indicators of the optimal solution that the PDMP cannot evaluate. 
Methodological works will be made in the future years to plug the optimization algorithm and the Monte-
Carlo simulation to be able to calculate optimal solutions with risk indicators as a target (for example 
minimizing the probability of regret of a portfolio of investments) or constraints (for example looking only 
solutions with a limited statistical dispersion). IPOP® will be part of the EPRI ILCM suit that will be 
released in 2013. 
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