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Prognostics and Health Management (PHM) enabled maintenance is considered to be the most recent phase 

in the evolution of maintenance paradigms. It enables outcome-based contracts, dynamic warranties, 

maintenance-optimized availability, among other benefits. PHM enables flexibility whereby the decision-

maker can choose from a set of options arising after prognostic indication in order to manage its health.  This 

paper proposes a methodology to determine a dynamic maintenance threshold for a fleet or for individual 

systems in order to meet an availability requirement. Placing a dynamic threshold for maintenance allows the 

maximization of returns from assets and accounts for multiple sources of uncertainty.  
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1. Introduction 

Maintenance paradigms have evolved with time from unscheduled maintenance where the system is run to failure (which 

may involve high costs due to downtime and catastrophic failure) to more sophisticated maintenance paradigms based on 

prognostic information that we denote as PHM-enabled maintenance, a paradigm that enables of performance-based contracts 

(PBC). PBC is a contracting mechanism that allows the customer to pay only when the Original Equipment Manufacturer 

(OEM) has delivered outcomes. This contracting method is becoming popular for engineering systems especially costly assets 

such as avionics systems 

Prognostics and Health Management (PHM) is discipline consisting of technologies and methods to assess the reliability of 

a product in its actual life cycle conditions to determine the advent of failure and mitigate system risks 12. Some notable 

characteristics of the PHM-enabled maintenance paradigm are 1) the ability to manage the health at the system and fleet level, 

and 2) the dynamic threshold for maintenance. A fleet is (or enterprise) is regarded as multiple instances of systems. For 

example, a wind turbine is a system and a wind farm is the enterprise or the fleet of turbines. The threshold definition is 

another major factor in the evolution of maintenance paradigms whereby PHM-enabled maintenance allows the decision-

maker to take decisions contingent on the system’s current and projected states as well as resource availability. The dynamic 

threshold can play an integral role for performance-based contracting. This paper will describe the dynamic threshold 

maintenance problem, summarize related maintenance models relevant to the current work and present a general formulation 

for the proposed model.  

To illustrate the dynamic threshold for maintenance, we give an example of a hypothetical wind farm consisting of 6 

turbines with prognostic capabilities. We assume a health index, which is a measure of the turbine’s health state. A 

maintenance threshold is defined as the threshold upon which maintenance is to be performed. In the case of unscheduled 

maintenance, it is dictated by the failure of the system (or run-to-failure). The health index is stochastic, and can be best 

described by a random variable as seen in figure 1. It is considered an increasing random process under the assumption that 

there is no repair or replacement action taken. The system fails when the aging variable is greater than a critical threshold 

(failure threshold) whereby corrective maintenance has to be performed. Preventive maintenance can be performed prior to 

reaching the failure threshold and is typically a better maintenance strategy. It is assumed in this example that the health of the 

system is described with one stochastic variable. Engineering systems typically encompass numerous subsystems that may not 

fail at the same time and may not be descried with a single health index. 
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Figure 1. Dynamic threshold 

After a prognostic indication, the decision-maker has the right but not the obligation to perform maintenance action at any 

time until the failure of the system. If the system is run to failure then corrective maintenance is performed and the information 

from the PHM system is not used for the system’s health management. We denote this flexibility to perform maintenance as 

maintenance options. 

The threshold is however not constant. Given the states of the systems, and availability requirements, a dynamic 

maintenance threshold can depend on the current state of the system (system’s reliability), the expected future condition of the 

system (reliability and maintainability), the maintenance options available to the decision maker. 

This paper is structured as following: Section 2 presents the maintenance paradigms that share characteristics with the 

dynamic maintenance threshold problem; Section 3 presents options as means to manage flexibility. Section 4 presents a 

general formulation for the solution, Section 5 presents an example, and a summary is presented in Section 6.  

2. Problems with similar characteristics to the dynamic maintenance threshold problem 

Wang 3 provides a survey of maintenance policies of deteriorating systems by classification broadly the objective functions 

that are optimized in a maintenance problem which fall into some categories of maintenance policies: age replacement policy, 

random age replacement policy, block replacement policy, periodic preventive maintenance policy, failure limit policy, 

sequential preventive maintenance policy, repair cost limit policy, repair time limit policy, repair number counting policy, 

reference time policy, mixed age policy, preparedness maintenance policy, group maintenance policy, opportunistic 

maintenance policy, among others. A number of optimization problems share similar characteristics with the PHM enabled 

maintenance threshold problem but lack completeness. The most relevant optimization problems can be broadly categorized as: 

availability optimization, scheduling and condition based maintenance (CBM) optimization, maximization of benefit function 

for maintenance, and demand-based optimization, which is analogous to the inventory problem.  

 

Availability is the ability of a service or a system to be functional when it is requested for use or operation 4. Maximizing 

the availability of systems is a common objective for industries such as avionics, manufacturing, production among others. The 

problem is typically defined as availability maximization of a system throughout a horizon accounting for some downtime 

events such as maintenance and sometimes accounting for reliability or the degradation of the systems that is often times 

depicted in Markov models. Scheduling horizon is the span of the time considered in a solution of the maintenance scheduling 

study 5. The decision variables are typically elements of the maintenance and logistics such as number of spares or crews, etc. 

Dadhich and Roy 6 is a good example of availability optimization for preventive maintenance. Their objective is to maximize 

availability and a benefit function. The proposed work does not seek to optimize availability, but keep availability above a 

certain threshold so a penalty is not incurred. 

 

Scheduling maintenance is a problem that has been studied for decades and was applied for different maintenance 

paradigms: scheduled, condition-based, opportunistic maintenance, and others. The most relevant scheduling problems are the 

condition-based and the opportunistic maintenance. In opportunistic maintenance, the problem is to choose the optimal number 
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of subsystems to maintain when system is down for maintenance. In the scheduling problem, the decision is on the optimal 

time to perform maintenance given a set of constraint (degradation of system, logistics, etc.). A typical problem formulation for 

scheduling and maintenance optimization can be seen in 7. 

 

Maximizing a benefit function is a standard problem in maintenance especially for systems including condition monitoring 

or PHM. The objective is to derive a benefit function summarizing the difference in the costs and cost avoidance 8 obtained 

from using preventive or condition-based maintenance and scheduled or unscheduled maintenance. The benefit function is then 

maximized. Typical decision variables can be logistics, lead time, etc. A slight modification of the problem is to compare 

different policies for a maintenance action and chose the policy that yields the largest benefits.  

 

Previous work on maintenance scheduling and health management for systems with prognostic capabilities seems to 

ignore the flexibility enabled to the decision-maker to choose from a set of options after prognostic indication. The work 

proposed in this paper considers these options and presents how their valuation can lead to decision-making.  

 

3. Options to Manage Flexibility 

Options are means to define the basic element of flexibility 10. The key property of an option is the asymmetry of the payoff; 

option holders can avoid downside risks and limit the loss to the price of getting the option, while they can take advantage of the 

upside risks 9. PHM installed on a system enables the decision maker to perform maintenance contingent on the condition of the 

asset. If the option is not exercised, the option can expire without being used and unscheduled maintenance has to be performed. 

In the latter case, the option-holder would have invested in PHM but did not use it, hence the asymmetry of the payoff. 

 

The pre-determined price of an option, is the price of taking an action, and is different from the cost of acquiring the options. 

The predetermined price for the purpose of this work is the cost of performing a condition-based maintenance action, as opposed 

to the cost of acquiring the option, which is the cost of acquiring PHM. A detailed discussion for options arising in PHM can be 

found in 11. We propose three types options: the option to wait, the option to change load, and the option to abandon. 

 

- The option to wait is considered to be as the right but not the obligation that the decision maker has to delay 

maintenance actions. This has a direct impact on the maintenance threshold by defining how much time is elapsed to 

maintain the systems. 

 

- The option to abandon is the right the decision maker has to stop the operation of a system or an enterprise. The 

motivation behind abandoning in the operation of one system is to stop degradation (although there will be slight 

degradation when system is not operating), and minimize catastrophic loss of system. When a system is abandoned, it 

will not contribute to the availability of the enterprise.  

 

- The option to change the load is the right but not the obligation that the decision maker has to reduce the load on a 

system in order to slow its degradation process. The fewer loads on the system the slower the degradation process.   

 

Figure 2 shows a diagram for obtaining a solution for the maintenance threshold. A fleet comprising of a number of 

systems is to be maintained while meeting a certain requirement and maximizing revenue. PHM enables flexibility, and the 

decision maker is faced with an infinite number of options to manage the health of the systems. If a value can be put on each 

one of the options then a maintenance threshold based on revenue maximization can be set.  
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Figure 2. Flow of decisions 

 

The systems are considered parallel in the enterprise in the sense that if one system in the enterprise is down the whole 

enterprise is still operational but with less output. The enterprise is down only if all the systems are down. An example for 

systems in parallel in an enterprise is individual wind turbines in a wind farm. If one turbine is down the whole enterprise is not 

down; it can still deliver power to the grid.  

4. General formulation 

The objective is to dynamically determine the maintenance threshold for continuously monitored degrading systems in an 

enterprise to achieve maximum benefit while meeting and availability requirement.  

 

We consider an enterprise consisting of a number of deteriorating systems consisting of 1 component or 1 group of 

associated (from the maintenance point of view) components. The system-state at time can be summarized by a random aging 

variable Xt. In the absence of repair or replacement actions, Xt is an increasing stochastic process, with X0 = 0. The system fails 

when the aging variable is greater than a fixed critical threshold Xcr, characteristic of the considered system.  

 

The benefit function that is optimized is of the form: 

                              (1)  

 
Where is the cost of preventive maintenance, is the cost of corrective maintenance,  is the cost of downtime, is 

the number of preventive maintenance actions, is the number of corrective maintenance actions, and is the 

penalty incurred if the availability is not met.  In this general formulation, it is implied that revenue is accounted for in the cost 

of downtime. 
 

    (2) 

  
 

      (3) 

 
Equation (3) expresses the availability as a chance constraint where availability is to be met with a certain probability. The 

value of options can be regarded as part of revenue from system and is to be maximized while maintenance cost should be 

minimized. The value of each option is stochastic because of the uncertainties that are accounted for. Value at risk and gain 

(VARG) can be used to visualize the value of each option which is essentially a distribution of NPV. Assuming X a random 

variable with the cumulative distribution function  

  

       (4) 

 

The value at risk VaRα(X) is a lower α-percentile of the random variable X.  
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       (5) 

 

And the net present value of the outputs is obtained using: 

 

        (6) 

 

Where  is the cash flow,  is the interest rate,  is time. Equations 4-6 imply that the net present value is better represented as 

a distribution when uncertainties are accounted for. 

 

5. Example 

To show the use of options in defining the dynamic maintenance threshold, we propose a simple example of an offshore 

wind farm consisting of 26 turbines. Data published for this example can be found in 12. In this example we consider only the 

revenue generation from a wind turbine which can be expressed as: 

     (9) 

Where  is the number of days,  is the wind turbine power rating, is the cost of energy, and is the capacity 

factor. The readers are referred to 12 for the details and data. We make the assumption that a degrading turbine will produce 

less power than a healthy turbine. We model degradation in a stochastic decrease in the power output. A logormal distribution 

is used to generate a multiplier for the decrease in power rating. We simulate the uncertainty in the capacity factor. The turbine 

degrades for 30 days and the capacity factor increases from 0.33 to 0.66 with an increment of 0.1 per day (with the assumption 

that uncertainty in the capacity factor is due to wind speed uncertainty). At every time step, a Weibull(2, 0.033) distribution is 

generated with a shift of 0.1 for every step. These simulations are used to generate an example.  

 

To consider the value of the option we assume that maintenance can be carried out on the 10th day, or we can wait till day 

30 to maintain. The option value is the extra revenue generated by waiting the extra 20 days. This is on top of the amount of 

revenue that would normally be generated from operation and is an additional amount because of the uncertainties considered. 

For a single turbine, a cost of energy of 0.05 $/KWh, and a capacity factor of 0.33, the revenue $237.6/day. When accounting 

for the uncertainties the value of waiting is best shown in a distribution (Figure 3).  This can also be regarded as a value at gain 

graph implying that there’s a 80% chance waiting will provide $2,750 more in revenue.  

 

 

Figure 3. Value of option to wait 20 days  

 

Although the assumptions may not be accurate in the example, the purpose is to show that waiting has a value when wind 

speed is uncertainty. The decision-maker can benefit from the upside of uncertainty in this case.  
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6. Conclusions and discussion  

PHM enables new maintenance paradigms allowing the shift to outcome-based contracting, dynamic warranties, and 

optimized availability. This paper presents a method based on the value of maintenance options to define a dynamic threshold 

for a fleet of systems while meeting availability requirements. The proposed methodology considers the options arising to the 

decision maker and valuate the options at the system level. It supports the PHM enabled maintenance paradigm with a decision 

support system that can provide basis for the value of carrying different actions to manage a fleet of systems. It will also 

enable pricing outcome-based contracts. An example of offshore wind farm is used to show the value of waiting when PHM 

provides information indicating that it is beneficial to wait to perform maintenance.   
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