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Abstract - A component replacement methodology was developed to solve equipment 

replacement problems for systems composed of sets of heterogeneous assets subject to annual 

budgetary constraints over a finite planning horizon. The proposed methodology is based on an 

integrated dynamic and integer programming approach. First, a dynamic programming algorithm 

is solved for each individual component in the system based on deterministic cost information. 

Then, two different linear integer programming models are applied using the results of the 

dynamic programming model. The first one is used to check whether a feasible system-level 

solution can be obtained and it is also used to identify infeasibilities for the original problem. The 

second integer programming model is used to find the system-level replacement schedule with the 

minimum cost. The method developed can potentially be applied to any replacement problem 

composed of sets of heterogeneous assets subject to constraints imposed on the system. However, 

in this work, the method is demonstrated on the replacement analysis of a common electricity 

distribution system configuration. The objective is to obtain the minimum cost policy such that the 

Net Present Value (NPV) of maintenance, purchase and opportunity costs is minimized for a finite 

planning horizon.  
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1.   Introduction 

Many of the electric utilities in the USA were built in early 1960s. As equipment ages, the 

component outage rates increase having an impact in the total system downtime and leading to an 

increased cost of unmet demand. Therefore, there is a need for developing capital replacement 

methods in order to obtain optimal system-level replacement policies for systematically 

upgrading old and aging equipment.  

Determining minimum cost replacement strategies requires the analysis of current and future 

costs over some time horizon. Replacement problems may be categorized as either serial or 

parallel. Serial replacement analyses [1-6] consider the replacement of a single asset or multiple 

assets that are economically independent of one another. Therefore, the problem can be 

decomposed into multiple single-asset problems and their replacement decisions can be made 

separately. In contrast, Parallel replacement analysis [7-12] considers assets that are economically 

interdependent and operate in parallel. Economic interdependence may result from budget 

constraints, demand constraints, etc. For parallel replacement problems, the desired solutions 
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includes keep and replace decisions for each individual asset resulting in a hard-combinatorial 

optimization problem as the replacement of groups of assets must be analyzed. 

2.   Method Proposed to Solve the Replacement Problem for Heterogeneous Assets 
A method has been developed to solve equipment replacement problems for systems composed of 

sets of heterogeneous assets subject to annual budgetary constraints over a finite planning 

horizon. The proposed method is shown in Figure 1, and it is based on an integrated dynamic 

programming and integer programming approach. This methodology can potentially be applied 

for any replacement problem composed of sets of heterogeneous components subject to 

constraints imposed on the 

system. 

 In the model, first a dynamic 

programming algorithm is solved 

for each individual component in 

the system analyzed without 

consideration of the other 

components. Then two different 

integer programming models are 

applied. The first one is used to 

check whether a feasible solution 

can be obtained and to identify 

infeasibilities for the original 

problem, while the second 

integer programming model finds 

the solution with the minimum 

cumulative cost. In the method, it 

is often necessary to iteratively 

repeat the dynamic programming 

and the first integer programming 

model until enough component 

replacement profiles are 

generated to provide a feasible 

system-level replacement 

schedule.  

The dynamic programming 

algorithm is developed and 

applied to the system 

components to obtain the optimal replacement policy for each asset in the system separately. 

The objective of the dynamic programming model is to minimize the net present value (NPV) 

of all component costs over the planning horizon. Once the time periods are identified where 

replacements should be made, all the different solutions obtained from the dynamic programming 

model are used as inputs to the first integer program (IP1) to determine whether the individual 

replacement schedules collectively form a feasible policy.  

The IP1 model checks if the replacement policies obtained satisfy the actual budget 

constraints for each time period. This is done by defining as the objective function the sum of all 

constraint violations in the case that a constraint is violated. If constraint violation still exists, 
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Fig. 1: Replacement Analysis Method 
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then the dynamic programming models are run again for all components where a replacement is 

scheduled in the time period associated with the constraint violation. However it is now forbidden 

to make replacements in the periods where there are constraint violations due to exceeded annual 

budgets. This process is repeated until the optimal objective function for the IP1 is zero, meaning 

that there are possible schedules with no constraint violations.  

 The second integer programming program (IP2) uses the all the information generated at 

specific points in time from all the different replacement schedules previously created. It is aimed 

to select the solution with the minimum NPV of the total system-level replacement analysis cost. 

If the initial set of replacement schedules yields an optimal solution to IP2, then this solution is 

the global optimal solution. Otherwise, the final solution is the optimal schedule considering all 

generated component replacement schedules, but it can not guarantee that it is the global optimal 

solution. 

3.   Conclusions 

A method to solve the replacement analysis problem for a set of heterogeneous assets has been 

developed. It can be applied to any system composed of heterogeneous components and 

additional constraints can be included in the model. The methodology proposed has been applied 

to several electricity distribution network configurations, such as the radial, breaker-and-a-half, 

the breaker-and-a-third, and the DESN configurations. 
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