
Cost optimization of preventive maintenance plan 
through reactive power analysis: An action research 
for high power electric engines 

Matteo Mario Savino, Antonio Mazza, Vincenzo Della 
Selva 

Department of Engineering, University of Sannio, 
Piazzza Roma, 21 – 82100 Benevento, Italy 

 

1 Abstract 

The work front the problem of preventive maintenance 
costs for electric devices in case of power factor 
correction. The model presented uses a set of costs 
related to the context of power factor correction. The 
graphical representation of the total costs with respect to 
the intervention time of preventive maintenance allowed 
the identification of the optimal time of a preventive 
maintenance minimizing the total maintenance costs. The 
experimental case has provided a valid test bed to related  
to the values for those primary costs included into the 
model. 

2 Introduction 

Reactive power is almost never explicitly priced. In most 
cases, tariff penalties are applied to induce utilities or 
users to display power factors close to one. However, 
despite operational costs attached to reactive power are 
often very small when compared to others costs (de 
Villemeur and Mugombozi, 2009), in high power 
consuming factories this could not be true. The amount 
of reactive power losses, due to the inductive nature of 
transmission lines, is significant. It can be about ten times 
greater than active power losses (Rabiee et al., 2009). 

3 Literature review 

Power factor is the mathematical ratio of the active 
power to the total power (active and reactive) being 
supplied to the facility. Low power factor hints a bad use 
of the electrical power being supplied to you. A fully 
corrected power factor value is 1.00, which means all of 
the current supplied to your facility by the utility is being 
fully utilized. Reactive power is a very important quantity 
in electric power systems since affects to the efficiency of 
these systems and, moreover, it can yield over-voltages in 
electric transformers which reduce the power quality. 
Some causes of the reactive phenomena, such as the 
reactance (coils and capacitors) and electronic controlled 
converters, are extensively known for a long time but 
other causes such as the unbalances in power systems are 
not so well known (León-Martínez et al., 2007). A 
generator needs to produce reactive power to transmit its 
own active power (Parida ET AL., 2008). Capacitor 
banks and reactors can control the system static reactive 
power demand even if they are less flexible than 
generators, synchronous condensers and static var 
compensators (SVCs) for their non-continuous reactive 
compensation (Rabiee et al., 2009). During peak hours, 
transmission lines are heavily loaded and this in turn 

leads to large inductive reactive power losses. To 
accommodate these losses, generators are usually 
producing reactive power continuously and capacitor 
banks are turned on so that there is sufficient reactive 
capability to maintain the reactive power balanced and 
keep voltages within specified limits (Hao and 
Papalexopoulos, 1997). Due to penalties imposed by 
electric providers, many companies are paying thousands 
of dollars a month too much on their power bills due to 
ineffective management of their power factor. The 
proper power factor correction of an electric plant has, 
technically, the following advantages: (i) Avoid the fines 
applied by the energy suppliers to the users with low 
power factor values; (ii) For new plants, optimize the 
dimensioning of the plant depending on the actual 
planned production capability; (iii) For existing plants, 
recover productive capability without adding/increasing 
the performances of what already installed (transformers, 
cables); (iv) Reduce line voltage drop (that could cause 
problems in motors starting or plants served by long MV 
power lines with low short circuit power); (v) Reduce 
energy losses due to Joule effect in transformers and 
cables. The amortization of the power factor correction 
system often occurs within a little more than a year. 
Beside these technical/economic considerations, it 
cannot be forgotten the ecological importance of the 
power factor correction. In fact, the growing energy 
demand makes necessary to: increase the total power 
installed by building new generating plants with the 
resulting environmental impact for pollution emission 
during their life cycle , improve the performances of the 
transmission and distribution networks with the addition 
of new lines and/or the expansion of the existing ones. 
The choice of the correct power factor correction 
equipment depends on the type of loads present and by 
their way of working. From the operational point of 
view, two extreme types of power factor correction 
systems can be adopted: (i) Individual compensation 
where power factor correction is wired at each single load 
(i.e. motor terminals); (ii) Central compensation 
characterized by only one bank of capacitors on the main 
power distribution switch board or substation. The daily 
trend of the loads has a fundamental importance for the 
choice of most suitable power factor correction. In many 
systems, not all the loads work in the same time and 
some of them work only a few hours per day.  It is clear 
that the solution of the individual compensation becomes 
too expensive for the high number of capacitors that 
have to be installed. For these reasons, the individual 
compensation is more effective if the majority of the 
reactive power is concentrated on a few substations loads 
that work long period of time. Central compensation is 
best suited for systems where the load fluctuates 
throughout the day. If the absorption of reactive power is 
very variable, it is advisable the use of automatic 
regulation in preference to fixed capacitors. 

Maintenance costs are a major part of the total operating 
costs of all manufacturing and production plants, which 
can make or break a business. Depending on the specific 
industry, maintenance costs can represent from 15% to 
40% of the costs of goods produced (Han and Yang, 
2006). For convenience in maintenance a system is 

XIX Summer School "Francesco Turco" - Industrial Mechanical Plants

264



usually decomposed into many individual components 
and/or units. However, the maintenance activities for 
these components may be different due to the degraded 
difference and the cost or risk considerations in 
accordance to different types of maintenance policies. 
There are many types maintenance techniques such as 
preventive maintenance, proactive maintenance, default 
type, discard type, offline–online type. The advantages 
and disadvantages of each maintenance policy are well 
documented by Waeyenbergh and Pintelon (2004). It is 
always a concern for the decision maker that which type 
of maintenance should be most appropriate or optimum. 
Decision makers, therefore, need to take into account the 
needs of their business, recommendations from the 
original equipment manufacturer, their own experience 
and that of other users of similar plant, and information 
on condition available from the plant offline or online 
(Karabay and Uzman, 2009). Considering the effects of 
system cost and life, the arrangement of preventive 
maintenance activity becomes an optimization problem 
in deciding what is the optimal activities combination for 
the maintained components (Tsai et al., 2001). 
Maintenance cost of electrical equipment plays an 
important role for reducing the total operating cost of 
electrical power system. The maintenance cost can be 
increased due to the lack of information about the 
maintenance scheduling and kind of maintenance needed 
for the equipment. According to Bansal et al. (2005), the 
need for efficiency and maximum production time 
creates a requirement for high reliability supported by an 
effective maintenance system for servo motors which can 
be assured by predictive maintenance policies. As an 
example, Bansal et al. (2004) developed a novel real-time 
predictive maintenance system for machine systems 
based upon a neural network approach. The ability of a 
neural network to learn non-linear mapping functions has 
been used for the prediction of machine system 
parameters using the motion current signature. Fumagalli 
et al. (2011) developed an agile system for condition 
based maintenance of electromechanical systems through 
the analysis of the so called electrical signature. The basic 
idea behind electrical signature analysis is that, time-
dependent load and speed variations in an electro-
mechanical system generally induce correlated small 
variations in the system’s electrical response. Electrical 
signature analysis analyzes these small variations 
providing diagnostic information. However, typically the 
operating performance of electrical system is not 
monitored periodically which can play an important role 
in early prevention of a fault and for increasing the life of 
equipment (Huda and Taib, 2013). Time based 
maintenance is the most common strategy, to assure a 
certain level of productivity and reliability in the 
industrial plants, with a fixed interval length between two 
maintenance actions (Fumagalli et al., 2011). With the 
rapid development of modern technology, products have 
become more and more complex while better quality and 
higher reliability are required. This makes the cost of 
preventive maintenance higher and higher. Eventually, 
preventive maintenance has become a major expense of 
many industrial companies (Jardine et al., 2006). 
Preventive maintenance reduces the damaging cost of 
unexpected breakdown by reducing operation cost while 

enhancing reliability worth (Mollahassani-pour et al., 
2014). The commonly used goals on maintenance 
optimization are based on either costs minimization or 
profits maximization (Tsai et al., 2001) or availability, 
which describes the ratio of up and down times of 
systems. It is so important as well as costs/profits in 
many real situations (Tsai et al., 2004).  

Several cost models for optimization of preventive 
maintenance intervals are proposed in literature to 
preserve functionality in the most economical manner. 
Among these, in the framework of Failure Mode Effects 
and Criticality Analysis (FMECA), Yssaad et al. (2014) 
proposed a cost model by dividing direct and indirect 
cost of maintenance tasks, i.e. DCM and ICM. DCM are 
the sum of cost of (i) materials, (ii) facilities, (iii) spare 
parts, (iv) unavailability, (v) personnel and (vi) technical 
data. Vice versa, Indirect costs ICM includes as 
management and administration staff needed for the 
successful completion of the task and the cost of the 
consequences of not having the system available which is 
related to a complete or partial loss of production. It also 
includes the overhead costs, i.e. salaries of employers, air 
conditioning, insurance, taxes, telephone, IT, training and 
similar which are incurred while the item is in state of 
failure. Fritzsche et al. (2014) divided total maintenance 
costs in downtime and prognostic costs. Downtime cost 
is the sum of all cost elements associated with activities 
needed to bring the system back into service, i.e. cost of 
holding inventory, cost of transportation of spare parts 
and cost of schedule and unscheduled repairs. Prognostic 
cost is incurred by monitoring the condition of the 
equipment under consideration through sensors and 
historical failure data, i.e. it is the total cost of sensors 
and storage and transmission cost of the historical failure 
data which are dependent on the length of the selected 
prognostic distance. 

4 Maintenance plan proposal 

The model for the definition of the maintenance plan 
according to the reactive power consumption and 
penalties takes into consideration the cost model for 
preventive maintenance of Yssaad et al. (2014) and 
Fritzsche et al. (2014). We defined the total maintenance 

costs 𝐶𝑡  as the sum of two factors, i.e. costs for planned 

maintenance 𝐶𝑝and costs for corrective maintenance𝐶𝑐 . 

These are combined in accordance to reliability function 

𝑅 𝑡𝑐  as in eq. 1 where 𝑡𝑐  is the intervention time.  

𝐶𝑡 =  
𝐶𝑝 ∙ 𝑅 𝑡𝑐 + 𝐶𝑐 ∙ (1 − 𝑅 𝑡𝑐 )

𝑡𝑐 ∙ 𝑅(𝑡𝑐)
 

      
                  (1) 

More in details:     
          

 𝐶𝑝  is the sum of the workforce intervention 

cost 𝐶𝑖  and the substitution cost of the 

components 𝐶𝑠 , i.e. 𝐶𝑝 = 𝐶𝑖 + 𝐶𝑠 ; 

 𝐶𝑐  represents from a general point of view the 
penalties which incurs in case of a degradation 
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of machine performances when no planned 
maintenance intervention are arranged. This 
factor is particularized in accordance to our 
specific goal. 

The value 𝑡𝑐  which minimizes eq. 1 represents the 
optimal intervention time balancing the cost of planned 
and corrective maintenance.  

The proposed model has been developed according to 
the following steps: 

 We considered 13 different engines or machines 
with active power consumption P ranging from 
10 to 130 KW. Consequently, apparent power 
consumption S is evaluated considering power 

factor (𝑐𝑜𝑠𝜑) ranging from 0,6 (the minimum 
accepted by the provider) to 0,85 (the maximum 
value for the power factor) with a step of 0,05: 

S=P/𝑐𝑜𝑠𝜑. Results are in Table 1 assuming 300 
working days per year and a full working day. 
 

 
Table 1 : Power consumption evaluation 
 

 Reactive power Q for each scenario is evaluated 

(Table 2) as 𝑄 = 𝑆 ∙ 𝑠𝑒𝑛𝜑 while the acceptable 

reactive power 𝑄𝑎  i.e. which not implies 

penalties (due to a𝑐𝑜𝑠𝜑 = 0,9) is 𝑄𝑎 =
𝑃

2
 

 

 

 

                                     
Table 2 : Reactive power 
 

 The amount of reactive power subject to 

penalties 𝑄𝑝  is so obtained by subtracting 

acceptable reactive power to reactive power, i.e.  

𝑄𝑝 = 𝑄 − 𝑄𝑎 . For each different configuration 

of machine and power factors, values of 𝑄𝑝  are 

shown in Table 3.  

 
Table 3 : Qp values for different 
configurations 
 

 We evaluated the cost of penalties for one 
working year in accordance to main Italian 
power provider prices i.e. 0,0151 €/kvarhif 
0,50P < Q < 0,75Pand 0,0189 €/kvarhif 
Q>0,75P as shown in Figure 1. 
 

 
Figure 1 :  Cost of penalties 

 
Penalties costs raise in case of low values of 
power factor and high power consumption of 
the machine. These values represent (i) a sort of 
criticality indicator for a machine toward which 
the adoption of a preventive maintenance plan 
can be convenient and (ii) an the costs for 
corrective maintenance. 

 Since we are dealing with an individual 
compensation system, we evaluated the number 
of  bank of capacitors which are necessary to let 
the power factor reach a precautionary value of 

0,97 (𝑐𝑜𝑠𝜑 > 1 is not allowed by law) for each 
machine in accordance to its power 
consumption and power factor (as per 
datasheet). These are reported in Table 4.  
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Table 4. Number of  bank of capacitors 
 
In this way, it is possible to evaluate the 
intervention costs for preventive maintenance 
in the hypothesis that (i) an hourly cost of 
employee is 40 €, (ii) the cost of a bank of 
capacitors is 120 €/10kvar, (iii) an average 
maintenance intervention of 4 hours. 
 

5 Results 

We consider an electric engine with a power 
consumption of 80KW/h with a power factor as per 

datasheet of𝑐𝑜𝑠𝜑0 = 0.7, i.e. without considering the 
individual compensation system. To reach a target 

of𝑐𝑜𝑠𝜑1 = 0.9, the reactive power to compensate 𝑄𝑐  is 
obtained by: 

𝑄𝑐 =  𝑡𝑔𝜑0 − 𝑡𝑔𝜑1 ∙ 𝑃 = 41𝑘𝑣𝑎𝑟 
 

This means that 4 banks of capacitors are needed to 
avoid costs penalties. If we consider the worst case in 
which all the capacitors are damaged when the preventive 
maintenance activity is performed, we have a planned 

maintenance cost 𝐶𝑝of: 

𝐶𝑝 = 160 +  4 ∙ 120 = 640 € 

 
i.e. the sum of 4 fours of inspection from an operator 
paid 40 €/h and the substitution of all the components. 

The cost for corrective maintenance 𝐶𝑐  is obtained by 
considering the penalties costs in absence (i.e. fully 
damaged) of a compensation system over a time interval 
of 10 years; this can be obtained from Figure 2 and is 

equal to  𝐶𝑐 = 5116 €. 

In addition, we considered a failure rate 𝜆 of a bank of 
capacitors equals to 0,17443 [failures/year] in accordance 
to equipment datasheet to fully characterize the cost 
equation: 

𝐶𝑝 ∙ 𝑅 𝑡𝑐 + 𝐶𝑐 ∙ (1 − 𝑅 𝑡𝑐 )

𝑡𝑐 ∙ 𝑅(𝑡𝑐)
 

where the reliability in lifetime is  𝑅 𝑡𝑐 = 𝑒−𝜆𝑡 . 
The cost function is shown in Figure 2. 
 

 
      

Figure 2. Cost function 

The analysis suggests to substitute all the four banks of 
capacitors each three year. Such time interval minimizes 
the costs for preventive and corrective maintenance 
assuring that penalties are lower than replacement and 
intervention costs for a planned time based preventive 
maintenance. 

6 Conclusions 

The work proposes a cost-based model for preventive 
maintenance in case of power factor correction. It shares 
some literature models for maintenance costs 
optimization to classify and focus on primary costs which 
have been grouped in planned and corrective costs. More 
in general, the problem of power factor correction can be 
fronted through a central or individual compensation, i.e. 
in the latter case acting on each single load as we 
assumed to design our approach.  

We selected a set of costs of interest to be applied in the 
specific context of power factor correction. The 
experimental case has provided a valid test bed to 
retrieve objective values for those primary costs which 
have been inserted into the model. The graphical 
representation of the total costs with respect to the 
intervention time of preventive maintenance allowed the 
identification of the optimal time of a preventive action, 
i.e. the time minimizing the total maintenance costs. The 
preventive action constitutes the replacement of a set of 
components which contribute to define the planned 
costs. We provided an example in case of an electric 
engine characterized by high values of nominal power 
consumption and power factor. 
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