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Abstract 

Electric motors are valuable, long-life industrial assets, whose lifespan is often 

measured in decades. A period of unplanned motor downtime in an industrial plant 

frequently incurs an expenditure of thousands of euros per hour. As a consequence, 

plant engineers often focus their decisions on reliability rather than on operating cost 

(energy bill). Unfortunately, the high price of energy and its growing trend mean that 

operating cost has an increasingly negative impact on production cost and company 

competitiveness. 

The problem of selecting the rated power of a line-operated single-speed electric motor 

to drive a time-variable mechanical load has traditionally been solved, based on the 

well-established root mean square (RMS) value of the time-power profile of the 

mechanical load. This conventional method of rating is strictly technical, since the rated 

power of the motor is determined, based only on the power profile of the load. No other 

factors are considered, such as the energy consumption throughout the whole in-service 

life of the motor, or, even better, the whole life cycle cost (LCC), which is defined as 

the net present value of purchasing, installing, operating (energy), maintaining and 

decommissioning the motor throughout its life. As a consequence, conventional rating 

often leads to the selection of motors with a power rating that is technically sufficient to 

drive the mechanical load, but insufficient to do so with the lowest possible energy 

(losses) consumption, or even better, with the lowest possible life cycle cost. 

A new analytical method to determine the techno-economic optimum power rating of a 

line-operated single-speed electric motor to drive a time-variable mechanical load will 

be introduced in this paper. The proposed method takes into account not only the 

technical restrictions due to the time-power profile of the mechanical load, but also the 

whole life cycle cost. Based on the list of electric motors offered in the manufacturer’s 

catalogue, the new methodology enables the optimum techno-economic rated power of 

the motor to be calculated, which minimizes the energy consumption (energy loss) 

throughout its in-service life or its total life cycle cost. The results show that the 

optimum techno-economic rating is one or two rated-power levels above the 

conventional rating based solely on the RMS load. 

 

Keywords: Induction motors; Life cycle cost; Energy efficiency; CO2 emissions; Power 

rating; Techno-economic optimization. 

 

1. Introduction 

Electric motors enjoy extensive applications as drivers of a large variety of equipment 

in industrial and service sectors, as well as in household electric appliances. With the 

recent irruption of electric motors in the power train of current electric vehicles, electric 
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motors are now coming into their own with regard to road transport: one of the few 

fields of application that have been largely void of electric motors throughout the 20th 

century, and also a major contributor to carbon dioxide emissions worldwide. 

Electric motor systems are responsible for approximately 70% of industrial electricity 

consumption and for about 35% of non-residential electricity (services) consumption in 

the European Union (EU) [1,2]. In 2015, final electricity consumption in the EU-28 

reached 2743 TWh, mainly on account of three sectors: industry, the sector with the 

highest consumption with a share of 36.34% (997 TWh), followed by the services 

sector, representing 30.50% (837 TWh), and then the residential sector with 28.99% 

(795 TWh) [3]. This means an estimated electric motor consumption for the EU-28 of 

698 TWh in industry and 293 TWh in the services sector in 2015: a total of 991 TWh 

(36.11%), which is practically equal to the consumption of the whole industry sector. 

Given that the EU-28 average value of carbon dioxide equivalent (CO2eq) factor 

emissions was 374 thousand t(CO2eq)/TWh [4], as a consequence of the energy 

consumed in these two sectors by electric motors, approximately 371 million tonnes of 

CO2eq were emitted into the atmosphere in 2015.  

The role of electric motors as major consumers of electricity in industry and service 

sectors has been largely recognized by policymakers all over the world [5]. As a result, 

almost all the main economies have implemented some kind of regulation regarding 

motor efficiency as a method for improving productivity/competitiveness (savings in 

operating cost) and meeting international commitments on climate change (emission 

reductions due to energy savings). For example, in the EU, electric motors (0.75 kW - 

375 kW) lie within the scope of the Ecodesign Directive [6,7]. 

In 2015, according to Prodcom (EU statistics on the production of manufactured goods), 

10,511,819 multi-phase AC motors (excluding traction motors) rated at 0.75 kW – 375 

kW were sold in the EU-28 [8]. Within this power range, the market is clearly 

dominated by three-phase AC induction motors, representing around 85% of the market 

share [9,10]. 

Issues related to energy consumption by electric motors and their related CO2 emissions 

have also been broadly discussed by researchers involving a wide variety of 

perspectives and publications: industry applications [11,12], energy saving [13,14], the 

convenience of using high-efficiency motors to replace standard motors [15], minimum 

efficiency performance standard [16], partial load [17] and oversizing [18,19], energy 

efficiency standards [20,21] and policies [22,23], the influence of voltage unbalance 

[24,25] and derating [26], harmonics [27] and other power quality issues [28], the 

convenience of rewinding or replacing failed motors [29], CO2 emissions [30,31], the 

variation in losses and efficiency under variable speed and load conditions [32,33], 

energy conservation [34,35] and others [36,37]. Naturally, electromobility applications 

(electric vehicles) are also receiving major attention from the research community form 

the point of view of energy management [38-40], regenerative braking [41,42], the use 

of batteries and ultracapacitors as energy storage devices [43], and others [44,45]. 

Focusing on the aspects more directly related to the rated power of induction motors 

and its energy efficiency class, in 1999, Akbaba [34] analysed the potential of energy 

conservation in industry by using energy-efficient electric motors compared with those 

of standard efficiency motors. Ferreira, Cisneros-González and de Almeida pointed out 

in [19] that most industrial three-phase squirrel-cage induction motors are oversized 

mainly due to the use of safety factors associated with uncertainty about mechanical 

load requirements, conservative design rules, and the discrete availability of commercial 
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rated power. In that work, the authors analysed the potential benefits and drawbacks of 

motor oversizing. Da Costa Bortoni [18] also agrees that the oversizing practice is more 

a problem related to the deficiency of proper information than a lack of “best practices”. 

The author warns that figuring out whether a motor is truly oversized is not a simple 

task and presents a road map to properly evaluate whether a direct line-fed three-phase 

induction motor is oversized. 

The problem of selecting the rated power of a line-operated single-speed electric motor 

to drive a time-variable mechanical load has been solved traditionally, based on the 

well-established RMS value of the time-power profile of the mechanical load. Since 

1939, when L.E. Hildebrand published his paper “Duty cycles and motor rating” [46], 

the RMS method was fully accepted by the technical community and has been found in 

technical texts and teaching handbooks since then up to the present [47]. Nevertheless, 

this conventional method fully disregards all the aspects related to energy consumption, 

efficiency or operating (energy) cost, which precisely constitutes the greatest part of the 

total LCC.  

Although electric motors remain the subject of extensive research work, the influence of 

the selection of the optimum motor to drive a certain mechanical load is a subject rarely 

considered. But this is certainly an issue worth analysing, since the decision regarding 

the choice of a particular electric motor to drive a mechanical load determines the losses 

of the motor load system and thus its energy consumption, operating cost and associated 

CO2 emissions.  

In order to make an informed decision on the investment of any industrial equipment, 

such as the selection of a motor, it is essential to evaluate the initial investment 

(purchase, installation and commissioning cost), the net present value of the operating 

cost (energy and maintenance) throughout the whole in-service life of the motor, and the 

decommissioning cost (conditioning or removal cost and the residual value, which is the 

motor resale or scrap value) at the end of the expected life of the said motor. Decision-

making based on the lowest LCC, although often recommended [48,10], has yet to 

become common engineering practice. This minimum LCC approach offers engineers a 

broader view of what can be expected from their decisions. This evaluation involves 

attaining reliable information on the mechanical load and on the electric motors for 

comparison in order to estimate the operating conditions and the energy and 

maintenance cost, while also taking into account the time value (depreciation) of money 

and potential annual energy cost increases. It is much more common to perform a 

simple payback period analysis which compares the total cost of investment to annual 

operating savings. 

Unfortunately, there is no method available for the calculation of the rated power value 

of a motor based on the lowest LCC, since the motor must be chosen by evaluation. To 

address this gap, a new analytical methodology to determine the optimum power rating 

of a single-speed electric motor to drive a time-variable mechanical load will be 

introduced in this paper. The proposed methodology takes into account not only the 

technical restrictions, due to the power profile of the mechanical load, but also either the 

energy consumption throughout the whole life of the motor or the net present value of 

purchasing, installing, commissioning, operating (energy), maintaining and disposing of 

the motor over its life cycle. Based on the list of electric motors offered in the catalogue 

of a manufacturer, the new methodology enables the calculation of the optimum techno-

economic rated power of the motor which minimizes either the energy consumption 

(energy loss) throughout its in-service life or its total LCC. Therefore, the proposal 

constitutes a clear advance with respect to the state of the art because the trial-and-error 
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procedures are surpassed. The proposed methodology is able to directly compute, in an 

analytical way, the motor rated power by minimizing the selected objective function for 

given loading conditions.   

As can be observed, the techno-economic approach of the proposed rating method is 

much more comprehensive than the conventional and well-established method of the 

RMS value of the load (which completely ignores energy cost) and could be seen as an 

extension or an evolution of the conventional method, which is already able to integrate 

(by taking into account) both the technical restrictions imposed by the mechanical load 

and the operating (energy) cost throughout the whole in-service life of the motor. 

After this introduction, the remainder of the paper is organized as follows. The 

conventional method of determining the rated power of a motor is reviewed in Section 

2, with its main weaknesses explained. Section 3 presents the theory of the proposed 

method, including analytical expressions for optimum rated power, for minimum energy 

(losses) and for the minimum LCC. The main results of a case study are presented and 

briefly discussed in Section 4, where the advantages of the proposed optimization 

method in terms of energy and cost savings are also be shown. A sensitivity analysis to 

demonstrate the robustness of the solutions is included in this section. Finally, Section 5 

summarizes the main findings of the work. A list price of IE2 and IE3 metric motors 

from a worldwide electric motor manufacturer has been included in the Appendix.  

 

2. Selecting the Rating Power of a Motor 

The problem of selecting the rated power of a line-operated single-speed electric motor 

to drive a time-variable mechanical load, P(t), has traditionally been solved, based on 

the well-established RMS value of the time-power profile of the mechanical load 

[47,48]. Accordingly, a motor, with rated power (continuous running duty S1), PR, 

equal to or above the RMS value of the mechanical load power profile, PRMS, is selected 

from among those available, PRi, in the catalogue of the manufacturer (PR = min(PRi) 

≥ PRMS), while observing peak load restrictions. This well-established approach is 

mainly focused on two ideas: 

• Maintenance of the temperature of the windings below their maximum allowable 

limit, thereby preventing a premature thermal failure which could shorten the 

expected in-service life of the motor.  

• Minimization of the purchase (and installation) cost of the motor. 

It should be borne in mind, however, that any motor with power rated over the RMS 

value of the power profile operates with a temperature below the maximum permitted 

by the insulation, and will have a longer in-service life than expected, since it has 

become less prone to failure. The selection of the motor with the lowest rated power 

compatible with the mechanical load profile in fact only guarantees the minimum 

purchase cost. Nevertheless, the purchase cost used to be a very small proportion (less 

than 5-10%) of the LCC of the motor, since the cost of energy forms the greatest part of 

the total cost [49-51]. As a consequence, conventional rating is nowadays questioned, 

mainly due to the fact that it completely disregards the cost of energy, which constitutes 

the greatest part of the total present cost. 
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3. Materials and Methods 

The problem of determining the techno-economic optimum rated power of a line-

operated single-speed cage induction motor for driving a specified time-variable 

mechanical load (at an early project stage) is addressed in this work. Although the use 

of power converters is becoming popular, line-operated motors are still the most 

common solution for driving industrial loads. 

Based on the list price and the technical data of electric motors offered in the catalogue 

of a manufacturer, the new method enables the analytical determination of not only the 

rated power of the motor, which minimizes energy consumption (energy loss) 

throughout its in-service life, but also its total LCC. 

The basic input data can be classified into three main categories:  

• Mechanical load. It is necessary to ascertain the (expected) time-power profile of 

the mechanical load, P(t), throughout the yearly operating time, T. 

• Motor. The list price and the technical data from a manufacturer’s catalogue are 

required. All of the motors should possess the same general characteristics: 

speed (number of poles), voltage, frequency, efficiency class, insulation class. 

• Economic data. The price of the electric energy and its expected yearly rate of 

growth are required, as are the discount rate and the estimated in-service life of 

the motor. 

The required information is presented in greater detail in the following sections. 

 

3.1 Power losses 

Table 1 summarizes the efficiency data of low-voltage, four-pole, general-performance, 

cast-iron motors from a multinational manufacturer, for the IE3 and IE2 efficiency 

classes [52]. As can be observed, although efficiency at the 100% (full) load level is the 

only value of rated efficiency that must be determined according to the IEC 60034-2-1 

[53], most manufacturers also include motor efficiency at the 75% and 50% load level 

in their catalogues (see Appendix).  

The efficiency data given in the manufacturer’s catalogue enable a model of power 

losses, PL(PR,Ppu = P/PR), to be extracted for every motor in that catalogue. For each 

rated power, PR, and normalized or relative power load, Ppu, the efficiency data, 

η(PR,Ppu), allow the power losses to be calculated corresponding to each relative power 

load: 

· 1
( , / ) · · 1

( , ) ( , )

pu R

L R pu R pu R pu R

R pu R pu

P P
P P P P P P P P P

P P P P 

 
= = − = −  

 

                (1) 

In this work, a simplified quadratic binomial model of power losses, PL(PR,Ppu), has 

been considered. This quadratic binomial power-loss model has two terms:  

• Constant losses, kLF. This term describes the constant or fixed no-load power 

losses, independent of the motor load. This term basically corresponds to the 

sum of the iron losses and friction and windage losses. 

• Variable losses, kLV·P2
pu. This second term describes the variation in the load-

dependent losses with the square of the normalized or relative power load, Ppu. 
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This term largely corresponds to the Joule effect in the (stator and rotor) 

conductors.  

2
2

2
( , / )L R pu R LF LV LF LV pu

R

P
P P P P P k k k k P

P
= = + = +             (2) 

Table 1. Cage induction motors (CENELEC-design): efficiency data of general-performance 

cast-iron motors designed for low voltage (440 V, 50 Hz), four poles, IP 55, IC 411, and 

insulation class F (temperature rise class B) [52]. 

 IE3 (premium efficiency) IE2 (high efficiency) 

Output 

kW 

Full load 

100% * 

3/4 load 

75% 

1/2 load 

50% 

Full load 

100% * 

3/4 load 

75% 

1/2 load 

50% 

0.25 73.5 70.1 63.8 67.0 63.1 56.6 

0.37 77.3 74.9 69.8 69.5 69.0 64.4 

0.55 80.8 80.7 78.0 73.5 73.2 69.2 

0.75 82.5 81.2 77.6 79.6 78.5 74.4 

1.1 84.1 83.4 80.9 81.4 80.7 77.2 

1.5 85.3 84.4 82.1 82.8 82.6 79.8 

2.2 86.7 86.1 84.1 84.3 84.2 81.9 

3 87.7 87.7 86.5 85.5 85.4 83.3 

4 88.6 88.9 88.1 86.6 86.2 84.6 

5.5 89.6 90.4 90.2 87.7 87.5 86.2 

7.5 90.4 90.7 90.3 88.7 88.6 87.5 

11 91.4 91.8 91.1 89.8 89.9 89.2 

15 92.1 92.4 91.6 90.6 91.1 90.5 

18.5 92.6 93.2 92.9 91.2 91.5 90.6 

22 93.0 93.5 93.3 91.6 91.3 90.2 

30 93.6 93.8 93.4 92.3 92.4 92.0 

37 93.9 94.1 93.8 92.7 92.7 92.2 

45 94.2 94.4 94.0 93.1 93.0 92.3 

55 94.6 94.7 94.0 93.5 93.4 92.7 

75 95.0 95.2 94.8 94.2 94.2 93.5 

90 95.2 95.3 94.8 94.4 94.6 94.1 

110 95.4 95.4 94.8 94.7 94.6 93.8 

132 95.6 95.8 95.3 95.0 95.0 94.3 

160 95.8 96.0 95.8 95.2 95.3 94.6 

200 96.0 96.4 96.4 95.3 95.4 94.9 

250 96.0 96.0 95.6 95.2 95.2 94.4 

315 96.0 96.0 95.6 95.5 95.5 94.8 

355 96.0 96.2 95.8 95.5 95.7 95.2 
* Efficiency according to IEC 60034-30-1; 2014 [54] 

This quadratic binomial power-loss model is similar to that proposed in IEC/TS 60034-

31 [50], which is based on the intermediate results or constants ν0 and νL, calculated 

from the efficiency at the full load and 3/4 load levels. A similar matrix model of power 

losses, based on three known values of efficiency corresponding to three reference 

relative loads (100%, 75% and 50%), was also used in [19]. 

For each motor, the values of the two constants of the model of losses, kLF and kLV, can 

be identified from the lineal regression of the data on power losses versus the squared 

normalized power in Table 1. Table 2 shows the value of the constants of the model of 
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losses identified by linear regression of the power-loss data, which are determined by 

(1) from the manufacturer’s efficiency data. 

Table 2. Coefficients of the binomial power-loss model, PL(PR,Ppu) = kLF + kLV·P2
pu, for IE3 and 

IE2 cage induction motors in Table 1. 

 IE3 (premium efficiency) IE2 (high efficiency) 

Rated 

power 
Coefficients Goodness of fit  Coefficients Goodness of fit 

PR  

(kW) 

kLF   

(kW) 

kLV  

(kW) 

Determination 

coefficient R2 

Correlation 

coefficient 

kLF  

(kW) 

kLV  

(kW) 

Determination 

coefficient R2 

Correlation 

coefficient 

0.25 0.0650 0.0255 0.9961 0.9980 0.0878 0.0360 0.9895 0.9947 

0.37 0.0709 0.0380 0.9983 0.9991 0.0811 0.0805 0.9975 0.9988 

0.55 0.0594 0.0710 0.9995 0.9997 0.0958 0.1016 0.9980 0.9990 

0.75 0.0916 0.0677 0.9997 0.9998 0.1074 0.0844 0.9995 0.9997 

1.1 0.1046 0.1039 0.9993 0.9996 0.1319 0.1189 0.9992 0.9996 

1.5 0.1339 0.1259 0.9966 0.9983 0.1478 0.1629 0.9989 0.9994 

2.2 0.1667 0.1720 0.9985 0.9992 0.1863 0.2226 0.9996 0.9998 

3.0 0.1734 0.2483 0.9995 0.9997 0.2302 0.2778 0.9998 0.9999 

4.0 0.1897 0.3257 0.9999 0.9999 0.2833 0.3384 0.9980 0.9990 

5.5 0.1846 0.4531 0.9999 1.0000 0.3345 0.4399 0.9985 0.9993 

7.5 0.2758 0.5234 0.9992 0.9996 0.4013 0.5577 0.9987 0.9994 

11.0 0.3681 0.6647 0.9997 0.9998 0.4789 0.7754 0.9988 0.9994 

15.0 0.4831 0.8003 0.9995 0.9997 0.5273 1.0266 0.9998 0.9999 

18.5 0.4430 1.0310 0.9994 0.9997 0.6784 1.1027 0.9996 0.9998 

22.0 0.4997 1.1552 1.0000 1.0000 0.9356 1.0914 0.9977 0.9988 

30.0 0.7355 1.3197 0.9997 0.9999 0.9247 1.5909 0.9980 0.9990 

37.0 0.8398 1.5707 0.9994 0.9997 1.1401 1.7896 0.9975 0.9988 

45.0 0.9955 1.7779 0.9999 1.0000 1.4145 1.9359 0.9981 0.9990 

55.0 1.2840 1.8491 0.9996 0.9998 1.6376 2.2020 0.9984 0.9992 

75.0 1.4232 2.5218 1.0000 1.0000 1.9445 2.6785 0.9999 0.9999 

90.0 1.7778 2.7595 1.0000 1.0000 1.9750 3.3592 0.9999 1.0000 

110 2.2579 3.0483 1.0000 1.0000 2.8050 3.3577 0.9999 0.9999 

132 2.2770 3.7736 0.9987 0.9993 2.9986 3.9456 1.0000 1.0000 

160 2.3514 4.6718 0.9999 0.9999 3.3545 4.6832 0.9988 0.9994 

200 2.1808 6.1390 0.9999 0.9999 3.8725 5.9878 1.0000 1.0000 

250 4.2477 6.2010 0.9992 0.9996 5.6330 6.9379 0.9993 0.9996 

315 5.3521 7.8132 0.9992 0.9996 6.5326 8.2851 0.9997 0.9999 

355 5.3670 9.3737 0.9991 0.9995 6.2609 10.4043 0.9989 0.9994 

 

Finally, Figure 1 shows the point clouds of the fixed-loss constants (PR, kLF(PR)) and 

variable-loss constants (PR, kLV(PR)) in Table 2 as functions of the rated power of each 

of the motors. This figure also shows the respective linear regression lines of each of 

these constants with the rated power of the motors. 

For IE3 motors, the linear regression fitting results in: 

2( ) · 0.1735 0.0152· ( 0.9712)LF R LFF LFV R Rk P k k P P R + = + =

2( ) · 0.3253 0.0254· ( 0.9878)LV R LVF LVV R Rk P k k P P R + = + =  

Using (2), the power-loss model yields: 

2 2( , / ) · · ( · )·L R pu R LF LV pu LFF LFV R LVF LVV R puP P P P P k k P k k P k k P P= = + = + + +          (3) 
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Figure 1. Point clouds and lines of linear regression corresponding to the fixed-loss constants 

(PR, kLF(PR)) and variable-loss constants (PR, kLV(PR)) as functions of the rated power for the IE3 

and IE2 cage induction motors in Table 1. 

For IE3 motors, the linear regression fitting results in: 

2( ) · 0.1735 0.0152· ( 0.9712)LF R LFF LFV R Rk P k k P P R + = + =

2( ) · 0.3253 0.0254· ( 0.9878)LV R LVF LVV R Rk P k k P P R + = + =  

Using (2), the power-loss model yields: 

2 2( , / ) · · ( · )·L R pu R LF LV pu LFF LFV R LVF LVV R puP P P P P k k P k k P k k P P= = + = + + +          (3) 

For IE2 motors, the coefficients of the power-loss model yield:  

2( ) · 0.2838 0.0191· ( 0.9815)LF R LFF LFV R Rk P k k P P R + = + =  

2( ) · 0.3741 0.0237· ( 0.9885)LV R LVF LVV R Rk P k k P P R + = + =  

 

3.1.1 A first approach to the optimum power rating for minimum power losses 

By using the coefficients of the binomial power-loss model, Figure 2 shows the 

variation in power losses with the power load for five IE3 motors rated 22 kW, 30 kW, 

37 kW, 45 kW and 55 kW.  

As can be observed, as the power load grows, the curves of losses cut off, two by two, 

at points P22-30 (15.98, 1.11), P30-37 (18.01, 1.27), P37-45 (24.08, 1.51) and P45-55 (32.87, 

1.94). These four intersection points allow for the definition of five power-load 

intervals, relative to the losses: 

• For a power load lower than that corresponding to the first crossing point, P22-30 

(P ≤ 15.98 kW), the minimum power losses correspond to the motor rated 22 

kW. 

• For a power load between the points P22-30 and P30-37 (15.98 kW < P ≤ 18.01 

kW), the minimum power losses correspond to the motor rated 30 kW. 

• For a power load between the points P22-37 and P37-45 (18.01 kW < P ≤ 24.08 

kW), the minimum power losses correspond to the motor rated 37 kW. 
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• For a power load between the points P37-45 and P45-55 (24.08 kW < P ≤ 32.87 

kW), the minimum power losses correspond to the motor rated 45 kW. 

• For a power load above that corresponding to the last crossing point P45-55 (32.87 

kW < P ≤ 55 kW), the minimum power losses correspond to the motor rated 55 

kW. 
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Figure 2. Variation in the power losses with the power load (left) and with the square of the 

power load (right) for five IE3 motors rated 22 kW, 30 kW, 37 kW, 45 kW and 55 kW. 

 

This suggests that, for each level of constant mechanical power load, PM: 

• First, there is a motor in the manufacturer’s catalogue with a rated power, 

PR PLmin, which can drive the mechanical load with the minimum power (or 

energy) losses, min(PL(PM, PR)), and without overload (PR PLmin > PM).  

• Second, the rated power of the motor with minimum power (or energy) losses, 

PR PLmin, is always higher than the mechanical power load (PR PLmin > PM), 

because the crossing point between contiguous motors occurs before reaching 

the rated power of the smaller motor.  

• Third, the rated power of the motor with the minimum LCC, PR LCCmin, is always 

higher than the mechanical power load, PM, and lower than or equal to the rated 

power for minimum power losses, PR LCCmin, since the purchase cost exerts a 

downward pressure on the rated power for the minimum LCC (PR LCCmin; 

PM < PR LCCmin  PR PLmin). 

For example, to drive a constant mechanical load, P = 22 kW (located between points 

P30-37 and P37-45), any of the five motors considered could be used without any risk of 

overload. Each of these motors should operate with a certain amount of power losses, 

but only for one of the motors would these losses be the smallest. In the case where the 

22 kW rated power motor were to be used, it would work with power losses equal to 

PL(PR = 22 kW, Ppu = 22/22) = 2 kW. However, if the motor rated 37 kW were 

employed to drive the load, it would work with lower power losses, PL(PN = 37 kW, Ppu 

= 22/37) = 1.44 kW < 2 kW = PL(PR = 22 kW, Ppu = 1). Therefore, although the initial 
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purchase and installation cost of the motor rated 37 kW is higher than that 

corresponding to the motor rated 22 kW, it could drive the 22 kW mechanical load with 

a lower energy demand and, consequently, with lower operating costs (energy bill). 

Consequently, in order to drive a given time-constant mechanical load (continuous 

running duty S1), P(t) = P, there must exist two motors in the manufacturer’s catalogue 

with rated powers PR-PLmin and PR-LCCmin, which are both larger than the driven load (P < 

PR-LCCmin < PR-PLmin), and which would work with: 

• Minimal power (energy) losses. There must be a motor with an optimum rated 

power, PR-PLmin, which verifies that PL(PR-PLmin, Ppu = P/PR-PLmin) < PL(PR = P, 

Ppu = 1 pu). Since the mechanical power (energy) supplied to the driven 

mechanical load, P, does not depend on the rated power of the motor used to 

drive it, this minimum power-loss criterion is equivalent to the minimum 

demand of electrical power (energy). 

• Minimum overall LCC (purchase + present value of energy). There must be a 

motor with an optimum rated power, PR-LCCmin, which minimizes the overall 

LCC, or, equivalently, a motor which verifies that the sum of the initial 

investment required for its acquisition and commissioning, I(PR-LCCmin), plus the 

present value of its overall operating costs over its in-service LCC, P-E(PR = PR-

LCCmin, Ppu = P/PR-LCCmin), must be at the minimum level. 

In Figure 3, it can also be observed that the points of intersection of the power-loss 

curves, P22-30 (15.98, 1.11), P30-37 (18.01, 1.27), P37-45 (24.959, 1.650) and P45-55 (30.118, 

1.980), which are the points that limit the intervals of load power, in which each motor 

displays the minimum losses, are almost aligned in a straight line. Hence, the successive 

intersection points of the power-loss curves should be well represented by fitting a 

linear regression line of the form: 

0 1( , ) ·L min R PLmin L PLmin L PLminP P P k k P +  

for the five motors considered: 

2( , ) 0.32 0.049· ( 0.9999)L min R PLminP P P P R= + =                        (4) 

This line of minimum power losses should enable the swift determination of the 

optimum rated power of the motor as well as providing a good estimation of the losses, 

once either the equivalent constant (continuous running duty S1) load or the 

characteristic load (RMS value of the variable mechanical load) is known. 

 

3.2 Purchase cost 

Figure 3 shows the variation in the rated power of the purchase price, CP(PR), and the 

specific purchase price, CS(PR) = CP(PR)/PR, for the cage induction motors of IE3 and 

IE2 efficiency classes, as given in Table 1 (see Table A.1 in Appendix A) [55].  

As can be observed, the point clouds of purchase prices as functions of the rated power 

of the IE3 and IE2 motors, (PR, CP(PR)), are very well fitted by their respective linear 

regression lines. Accordingly, the purchase price for IE3 motors can be approximated 

as: 

2( ) · 306.74 97.079· ( 0.9994)P P R PF PV R RC C P c c P P R=  + = + =  



 11 

Figure 3. Variation in the rated power of the purchase cost (list price), CP(PR), and the specific 

purchase price, CS(PR) = CP(PR)/PR, for induction motors designed for low voltage, four poles, 

and IE3 and IE2 efficiency classes in Table 1. 

and, for IE2 motors, as: 

2( ) · 209.48 90.090· ( 0.9995)P P R PF PV R RC C P c c P P R=  + = + =  

Qualified customers, according to their volume of purchase, can often profit from 

discounts of up to 80% on the list price. The initial cost, I(PR), in addition to the true 

purchase cost, (1 – kd)·CP, with the proper discount factor, kd, should also include all the 

installation and conditioning costs, such as the cost of command, starting and protection 

devices or the capacitor bank for power factor compensation [19,56,57]. All these 

auxiliary costs can be considered proportional to the purchase price of the motor, 

CA = kA·CP. As a result, a linear initial cost has been considered in the form of: 

( ) (1 )· ( ) (1 )·( · ) ·R d A P R d A PF PV R F V RI P k k C P k k c c P c c P − + = − + + = + ,         (5) 

where the new constants are: 

(1 )·F d A PFc k k c= − +  

(1 )·V d A PVc k k c= − +  

 

3.3 Optimum rated power for minimum energy and losses 

The annual energy, E(PR, P(t)), consumed by an electric motor driving a mechanical 

load with a time-power profile, P(t), during T operational hours a year, is composed of 

two terms: the mechanical energy delivered to the driven mechanical load (which is 

independent of the motor rated power), EM(P(t)), and the power losses in the motor, 

EL(PR, P(t)). Accordingly, the total electric energy, ET, consumed throughout the N 

years of expected in-service life of the electric motor can be expressed as:  

CP IE3(PR) ≈ 97.079·PR + 306.74

R² = 0.9994
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( )
1

( , ( )) ( , ( )) · ( , ( )) · ( ( )) ( , ( ))
N

T R R R M L R

n

E P P t E P P t N E P P t N E P t E P P t
=

= = = +  

The yearly amount of electrical energy absorbed corresponding to the mechanical 

energy supplied to the driven load can be expressed as: 

0 0

1
( ( )) ( ) ( ) ·

T T

M mE P t P t dt T P t dt T P
T

= = =   

where the average power is: 

0

1
( )

T

mP P t dt
T

=   

It can be observed that: 

• The mechanical energy supplied to the driven load, EM, depends only on the 

time-load profile of the driven mechanical load, P(t), but does not depend on the 

motor chosen to drive it. That is, whatever its rated power, the chosen motor 

must deliver the specified power profile or energy annually. 

• For the purpose of calculating the annual mechanical energy supplied, all the 

necessary information of the time-load profile is summarized in the value of its 

average power, Pm, in the annual operating time, T. 

On the other hand, the power-loss model, PL(PR, P(t)), leads to the formulation of an 

expression for the loss of energy during the first year of operation of the (chosen) 

motor, EL(PR, P(t)), written as: 

2

20 0

2
2

2 20

( )
( , ( )) ( , ( )) ·

1
· · ( ) · ·

T T

L R L L LF LV

R

T
LV RMS

LF LF LV

R R

P t
E P P t P P P t dt k k dt

P

k P
T k T P t dt T k k

P T P

 
=  + 

 

 
= + = + 

 

 



 

where the RMS power is: 

2

0

1
( )

T

RMSP P t dt
T

=   

Again, it is noteworthy that: 

• The yearly energy loss, EL, depends both on the time-load profile of the driven 

mechanical load, P(t), and on the rated power of the motor chosen to drive it, PR. 

• For the purpose of calculating the annual energy loss with the model of power 

losses used, all the necessary information from the time-load profile is 

summarized by its RMS value, PRMS. 

Now, taking into account the power-loss model (3), the annual energy loss can be 

approximated as a function of the load profile of the driven mechanical load, P(t), and 

the rated power of the chosen motor, PR: 

2

20 0

( )
( , ( )) ( , ( )) ( ) ( )·

T T

L R L R LF R LV R

R

P t
E P P t P P P t dt k P k P dt

P

 
=  + 

 
   
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2 2

2 2
· ( ) ( )· · · ( · )·RMS RMS

LF R LV R LFF LFV R LVF LVV R

R R

P P
T k P k P T k k P k k P

P P

   
= + = + + +   

   
 

The total amount of electric energy consumed yearly can now be expressed as the sum 

of the mechanical energy and the energy loss: 

0 0

2

2

( , ( )) ( ( )) ( , ( )) ( ) ( , ( ))

· · ( · )·

T T

R M L R L R

RMS
m LFF LFV R LVF LVV R

R

E P P t E P t E P P t P t dt P P P t dt

P
T P k k P k k P

P

= + = +

 
 + + + + 

 

 
 

The total amount of energy throughout the whole life cycle of the motor, ET, can be 

obtained by multiplying the annual energy by the number of years of expected life of 

the motor, N: 

( )
1

2

2

( , ( )) ( , ( )) · ( , ( )) · ( ( )) ( , ( ))

· · · ( · )·

N

T R R R M L R

n

RMS
m LFF LFV R LVF LVV R

R

E P P t E P P t N E P P t N E P t E P P t

P
N T P k k P k k P

P

=

= = = +

 
 + + + + 

 


 

This expression shows the total electric energy as a function of the rated power of the 

motor, PR, and of two magnitudes related to the load profile: Pm and PRMS. Therefore, 

the optimum rated power of the motor, which minimizes the total electrical energy (or 

the total energy loss) consumed during the whole in-service life of the motor, can be 

obtained by cancelling out the partial derivative of the total electric energy absorbed (or 

energy loss), with respect to the rated power of the motor, resulting in: 

2

4 2

2 ·( , ( )) · ( , ( ))
· · · 0LVF R LVVT R L R

LFV RMS

R R R R

k P kE P P t N E P P t
k P N T

P P P P

   
=  − − + =       

 

The condition of minimum consumed energy or minimum energy loss can also be 

written as: 

2 2
3 · 2 ·

· 0LVV RMS LVF RMS
R R

LFV LFV

k P k P
P P

k k
− − =  

This cubic expression can be solved using Cardano’s method. Accordingly, the 

optimum rated power of the motor results in: 

2 2

3 3
· ·LVF RMS LVF RMS

R ETmin R ELmin

LFV LFV

k P k P
P P

k k
= = +  + −   

where the discriminant, Δ, is: 

2 3
2 2· ·

3·

LVF RMS LVV RMS

LFV LFV

k P k P

k k

   
 = −   

   
 

This approach is focused only on the energy or the energy loss, and the cost of the 

energy, which is the greater part of the total cost of the motor throughout its whole in-

service life. However, this selection method ignores the initial cost of the motor.  
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3.4 Optimum rated power for minimum life cycle cost 

In order to calculate the LCC of a motor which must drive a mechanical load with a 

time-load profile, P(t), it is necessary to consider the present or actual value of each of 

the costs involved in its operation throughout its expected life. If the initial investment 

or acquisition and commissioning cost of a motor with a rated power, PR, is I(PR), and it 

has a present or actual operating cost, CPO(PR,P(t)), a decommissioning cost, CD(PR), 

and a residual value, VR(PR), its LCC, LCC(PR,P(t)), can be expressed as: 

( , ( )) ( ) ( , ( )) ( ) ( )R R PO R D R R RLCC P P t I P C P P t C P V P= − − − +  

Induction motors are often repaired along their lifetime (bearing replacement and/or 

stator rewinding) [58,59], which leads to a repair cost and a reduction in efficiency in 

the range of 1.0%-2.5% [50]. Even the cost of unplanned motor downtime could be 

included in this expression. For the sake of simplicity, these issues have not been 

considered here. 

In this work, it has been considered that the operating cost corresponds mainly to the 

cost of the energy, CPO(PR,P(t)) = CPET(PR,P(t)). However, an ordinary maintenance 

cost or the cost of the contracted peak power could also be included in this term, 

although this has not been included here. 

It should be noted that the first three terms of the LCC are negative, since they 

correspond to expenses, while only the latter is positive, since it represents the income 

resulting from the sale of the motor (and its auxiliary elements) as second-hand 

equipment or for the recycling of its materials. 

In this work, it is assumed that both the present cost of decommissioning and the 

present residual value of the motor depend on the rated power of the motor. More 

precisely, we considered that both these amounts are proportional to the purchase cost 

of the motor: 

( ) · ( )D R D P RC P k C P=  

( ) · ( )R R R P RV P k C P=  

In this way, the LCC, using (5), results in: 

( , ( )) ( ) ( , ( )) ( ) ( )

(1 )· ( ) ( , ( )) · ( ) ( , ( ))

R R PO R D R R R

d A D R P R PO R EQ P R PO R

LCC P P t I P C P P t C P V P

k k k k C P C P P t k C P C P P t

= − − − +

 − − + + − − = −

where the new constant is: 

1EQ d A D Rk k k k k= − + + −  

Finally, it is necessary to calculate the present or actual value of the operating cost over 

the expected life cycle of the motor. To this end, it is necessary to calculate the annual 

amount of electrical energy absorbed (the sum of the mechanical energy that must be 

supplied to the mechanical load and the losses of the motor), its cost, and the 

accumulated present or actual value throughout the whole in-service life of the motor. 

The cost of the electrical energy corresponding to the mechanical energy during the first 

year of operation can be calculated by multiplying the amount of energy consumed by 

the electricity energy price, pE, resulting in: 

0
( ( )) ( ( ))· · ( ) · ·

T

EM M E E m EC P t E P t p p P t dt T P p= = =  
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Finally, the cost of the energy loss during the first year of operation can be calculated 

using the power-loss model (3), written as: 

2

2
( , ( )) ( , ( ))· · · ( · )· ·RMS

EL R L R E LFF LFV R LVF LVV R E

R

P
C P P t E P P t p T k k P k k P p

P

 
=  + + + 

 
 

As a result, the total cost of the first year of operation of the motor can be expressed as 

the sum of the annual cost of the mechanical energy and the annual cost of the losses 

during the first year: 

2

2

( , ( )) ( ( )) ( , ( ))

· · ( · )· ·

O R M EL R

RMS
m LFF LFV R LVF LVV R E

R

C P P t C P t C P P t

P
T P k k P k k P p

P

= +

 
 + + + + 

 

 

In order to calculate the cumulated present or actual value of the cost of the energy loss 

throughout the whole in-service life of the motor, CPEL, it is necessary to consider the 

depreciation effect of the money in each of the N future years of expected life of the 

motor, by means of the discount rate, d, and the effect of the annual increase in the price 

of energy, ΔpE, resulting in: 

1 1

(1 ) 1
( ( , ( ))) ( , ( )) ( , ( ))

(1 ) (1 )

(1 ) 1
( , ( )) ( , ( ))·

(1 )

nN N
E

PEL EL R EL R EL Rn n
n n eq

N

eq

EL R EL R PN

eq eq

p
C NPV C P P t C P P t C P P t

d d

d
C P P t C P P t k

d d

= =

+ 
= = =

+ +

+ −
= =

+

 
 

where the equivalent discount rate is: 

1

E
eq

E

d p
d

p

−
=

+
 

and the cumulative present value coefficient is: 

(1 ) 1

(1 )

N

eq

P N

eq eq

d
k

d d

+ −
=

+
 

The present or actual cost of the motor over its N expected years of in-service life, 

considering an equivalent discount rate, deq, can be expressed as: 

( )

( )
1

2

2

(1 )
( , ( )) ( ) ( ( )) ( , ( )) ( ) ( )

(1 )

( ) ( ( )) ( , ( )) · · ( ) ( )

·( · ) · · ( · )· · ·

nN
E

R R M EL R D R R Rn
n

R M L R E P D R R R

RMS
EQ PF PV R m LFF LFV R LVF LVV R E P

R

p
LCC P P t I P C P t C P P t C P V P

d

I P E P t E P P t p k C P V P

P
k c c P T P k k P k k P p k

P

=

+ 
= − − + − +

+

= − − + − +

 
 − + − + + + + 

 



 

Therefore, the optimum rated power of the motor, which minimizes the LCC, can be 

obtained by cancelling out the partial derivative of the LCC, with respect to the rated 

power, resulting in: 

2

4 2

2 ·( , ( ))
· · · · · 0LVF R LVVR

EQ PV LFV RMS E P

R R R

k P kLCC P P t
k c k P T p k

P P P

  
= − − − + =      
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This minimum condition can also be written as: 

( )( )3 3 2· · · 2 · · · · · 0EQ PV R LFV R LVF LVV R RMS E Pk c P k P k k P P T p k+ − + =  

Grouping the coefficients of the cubic equation: 

( ) 3 2 2· · · · · · · · · · 2 · · · · 0EQ PV LFV E P R LVV RMS E P R LVF RMS E Pk c k T p k P k P T p k P k P T p k+ − − =  

Accordingly, the minimum condition can be written as: 

2 2
3 · · · · 2 · · · ·

0
· · · · · · · ·

LVV RMS E P LVF RMS E P
R R

EQ PV LFV E P EQ PV LFV E P

k P T p k k P T p k
P P

k c k T p k k c k T p k
− − =

+ +
, 

which can be solved using Cardano’s method. Therefore, the optimum rated power, 

which minimizes the LCC of the motor, results in: 

2 2

3 3
· · · · · · · ·

· · · · · · · ·

LVF RMS E P LVF RMS E P
R LCCmin

EQ PV LFV E P EQ PV LFV E P

k P T p k k P T p k
P

k c k T p k k c k T p k
= +  + − 

+ +
 

where the discriminant, Δ, is: 

2 3
2 2· · · · · · · ·

· · · · 3( · · · · )

LVF RMS E P LVV RMS E P

EQ PV LFV E P EQ PV LFV E P

k P T p k k P T p k

k c k T p k k c k T p k

   
 = −      + +   

 

It is worth noting that, when the equivalent discount rate approaches zero, the present 

operating cost, that is, the present cost of the energy throughout the life-cycle, 

approaches N times the annual cost of the energy: 

( ) ( )

( ) ( )

0 0
1

1
lim ( , ( )) lim ( ( )) ( , ( ))

(1 )

( ( )) ( , ( )) · ( ( )) ( , ( )) · ·

( , ( ))· ·

eq eq

N

PO R M EL R nd d
n eq

M EL R M L R E

R E

C P P t C P t C P P t
d

C P t C P P t N E P t E P P t p N

E P P t p N

→ →
=

 
= +  + 

= + = +

=



 

This means that, if the decommissioning cost is approximately cancelled out by the 

residual value, and the initial investment can be disregarded when compared with the 

present operating costs, which is often the case, then both optimum conditions, 

minimum LCC and minimum energy (or energy loss), come into play: 

( ) ( )

( ) ( )

( ) ( )

0 0

0 0
1

lim ( , ( )) lim ( ) ( , ( )) ( ) ( )

1
lim ( , ( )) lim ( ( )) ( , ( ))

(1 )

( ( )) ( , ( )) · ( ( )) ( , ( )) · ·

( , ( ))· ·

eq eq

eq eq

R R PO R D R R R
d d

N

PO R M EL R nd d
n eq

M EL R M L R E

R E

LCC P P t I P C P P t C P V P

C P P t C P t C P P t
d

C P t C P P t N E P t E P P t p N

E P P t p

→ →

→ →
=

= − − − +

 
 = +  + 

= + = +

=



N

 

Consequently, the optimum rated power for minimum LCC approaches the optimum 

rated power for minimum energy or losses: 

( )min min min min
0

lim ( ) ( )
eq

R LCC R R L R EL
d

P P LCC P E P
→

  =  

In other words, the optimum rated power minimizing the energy or energy loss is a 

practical upper limit for the optimum rated power minimizing the LCC, 
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PR LCCmin  PR PLmin. This result can be useful in those common cases where the list price 

of the motors is no longer available, as will be shown later.  

 

4. Case Study 

In the EU, on 1 January, 2017, the third and last tier of the Energy Using Products 

(EUP) Directive for electric motors (EU Ecodesign Directive) [6,7] came into force. 

Since then, the Minimum Energy Performance Standards (MEPS) for electric motors 

require new motors sold in the EU market (with a rated output from 0.75 kW-355 kW) 

must satisfy the IE3 efficiency class (or IE2, if fitted to a Variable Speed Drive-VSD). 

For that reason, the proposed method will be tested with IE3 (premium efficiency) 

motors, despite the low level of losses for this efficiency class. For the purpose of 

comparison, results for IE2 (high efficiency) motors will also be shown. 

The reference scenario of the case study addresses the project-stage selection of the 

techno-economic optimum rated power (duty type S1), PR, of an IE3, line-operated 

single-speed cage induction motor from Table 1 to drive a time-variable mechanical 

power load, P(t), for T = 8760 operating hours a year. Figure 4 shows the considered 

annual time-variable mechanical power load, P(t), in which P100% = 30 kW has been 

selected as the 100% power load. 
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 Figure 4. Annual time-variable mechanical power load, P(t). 

Accordingly, the annual mean and the RMS values of the mechanical power load result 

in: 

1
( )· 24.3 kWm k k

k

P P t t
T

= =  

21
( )· 27.7 kWRMS k k

k

P P t t
T

= =  

As a result, following the conventional method, a motor rated PR(RMS) = 30 kW should 

be chosen, which is the first rated power over the value PRMS = 27.7 kW, as found in the 

manufacturer’s catalogue (Table 1). It is easy to check that the value of the peak or 
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maximum load power, PMAX = P100% = 30 kW, does not exceed the rated power of the 

motor at any time, since PR(RMS) = 30 kW  PMAX = 30 kW. 

Table 3 summarizes the coefficients of the power-loss model and the purchase-cost 

model of the IE3 and IE2 motors, whose rated powers are 30 kW, 37 kW and 45 kW, as 

determined by linear regression fitting (see Appendix B for a simplified calculation of 

these coefficients). As will be shown, this two-step range of power rating considers the 

expected optimum rated power of the motor. A discount factor, kd = 0.4, and a residual 

value equivalent to the sum of the decommissioning and the auxiliary costs 

(kR = kD + kA) have been considered for the sake of simplicity. 

 

Table 3. Coefficients of the power-loss model and the purchase-cost (list price) model for 

motors rated at 30 kW, 37 kW and 45 kW.  

Rated Power 
Power losses 

PL(PR,Ppu) = kLF(PR) + kLV(PR)·P2
pu 

List price 

PR (kW) kLF  (kW) kLV  (kW) CP  (€) 

IE3 (premium efficiency) 

30 0.7355 1.3197 3338 

37 0.8398 1.5707 4068 

45 0.9955 1.7779 4882 

Linear regression 

kLF(PR) ≈ kLFF + kLFV·PR 

kLFF = 0.2080 

kLFV = 0.0174 

kLV(PR) ≈ kLVF + kLVV·PR 

kLVF = 0.4197 

kLVV = 0.0304 

CP(PR) ≈ cPF + cPV·PR 

cPF = 254.20 

cPV = 102.91 

IE2 (high efficiency)  

30 0.9247 1.5909 3025 

37 1.1401 1.7896 3651 

45 1.4145 1.9359 4444 

Linear regression 

kLF(PR) ≈ kLFF + kLFV·PR 

kLFF = -0.0607 

kLFV = 0.0327 

kLV(PR) ≈ kLVF + kLVV·PR 

kLVF = 0.9176 

kLVV = 0.0229 

CP(PR) ≈ cPF + cPV·PR 

cPF = 170.93 

cPV = 94.71 

 

Figure 5 shows the evolution of the EU-28 average semi-annual electricity prices for 

industrial consumers (Band-IC: annual consumption between 0.5 and 2 GWh), all taxes 

and levies included [60]. Accordingly, an electricity price of pE = 148.55 €/MWh, the 

EU-28 average electricity price in 2015, has been considered in the reference scenario. 

The linear regression of price data fitting shows that the electricity price grows at an 

average annual rate of 2·2.1625 = 4.325 €/MWh, or ΔpE = (4.325/148.55)·100 = 

2.91%/year.   
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Figure 5. 2008-2015: EU-28 average semi-annual electricity prices for industrial consumers 

(Band-IC: annual consumption between 0.5 and 2 GWh), all taxes and levies included (Eurostat 

code [nrg_pc_205]). Data fitting by linear regression. 

 

Table 4 shows the average lifetime of an AC motor in terms of rated power [50]. 

Accordingly, a lifespan of N = 15 years has been used to calculate the LCC of the 

motor. 

 

Table 4. Average lifetime of an AC motor in terms of rated power [50]. 

0.75 kW − 1.1 kW 1.1 kW − 11 kW 11 kW − 110 kW 110 kW − 370 kW 

10 years 12 years 15 years 20 years 

Finally, a (unfavourable) discount rate, d = 5%, has been used in the reference scenario. 

This value is slightly higher than the average real yield on longer-term government debt 

in the EU over the period 2001-2016, 4.61%, as shown in Table 5 [61]; and higher than 

the “social discount rate” of 4% recommended in Tool #54 of the Toolbox Complement 

[62] to the Better Regulation Guideline of the EU. 

Table 5. 2001-2016: EU-28 average annual real yield on longer-term government debt [Eurostat 

code: teimf050]. 

Year 2001 2002 2003 2004 2005 2006 2007 2008 

EU-28 bond yields (%) 5.30 5.06 5.00 4.91 4.81 4.72 4.60 4.49 

Year 2009 2010 2011 2012 2013 2014 2015 2016 

EU-28 bond yields (%) 4.41 4.37 4.35 4.34 4.34 4.35 4.36 4.38 

 

4.1 Results and discussion 

Table 6 and Figure 6 summarize the main results of the reference scenario of the case 

study considered. Since the value of the RMS power of the load profile was PRMS = 27.7 

kW, a motor rated PR(RMS) = 30 kW should be selected, according to the conventional 

rule. If an IE3 motor were selected, this motor would drive the mechanical load with an 

annual energy loss of 16.35 MWh/y, and a whole LCC of 438.99 k€.  

According to the proposed method, the optimum rating of the motor with minimum 

annual energy loss is PR ELmin = 46.31 kW > PRMS = 27.7 kW. As a result, a motor with 
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an optimum rated power, PR(ELmin) = 45 kW, should be selected from the 

manufacturer’s catalogue (since the energy loss corresponding to the motor rated 37 kW 

is higher).  

It is worth noting that this result could also be well anticipated with the regression line 

of minimum losses in Figure 2: 

• Since the value of the RMS power of the load, PRMS = 27.7 kW, is placed 

between the crossing points P37-45 and P45-55, (24.08 kW < PRMS = 27.7 

kW ≤ 32.87 kW), the minimum energy loss corresponds to the motor rated 45 

kW. 

• The approximate value of the minimum annual energy loss can now be 

estimated with (4): 

( , ) 8760· ( , )

8760·(0.32 0.049·27.7) 14.69 MWh/y

L R PLmin RMS L R PLmin RMSE P P P P P P= =

= + =
 

which is very close to the exact result (14.62 MWh/y). 

 

Table 6. Summary of results for the reference scenario of the case study. 

IE3 (premium efficiency) 

Rated power 

PR   (kW) 

Energy loss 

EL  (MWh/y) 

Energy E   

(MWh/y) 

Energy 

efficiency 

E   (%) 

Life cycle cost 

│LCC│   (k€) 

Present cost 

of energy losses 

CPEl/│LCC│   (%) 

PRMS = 27.70 17.10 230.20 91.97 440.28 7.40 

30 16.35 229.45 92.33 438.99 7.09 

37 15.05 228.15 92.94 436.95 6.56 

PR LCCmin = 42.65 - - - 436.58 - 

45 14.62 227.72 93.14 436.63 6.37 

PR ELmin = 46.31 14.61 - - - - 

55 14.85 227.95 93.03 437.71 6.46 

75 16.47 229.57 92.27 442.05 7.10 

IE2 (high efficiency) 

Rated power 

PR   (kW) 

Energy loss 

EL  (MWh/y) 

Energy E   

(MWh/y) 

Energy 

efficiency 

E   (%) 

Life cycle cost 

│LCC│  (k€) 

Present cost 

of energy losses 

CPEl/│LCC│ (%) 

PRMS = 27.70 21.00 234.10 90.15 447.51 8.93 

30 20.05 233.14 90.59 445.83 8.56 

37 18.73 231.83 91.21 443.73 8.04 

PR LCCmin = 38.65 - - - 443.67 - 

PR ELmin = 40.14 18.63 - - - - 

45 18.82 231.92 91.17 444.37 8.07 

55 20.06 233.16 90.59 447.29 8.54 

75 24.10 237.20 88.69 456.14 10.06 
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Figure 6. Variation of the annual energy loss, EL(PR), and the LCC, │LCC(PR)│, with the rated 

power of the motor for IE3 motors (left-hand side) and for IE2 motors (right-hand side). 

If the minimum LCC is considered, then the proposed method leads to a motor with an 

optimum rated power of PR LCCmin = 42.65 kW (PRMS = 27.7 kW < PR LCCmin = 42.65 kW 

< PR ELmin = 46.31 kW). Accordingly, a motor with a rated power of PR(LCCmin) = 45 

kW should be selected from the manufacturer’s catalogue (the LCC corresponding to 

the motor rated 37 kW is slightly higher).  

As can be observed, for the considered case, the rated powers of the motors with 

minimum annual energy loss and minimum LCC coincide, i.e., PR(ELmin) = 45 kW = 

PR(LCCmin) = 45 kW, and both result in being two steps higher in the manufacturer’s 

catalogue than the rated power of the motor based on the RMS power, 

PR(RMS) = 30 kW.  

The techno-economic optimum IE3 rated power would: 

• Reduce the annual energy loss up to EL(PR(ELmin) = PR(LCCmin) = 45 kW) = 

14.62 MWh/y, which constitutes 10.59% (1.73 MWh/y) less than that 

corresponding to the conventionally rated motor PR RMS = 30 kW.  

• Reduce the whole LCC up to 

│LCC(PR(ELmin) = PR(LCCmin) = 45 kW)│= 436.63 k€, which is 0.54% (2.36 

k€) less than that corresponding to the conventionally rated motor PR RMS = 30 

kW. 

• Increase the overall energy efficiency up to E(PR(ELmin) = PR(LCCmin) = 45 kW) 

= 93.14%, which is 0.81% greater than that corresponding to the conventionally 

rated motor PR RMS = 30 kW. Although the amount of the increase in energy 

efficiency would seem to be small, it is in fact markedly greater than the 

increase in the rated efficiency between the conventionally rated motor, 

PR RMS = 30 kW, and the optimum rated motor, R(PR = 45 kW) - 

R(PR = 30 kW) = 94.2 – 93.6 = 0.6%. 

• Reduce the cumulative present cost of the losses in the LCC up to 

CPEL(PR(ELmin) = PR(LCCmin) = 45 kW) = 27.83 k€ (6.37% of LCC), which is 

10.59% (3.30 k€) less than that corresponding to the conventionally motor rated 
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at PR RMS = 30 kW (31.13 k€, 7.09% of the LCC). Accordingly, the increment of 

the initial cost, I(PR = 45 kW) - I(PR = 30 kW) = 926 € is offset by the cost 

savings over 5.9 years, that is, only slightly more than a third of the expected life 

of the motor. 

A rough extrapolation of the particular results of this IE3 case to the 2015 data of 

electric motor consumption in the EU-28 sectors of industry and services would lead to: 

• an annual potential energy saving of 7.48 TWh/y (0.75% total saving),   

• an annual potential saving in operating costs of 14.24 G€/y, and 

• an annual potential saving in emissions of CO2eq of 2.80 million t(CO2eq)/y. 

Figure 6 (left-hand side) shows the evolution of the annual energy loss, EL(PR), and the 

whole LCC, LCC(PR), with the rated power of the motor. This figure (and Table 6) 

clearly confirm that the optimum rated power, based on the minimum LLC, 

PR LCCmin = 42.65 kW, is a little lower than the optimum based only on energy or energy 

loss, PR ELmin = 46.31 kW, due to the effect of considering of the initial cost of the 

motor. This figure also shows that the RMS power of the load, PRMS = 27.7 kW, the 

rated power based on the minimum LLC, PR LCCmin = 42.65 kW, and the optimum rated 

power based only on energy or energy loss, PR ELmin = 46.31 kW, are both in an 

increasing sequence.  

Figure 6 (left) shows that both the energy loss and the LCC are L-shaped. For IE3 

motors, as the power grows, both curves fall to the minimum points, after which they 

increase very slowly. As a result, both curves exhibit rather flat minimum points. Table 

6 shows that the performance indicators of the motor rated 55 kW are only a little worse 

than those corresponding to the optimum rated 45 kW motor (1.6% for energy and 0.2% 

for the LCC), although it is still better than the conventional motor rated PR RMS = 30 kW 

(1.50 MWh/y less energy and 1.28 k€ less LCC). This rather flat minimum region could 

be advantageous in the design of a motor-purchasing policy with a reduced number of 

rated powers, since there is a broad range of mechanical loads surrounding the flat 

region of the minimum point.  

For the techno-economic optimum rated motor, the RMS load represents a normalized 

or relative load of Ppu = PRMS /PR LCCmin = 27.7/45 = 0.6156, which means that the 

temperature of the windings will remain well below the allowable maximum. 

Considering class F insulation (155ºC) with a temperature rise B (ΔθM = 130 – 50 = 80 

K, a standard air-cooling temperature of 40°C and 10 K for the hotspot temperature 

margin), which is the most common requirement across industry today, and also 

considering that the temperature rise is proportional to the power losses, the temperature 

rise results in: 

2

2

( 45 kW, 27.7 kW) ( 45 kW, 27.7 kW)

( 45 kW, 45 kW) ( 45 kW, 45 kW)

0.9955 1.7779·0.6156
0.60

0.9955 1.7779·1

R RMS L R RMS

M R L R R

P P P P P

P P P P P



 

 = = = =
= =

  = = = =

+
= =

+

 

Therefore, the reduction in the temperature rise under its allowable maximum is: 

(1 0.6018)· (1 0.6018)·80 31.85 KM M   − = −  = − =  

An approximation of the Montsinger’s rule states that a temperature rise of 10 K halves 

the expected lifetime of the isolations. Conversely, a reduction in the temperature of 10 
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K doubles the expected thermal life of the insulations. Accordingly, it is expected that 

the thermal life of the optimum rated motor will extend well beyond the 15 years 

initially expected. 

The bottom part of Table 6 (Figure 6) shows that similar results are reached with IE2 

motors, but with an optimum rated power of 37 kW. Even though the energy loss (+4.11 

MWh/y) and the LCC (+7.10 k€) of this IE2 motor are higher than those corresponding 

to the 45 kW IE3 motor, they still remain lower than those corresponding to the IE2 

motor rated PR RMS = 30 kW (–2.27 MWh/y and –3.78 k€, respectively). The increment 

of the initial cost for the optimum IE2 rated motor, I(PR = 37 kW) - I(PR = 30 kW) = 

376 €, is offset by the savings in costs over 2.7 years, that is, less than a fifth of the 

expected life of the motor. 

Table 6 also shows that the performance indicators of the IE2 motor rated at 45 kW are 

only a little worse than those corresponding to the optimum rated motor at 37 kW, but 

are still better than the conventional motor rated at PR RMS = 30 kW. 

It is worth noting that the difference (saving) in the LCC of the IE3 and IE2 optimum 

rated power motors (7.10 k€), is almost 10 times the difference in initial cost (739 €). 

A rough extrapolation of the particular results of the IE2 case to the 2015 data of 

electric motor consumption in the EU-28 sectors of industry and services would lead to: 

• an annual potential energy saving of 5.59 TWh/y (0.56% total saving),   

• an annual potential saving in operating costs of 9.90 G€/y, and 

• an annual potential saving in emissions of CO2eq of 2.09 million t(CO2eq)/y. 

As expected, Figure 6 shows that the curves of the energy loss and the LCC of IE2 

motors are higher than the corresponding curves for IE3 motors. This figure also shows 

that, while curves of IE3 motors are L-shaped, the higher losses of IE2 motors, as well 

as the greater difference in losses between motors consecutively rated, resulted in the 

curves of IE2 motors being more V-shaped. For IE2 motors, as the power grows, the 

curve falls to the minimum point faster than does the curve for the IE3 motors. As the 

minimum IE2 curves also grow faster than those for IE3 motors, IE2 curves exhibit a 

more marked minimum point and the optimum rated motor is closer to the RMS power. 

Conversely, the higher the efficiency class, the greater the distance between the 

optimum rating and the RMS power. 

The higher value of the rated power of the optimized motors may imply a certain degree 

of conflict between the size of the motor frame and the room available, which could 

lead to extra costs in commissioning and installation. In the project stage, the difficulties 

caused by size are easily manageable, but can prove to be a limitation when replacing an 

old motor. Nevertheless, a survey of the IE3 motor catalogue shows that, of the 18 

motors recorded, there are only three motors (rated powers) that do not share the shaft 

height with any other motor. The remaining 15 motors (rated power) share a shaft 

height with at least one motor. For the case of the 25 motors in the IE2 catalogue, there 

are only four motors (rated powers) that do not share a shaft height, while the remaining 

21 motors (rated power) share a shaft height with at least one motor. 

Another conflicting situation may occur when considering the replacement of a motor 

driving an application with a growing torque-speed load curve. In such a case, it should 

be borne in mind that, the higher the motor efficiency class and rated power, the higher 

the shaft torque, the speed (lower slip), and the mechanical power delivered. 

Accordingly, it may happen that the reduction in power losses of the new motor (greater 
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rated power or better efficiency class) was less than the increase in the mechanical 

power in the shaft, which would lead to an increase in active power consumption 

[63,64]. For the sake of simplicity, the small change in the operating point (torque and 

speed or slip) has not been taken into account in this work. Nevertheless, in the design 

or project stage of a new application, the engineer can easily adjust the application to 

the chosen motor (greater rated power or better efficiency class); thus, the slight speed 

increase in the selected motor ought not to pose an issue [19]. 

As previously mentioned, the greater value of the optimized rated power leads the motor 

to operate with a reduced relative load, which means an extension to the expected motor 

lifetime, since a longer winding insulation and bearing lifetime are both expected. As a 

result of the lower operating temperature, an increase in the motor endurance to 

overloads or voltage unbalance can also be expected, as well as a better tolerance 

towards the effects of the harmonic distortion [19]. These all represent significant 

advantages of optimized rated power motors, since, as mentioned, reliability is the main 

focus of plant engineers. 

 

4.2 Sensitivity test 

In order to test the robustness of the solution suggested by the proposed method, an 

analysis of the influence of the main parameters on the solution for the reference case 

scenario is performed. Starting with the reference scenario, this test analyses the effect 

on the optimum rating of varying, across a broad range, ceteris paribus, the operational 

hours per year, T, the price of the energy, pE, the discount factor in the purchase cost, kd, 

the discount rate, d, and the lifespan, N. Figure 7 summarizes the results for IE3 motors. 

 Figure 7. IE3 motors. Optimum rated power for minimum energy loss, PR(ELmin), and minimum 

LCC, PR(LCCmin): Influence of the operating hours per year, T, the cost of energy, pE, the 

discount factor in the purchase cost, kd, the discount rate, d, and the life span, N. 

 

It can be observed that the proposed solution is highly robust since the optimum rated 

power for the minimum LCC only shifts from its value in the reference scenario, 

PR(LCCmin) = 45 kW, to PR(LCCmin) = 37 kW, when: 

• the operating hours per year are reduced to 5000 hours/year or fewer (first row 

below the graph), 

• the price of energy falls to 75 €/MWh or less, 
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• the discount in the purchase cost is null, 

• the discount rate increases up to 13% or more, and 

• the lifespan of the motor is reduced to less than 10 years. 

The optimum rating for minimum energy loss, PR(ELmin) = 45 kW, remains invariant for 

any change in the operational hours per year (not influenced by the remaining 

magnitudes). 

The results for the IE2 motor are even more robust as they stay within the reference case 

solutions for all the variations considered. In this case, the optimum rated power for the 

minimum LCC reached the value of the minimum energy loss, PR(LCCmin) = PR(ELmin) = 

37 kW, which prevents any capacity for improvement. 

 

4.3 Other tests 

The proposed optimal power rating method has also been tested for lower and higher 

mechanical loads and for two additional worldwide manufacturers of motors. Table 7 

summarizes the results for the energy loss and the LCC corresponding to five new cases 

with IE3 and IE2 motors [52,55]. The same percentage time-power profile in Figure 5 is 

considered for all these cases, but the 100% power load, P100%, has been adapted for 

every case. The first two columns of Table 7 indicate the 100% power load, P100%, 

which is considered for every case, and the corresponding value of the RMS power of 

the mechanical load, PRMS. The remaining columns summarize the results corresponding 

to the conventional RMS rated motor and the optimized results for minimum losses and 

minimum LCC corresponding to IE3 and IE2 motors. 

 

Table 7. Summary of results for the percentage time-power profile of Figure 5 and different 

values of the 100% power load, P100%. 

Load RMS IE2 IE3 

100% 

power 

P100%   

RMS 

power 

PRMS  

(kW) 

RMS 

rated 

power 

PR(RMS) 

(kW) 

Energy 

loss 

EL 

(MWh/y) 

Life-cycle cost 

│LCC│ (k€) 
Optimum 

rated power 

PR OTP
* 

(kW) 

Energy 

loss 

EL 

(MWh/y) 

Life-

cycle 

cost 

│LCC│ 

(k€) 

Optimum rated 

power 

PR OPT
* 

(kW) 

Energy 

loss 

EL 

(MWh/y) 

Life-

cycle 

cost 

│LCC│ 

(k€) (kW) IE2 IE3 IE2 IE3 

11 10.25 11 10.09 8.34 170.18 166.82 PR OPT = 18.5 8.91 168.32 PR OPT = 22 6.57 164.25 

27 24.93 30 17.73 14.43 399.97 394.72 PR OPT = 37 17.11 400.00 
PR(ELmin) = 45 13.49 393.88 

PR(LCCmin) = 37 13.61 393.59 

30 27.70 30 19.99 14.43 445.69 394.72 PR OPT = 37 18.78 443.77 PR OPT = 45 14.62 436.60 

33 30.47 37 20.62 16.74 487.86 480.63 PR OPT = 45 20.17 487.47 PR OPT = 45 15.86 479.54 

66 60.95 75 38.03 27.06 968.67 948.72 PR OPT = 90 30.80 956.18 
PR(ELmin) = 90 26.67 948.75 

PR(LCCmin) = 75 27.07 948.72 

150 138.52 160 60.14 51.27 2152.19 2136.01 PR OPT = 160 60.14 2152.19 PR OPT = 200 44.90 2126.39 

*PR OPT = PR(ELmin) = PR(LCCmin) 

 

It can be observed that, in the majority of instances (10 out of 12 occasions, 83.3%), the 

rated power of the optimized motor, with minimum losses and minimum LCC, are the 

same (PR(ELmin) = PR(LCCmin)). This coincidence occurs for all IE2 cases. When the 

minimum loss criterion is used, the optimum rated power is one step higher than the 

minimum RMS rated power on seven out of 12 occasions (58.3%), and two steps higher 

on three occasions (25%). When the minimum LCC criterion is used, the optimum rated 
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power is one step higher than the conventional RMS rated power on six occasions 

(50.0%), and two steps higher on three occasions (25%). 

Table 8 summarizes the results for energy loss corresponding to the same five new 

cases in Table 7, with motors from two different international manufacturers (Appendix 

C). The same time-power profile of Figure 5 has been considered for all of these cases. 

Here, only the minimum loss criterion has been used (and not that of the minimum 

LCC) because the price lists were not available. 

 

Table 8. Summary of results for the percentage time-power profile of Figure 5 and different 

values of the 100% power load, P100%. Data from the catalogues of two worldwide 

manufacturers of motors. 

Load RMS Optimized IE2 Optimized IE3 

100% 

power 

P100% 

(kW) 

RMS 

power 

PRMS  

(kW) 

Rated 

power 

PR(RMS) 

(kW) 

Energy loss 

EL (MWh/y) 

Optimum 

rated 

power 

PR(ELmin) 

 (kW) 

Energy 

loss 

EL 

(MWh/y) 

Optimum 

rated 

power 

PR(ELmin) 

(kW) 

Energy 

loss 

EL 

(MWh/y) IE2 IE3 

  Manufacturer A 

11 10.25 11 9.91 8.46 18.5 7.75 18.5 6.46 

27 24.93 30 17.22 11.17 45 14.33 55 11.71 

33 30.47 37 19.31 16.07 45 17.56 55 13.72 

66 60.95 75 32.84 26.69 110 32.66 132 23.51 

150 138.52 160 63.84 50.57 200 61.16 200 46.79 

  Manufacturer B 

11 10.25 11 9.75 8.12  22 7.91 15 7.19 

27 24.93 30 17.22 14.61 45 14.33 45 11.17 

33 30.47 37 20.62 16.64 45 20.17 45 15.86 

66 60.95 75 32.84 26.93 90 30.22 90 25.98 

150 138.52 160 57.88 50.70 200 56.68 200 47.25 

 

Table 8 shows that the rated power of the optimized motor for minimum losses is 

always higher than the conventional RMS rated power (PR(ELmin) > PR(RMS)). The 

optimum rated power is one step higher than the conventional RMS rated power in 60% 

of the instances, two steps higher in 25% of the instances, and even three steps higher in 

15% of the instances. 

As can be seen, for industry, the proposed techno-economic optimum rating 

methodology leads to selecting larger (“oversized”) motors, which will work with lower 

energy needs, under partial load and lower temperature (well under their maximum 

allowable limit, thereby lengthening their thermal life). This reduces the risk and the 

associated cost of unplanned downtime, as well as ordinary maintenance costs. The 

higher initial investment costs of optimum rated motors are largely compensated by the 

lower operating cost (electricity bill) throughout their whole lifespan. The adoption of 

the proposed techno-economic optimum rating methodology can also contribute 

towards meeting the commitment of compulsory or voluntary energy efficiency 

improvement plans [65]. 

From a social point of view, the proposed techno-economic optimum rating power 

methodology leads to the selection of motors of a more energy-efficient nature, which 

make a better use of energy and reduces CO2 emissions, thereby contributing towards 
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the achievement of both CO2 and efficiency targets in the EU’s climate and energy 

package [66]. 

 

5. Conclusions 

The currently high and increasing price of energy suggests the convenience of 

upgrading the selection of the rated power of electric motors from that of the 

conventional RMS method to new methods of a more sophisticated and informed 

nature. These methods need to integrate the economic aspect of the selection of the 

rated power, such as the minimum LCC method.  

A new methodology to determine the optimum power rating of a single-speed electric 

motor in order to drive a time-variable mechanical load has been introduced in this 

paper. The proposed methodology takes into account not only the technical restrictions, 

due to the power profile of the mechanical load, but also the energy consumption 

throughout the whole life of the motor: the net present value of purchasing, installing, 

operating (energy), maintaining and disposing of the motor over its life cycle. 

Accordingly, the proposed methods can be considered as an extension or evolution of 

the conventional RMS method, which integrates the economic aspects of the motor 

rating process. Based on the list of electric motors offered in the catalogue of a 

manufacturer, the new methodology enables the analytical determination of the rating of 

the motor which minimizes energy consumption (energy loss) throughout its in-service 

life and its total LCC. When the list price is not available, as is often the case, the 

optimal power rating of the motor based on the minimum loss criterion (whereby only 

the efficiency data from the technical catalogue are needed) provides a good estimation 

for optimal rating, based on the minimal LCC, since, very often, these two criteria lead 

to the same power rating. 

It has been shown that the points of intersection of the consecutive power-loss curves, 

PR n-n+1, limit the intervals of load power (RMS) in which each rated power motor 

displays the minimum losses. As those points are aligned into an almost straight line, 

they can be well represented by fitting a linear regression line. These points and their 

regression line can approximate the optimum rated power for minimum energy loss. It 

has also been shown that the optimum rated power for minimum energy loss provides a 

practical upper limit for the optimum rated power which minimizes the LCC. 

The results are highly robust and show that, for IE3 motors, the optimum rated power, 

for both minimum energy loss and LCC, always ends up as at least one step higher in 

the manufacturer’s catalogue than the rated power based on the RMS power; in fact, it is 

often two or three steps above.  

A rough extrapolation of the results from the IE3 case to the consumption by electric 

motors in the EU-28 sectors of industry and services should lead to an estimated 

potential energy saving of 7.48 TWh, an operating cost saving of 14.24 G€, and a 

saving in CO2eq emissions of 2.80 million t(CO2eq) (5.59 TWh, 9.90 G€ and 2.09 

million t(CO2eq) for the IE2 case) for 2015. 

In summary, the proposed techno-economic optimal rating method leads to the selection 

of larger (“oversized”) motors that work with a partial load, at a lower temperature (well 

under their maximum allowable limit, which lengthens their thermal life), thereby 

reducing the risk of periods of unplanned downtime and ordinary maintenance costs, 

and demanding and wasting less energy, averting the production of CO2 emissions, 

reducing overall costs, and improving competitiveness. 
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Appendix A. List Price of Motors 

Table A.1 shows the list price of IEC general-performance cast-iron, cage induction 

motors designed for low voltage (440 V, 50 Hz), IP 55, IC 411 and insulation class F 

(temperature rise class B) [57]. 
 

Table A.1. List price, CP (€), of IEC general-performance cast-iron, cage induction motors 

(CENELEC-design) designed for low voltage (440 V, 50 Hz), IP 55, IC 411 and insulation class 

F (temperature rise class B) [57]. 

Rated power 
Two poles 

(3000 r/m) 

Four poles 

(1500 r/m) 

Six poles 

(1000 r/m) 

Rated 

power 

Two poles 

(3000 r/m) 

Four poles 

(1500 r/m) 

Six poles 

(1000 r/m) 

PR (kW) IE2 IE3 IE2 IE3 IE2 IE3 PR (kW) IE2 IE3 IE2 IE3 IE2 IE3 

0.25   166  200  22 2316 2587 2337 2629 3380 3755 

0.37 171  186  222  30 2900 3213 3025 3338 4673 5153 

0.55 193  205  254  37 3797 4214 3651 4068 5633 6154 

0.75 232  240  303  45 4611 5070 4444 4882 6178 6707 

1.1 252  274  371  55 5633 6154 5716 5946 7557 8181 

1.5 299  323  377  75 6991 7576 6764 7331 10127 10939 

2.2 378  395  533  90 8408 9107 7897 8578 12167 13169 

3.0 447  472  665  110 10240 11072 9806 10599 14794 16041 

4.0 535  560  829  132 12375 13396 11827 12810 17665 19082 

5.5 697  717  1023  160 15360 16702 14302 15474 21916 23617 

7.5 867 996 903 1040 1406 1581 200 19271 20972 18157 19649 27396 29663 

11.0 1296 1458 1323 1490 1915 2170 250 24373 26262 22672 24373 33630 36276 

15.0 1686 1898 1717 1934 2399 2629 315 30607 33064 28718 31174   

18.5 2022 2295 1997 2232 2879 3192 355 34575 37220 32497 35142   

 

Table A.2 summarizes the approximation by linear regression fitting of the list price of 

motors in Table A.1. 

 

Table A.2. Linear fitting of the price list, CP (€), of IEC motors in Table A.1. 

 IE3 (premium efficiency) IE2 (high efficiency) 

Two poles 

(3000 r/m) 

CP(PR) ≈ 165.59 + 103.88·PR   

(R2 = 0.9994) 

CP(PR) ≈ 116.84 + 74.803·PR   

(R2 = 0.9955) 

Four poles 

(1500 r/m) 

CP(PR) ≈ 306.74 + 97.079·PR   

(R2 = 0.9994) 

CP(PR) ≈ 209.48 + 90.09·PR   

(R2 = 0.9995) 

Six poles 

(1000 r/m) 

CP(PR) ≈ 493.57 + 143.41·PR   

(R2 = 0.9994) 

CP(PR) ≈ 282.133 + 133.90·PR   

(R2 = 0.9996) 

 

Appendix B. Approximate Identification of the Power-loss Model and 

Purchase (List Price) Model 

When only two motors, rated PRA and PRB, are considered as candidates for the optimum 

rating (for example, motors rated PRA = 37 kW and PRB = 45 kW for the reference case 

in question), the coefficients of the power-loss model and the purchase-cost model can 

be easily calculated. Table B.1 summarizes the expressions. 
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Table B.1. Coefficients of the power-loss model and purchase (list price) model in the case of 

two motors rated PRA and PRB.  

Rated power 
Power losses 

PL(PR,Ppu) = kLF(PR) + kLV(PR)·P2
pu 

List price 

PR (kW) kLF   (kW) kLV   (kW) CP   (€) 

PRA kLFA kLVA CPA 

PRB kLFB kLVB CPB 

Approximation kLF(PR) ≈ kLFF + kLFV·PR kLV(PR) ≈ kLVF + kLVV·PR CP(PR) ≈ cPF + cPV·PR 

Coefficients  

· ·LFA RB LFB RA
LFF

RB RA

k P k P
k

P P

−
=

−
 

LFB LFA
LFV

RB RA

k k
k

P P

−
=

−
 

· ·LVA RB LVB RA
LVF

RB RA

k P k P
k

P P

−
=

−
 

LVB LVA
LVV

RB RA

k k
k

P P

−
=

−
 

· ·PA RB PB RA
PF

RB RA

C P C P
c

P P

−
=

−

PB PA
PV

RB RA

C C
c

P P

−
=

−
 

 

 

Appendix C. Efficiency Data on Motors 

Tables C.1 and C.2 summarize the efficiency data on general-performance, cast-iron 

motors designed for low voltage and four poles from manufacturers A and B, 

respectively. 

 

Table C.1. Cage induction motors from manufacturer A: efficiency data on general-

performance, cast-iron motors designed for low voltage (440 V, 50 Hz), four poles, IP 55, IC 

411 and insulation class F (temperature rise class B). 

 IE3 (premium efficiency) IE2 (high efficiency) 

Output 

kW 

Full load 

100% 

3/4 load 

75% 

1/2 load 

50% 

Full load 

100% 

3/4 load 

75% 

1/2 load 

50% 

0.75 82.5 82.3 80.0 79.6 80.2 78.0 

1.1 84.1 84.6 83.5 81.4 81.7 79.9 

1.5 85.3 85.9 84.9 82.8 83.5 82.0 

2.2 86.7 86.7 85.7 84.3 85.1 84.3 

3 87.7 87.7 86.7 85.5 86.7 86.0 

4 88.6 88.6 87.6 86.6 87.3 86.5 

5.5 89.6 89.6 88.6 87.7 89.0 87.7 

7.5 90.4 90.4 89.4 88.7 90.3 88.8 

11 91.4 91.4 90.4 89.8 90.9 90.8 

15 92.1 92.1 91.1 90.6 91.3 91.0 

18.5 92.6 93.2 93.2 91.2 92.0 91.9 

22 93.0 93.7 93.7 91.6 92.2 91.9 

30 93.6 94.3 94.4 92.3 92.8 92.6 

37 93.9 94.5 94.4 92.7 93.5 93.5 

45 94.2 94.9 95.1 93.1 93.8 93.7 

55 94.6 95.1 95.0 93.5 93.9 93.5 

75 95.0 95.3 95.0 94.0 94.2 93.8 

90 95.2 95.5 95.3 94.2 94.3 93.6 

110 95.4 95.8 95.5 94.5 94.6 94.0 

132 95.6 95.9 95.9 94.7 94.9 94.6 

160 95.8 96.1 96.1 94.9 95.0 94.5 

200 96.0 96.3 96.1 95.1 95.3 94.7 
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Table C.2. Cage induction motors from manufacturer B: efficiency data of general-performance, 

cast-iron motors designed for low voltage (440 V, 50 Hz), four poles, IP 55, IC 411 and 

insulation class F (temperature rise class B). 

 IE3 (premium efficiency) IE2 (high efficiency) 

Output 

kW 

Full load 

100% 

3/4 load 

75% 

1/2 load 

50% 

Full load 

100% 

3/4 load 

75% 

1/2 load 

50% 

0.75  82.5  82.0  80.0  89.0 89.0 88.7 

1.1  84.5  84.5  83.0  89.5 89.5 89.2 

1.5  85.5  86.0  84.0  90.2 90.2 89.0 

2.2  87.0  87.0  86.5  91.0 91.0 90.6 

3  88.0  88.0  87.0  91.6 91.8 91.5 

4  88.8  89.1  88.7  92.3 92.5 92.2 

5.5  89.7  89.6  89.0  92.8 93.0 92.6 

7.5  90.6  90.8  90.5  93.2 93.2 93.0 

9.2  91.0  91.0  90.3  93.6 93.7 93.2 

11  91.6  91.8  91.1  94.0 93.9 93.6 

15  92.3  92.5  92.2  94.4 94.4 93.8 

18.5  92.8  92.8  92.2  94.7 94.7 94.1 

22  93.2  93.0  92.3  95.0 95.0 94.3 

30  93.7  93.6  92.9  95.2 95.2 94.6 

37  94.1  94.0  93.4  95.4 95.4 95.0 

45  94.4  94.1  93.7  95.4 95.4 94.8 

55  94.7  94.7  94.3  95.6 95.6 94.9 

75  95.2  95.1  94.5  95.6 95.6 95.0 

90  95.4  95.4  94.9  95.7 95.7 95.2 

110  95.6  95.5  94.7  95.7 95.7 95.3 

132  95.8  95.7  95.1  95.8 95.8 95.4 

150  95.9  95.8  95.4  95.8 95.8 95.4 

160  96.0  95.9  95.2  95.8 95.8 95.5 

185  96.0  96.1  95.5  95.8 95.8 95.5 

200  96.0  96.3  96.0  95.8 95.8 95.5 

220  96.2  96.1  95.8  95.8 95.9 95.5 

250  96.2  96.2  96.0  95.8 95.9 95.5 

260  96.2  96.2  96.0  95.8 95.9 95.5 

280  96.2  96.0  95.9  95.5 95.0 94.5 

300  96.2  96.0  95.8  95.5 95.0 94.5 

315  96.3  96.3  96.1  89.0 89.0 88.7 

330  96.2  96.0  95.8  89.5 89.5 89.2 

355  96.5  96.5  95.9  90.2 90.2 89.0 

400  96.2  96.1  95.7  91.0 91.0 90.6 

450  96.2  96.1  95.8  91.6 91.8 91.5 

500  96.3  96.3  95.9  92.3 92.5 92.2 

 

 

 

 

 

 



 32 

References 

[1] Bertoldi, P., López-Lorente, J., Labanca, N., 2016; Energy Consumption and Energy Efficiency 

Trends in the EU-28 2000-2014; EUR 27972 EN; doi 10.2788/581574 

http://publications.jrc.ec.europa.eu/repository/handle/JRC101177 

[2] Anibal T. de Almeida, Joao Fong, Hugh Falkner, Paolo Bertoldi, Policy options to promote energy 

efficient electric motors and drives in the EU, Renewable and Sustainable Energy Reviews, Volume 

74, July 2017, Pages 1275-1286, ISSN 1364-0321, https://doi.org/10.1016/j.rser.2017.01.112. 

(http://www.sciencedirect.com/science/article/pii/S1364032117301223) 

[3] Eurostat. Supply, transformation and consumption of electricity - annual data [nrg_105a] 

http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nrg_105a&lang=en 

[4] EURELECTRIC - Union of the Electricity Industry, Power statistics and trends 2013 

http://www.eurelectric.org/media/113667/power_statistics_and__trends_2013-2013-2710-0001-01-

e.pdf 

[5] R. Saidur, A review on electrical motors energy use and energy savings, Renewable and Sustainable 

Energy Reviews, Volume 14, Issue 3, April 2010, Pages 877-898, ISSN 1364-0321, 

https://doi.org/10.1016/j.rser.2009.10.018. 

(http://www.sciencedirect.com/science/article/pii/S1364032109002494) 

[6] Directive 2009/125/EC of the European Parliament and of the Council of 21 October 2009 

establishing a framework for the setting of ecodesign requirements for energy-related products 

http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32009L0125&from=EN 

[7] Commission  Regulation  (EU)  No  4/2014 of  6  January  2014 amending   Regulation   (EC)   No   

640/2009   implementing   Directive   2005/32/EC   of   the   European   Parliament  and  of  the  

Council  with  regard  to  ecodesign  requirements  for  electric  motors. 

http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32014R0004&from=EN 

[8] Eurostat. Sold production, exports and imports by PRODCOM list (NACE Rev. 2) - annual data [DS-

066341] 

http://ec.europa.eu/eurostat/web/prodcom/data/database  

[9] de Almeida A, Falkner H, Fong J, Ecodesign Directive Preparatory Study - Lot 30: Motors and 

Drives Task 1: Product Definition, Standards and Legislation. Final, 2014, ISR-University of 

Coimbra for the European Commission (DGEnergy); 2014. 

http://www.eup-network.de/fileadmin/user_upload/EuP-LOT-30-Task-1-April-2014.pdf 

[10] Paul Waide and Conrad U. Brunner, Energy-efficiency policy opportunities for electric motor-driven 

systems, Working paper for the International Energy Agency, 2011. 

https://www.iea.org/publications/freepublications/publication/EE_for_ElectricSystems.pdf 

[11] Antonio Vanderley Herrero Sola, Caroline Maria de Miranda Mota, João Luiz Kovaleski, A model 

for improving energy efficiency in industrial motor system using multicriteria analysis, Energy 

Policy, Volume 39, Issue 6, June 2011, Pages 3645-3654, ISSN 0301-4215, 

https://doi.org/10.1016/j.enpol.2011.03.070. 

(http://www.sciencedirect.com/science/article/pii/S0301421511002643) 

[12] E.A. Abdelaziz, R. Saidur, S. Mekhilef, A review on energy saving strategies in industrial sector, 

Renewable and Sustainable Energy Reviews, Volume 15, Issue 1, January 2011, Pages 150-168, 

ISSN 1364-0321, https://doi.org/10.1016/j.rser.2010.09.003. 

(http://www.sciencedirect.com/science/article/pii/S136403211000290X) 

[13] R. Saidur, N.A. Rahim, M. Hasanuzzaman, A review on compressed-air energy use and energy 

savings, Renewable and Sustainable Energy Reviews, Volume 14, Issue 4, May 2010, Pages 1135-

1153, ISSN 1364-0321, https://doi.org/10.1016/j.rser.2009.11.013. 

http://publications.jrc.ec.europa.eu/repository/handle/JRC101177
https://doi.org/10.1016/j.rser.2017.01.112
http://www.sciencedirect.com/science/article/pii/S1364032117301223
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nrg_105a&lang=en
http://www.eurelectric.org/media/113667/power_statistics_and__trends_2013-2013-2710-0001-01-e.pdf
http://www.eurelectric.org/media/113667/power_statistics_and__trends_2013-2013-2710-0001-01-e.pdf
https://doi.org/10.1016/j.rser.2009.10.018
http://www.sciencedirect.com/science/article/pii/S1364032109002494
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32009L0125&from=EN
http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32014R0004&from=EN
http://ec.europa.eu/eurostat/web/prodcom/data/database
http://www.eup-network.de/fileadmin/user_upload/EuP-LOT-30-Task-1-April-2014.pdf
https://www.iea.org/publications/freepublications/publication/EE_for_ElectricSystems.pdf
https://doi.org/10.1016/j.enpol.2011.03.070
http://www.sciencedirect.com/science/article/pii/S0301421511002643
https://doi.org/10.1016/j.rser.2010.09.003
http://www.sciencedirect.com/science/article/pii/S136403211000290X
https://doi.org/10.1016/j.rser.2009.11.013


 33 

(http://www.sciencedirect.com/science/article/pii/S1364032109002755) 

[14] R. Saidur, S. Mekhilef, M.B. Ali, A. Safari, H.A. Mohammed, Applications of variable speed drive 

(VSD) in electrical motors energy savings, Renewable and Sustainable Energy Reviews, Volume 16, 

Issue 1, January 2012, Pages 543-550, ISSN 1364-0321, https://doi.org/10.1016/j.rser.2011.08.020. 

(http://www.sciencedirect.com/science/article/pii/S1364032111004308) 

[15] R. Saidur, T.M.I. Mahlia, Energy, economic and environmental benefits of using high-efficiency 

motors to replace standard motors for the Malaysian industries, Energy Policy, Volume 38, Issue 8, 

August 2010, Pages 4617-4625, ISSN 0301-4215, https://doi.org/10.1016/j.enpol.2010.04.017. 

(http://www.sciencedirect.com/science/article/pii/S0301421510002910) 

[16] Ildo L. Sauer, Hédio Tatizawa, Francisco A.M. Salotti, Sonia S. Mercedes, A comparative 

assessment of Brazilian electric motors performance with minimum efficiency standards, Renewable 

and Sustainable Energy Reviews, Volume 41, January 2015, Pages 308-318, ISSN 1364-0321, 

https://doi.org/10.1016/j.rser.2014.08.053. 

(http://www.sciencedirect.com/science/article/pii/S1364032114007291) 

[17] M. Thirugnanasambandam, M. Hasanuzzaman, R. Saidur, M.B. Ali, S. Rajakarunakaran, D. Devaraj, 

N.A. Rahim, Analysis of electrical motors load factors and energy savings in an Indian cement 

industry, Energy, Volume 36, Issue 7, July 2011, Pages 4307-4314, ISSN 0360-5442, 

https://doi.org/10.1016/j.energy.2011.04.011. 

(http://www.sciencedirect.com/science/article/pii/S036054421100260X) 

[18] Edson da Costa Bortoni, Are my motors oversized?, Energy Conversion and Management, Volume 

50, Issue 9, September 2009, Pages 2282-2287, ISSN 0196-8904, 

https://doi.org/10.1016/j.enconman.2009.05.004. 

(http://www.sciencedirect.com/science/article/pii/S0196890409001824) 

[19] Ferreira, F.J.T.E., Cisneros-González, M. & de Almeida, A.T., Technical and economic 

considerations on induction motor oversizing, Energy Efficiency, January 2016, Volume 9, Issue 1, 

pp 1–25. doi:10.1007/s12053-015-9345-3 

[20] B.C. Mecrow, A.G. Jack, Efficiency trends in electric machines and drives, Energy Policy, Volume 

36, Issue 12, December 2008, Pages 4336-4341, ISSN 0301-4215, 

https://doi.org/10.1016/j.enpol.2008.09.042. 

(http://www.sciencedirect.com/science/article/pii/S0301421508004461) 

[21] Agenor Gomes Pinto Garcia, Alexandre S. Szklo, Roberto Schaeffer, Michael A. McNeil, Energy-

efficiency standards for electric motors in Brazilian industry, Energy Policy, Volume 35, Issue 6, 

June 2007, Pages 3424-3439, ISSN 0301-4215, https://doi.org/10.1016/j.enpol.2006.11.024. 

(http://www.sciencedirect.com/science/article/pii/S0301421506004757) 

[22] Shyi-Min Lu, A review of high-efficiency motors: Specification, policy, and technology, Renewable 

and Sustainable Energy Reviews, Volume 59, June 2016, Pages 1-12, ISSN 1364-0321, 

https://doi.org/10.1016/j.rser.2015.12.360. 

(http://www.sciencedirect.com/science/article/pii/S1364032116000265) 

[23] Anibal T. de Almeida, Joao Fong, Hugh Falkner, Paolo Bertoldi, Policy options to promote energy 

efficient electric motors and drives in the EU, Renewable and Sustainable Energy Reviews, Volume 

74, July 2017, Pages 1275-1286, ISSN 1364-0321, https://doi.org/10.1016/j.rser.2017.01.112. 

(http://www.sciencedirect.com/science/article/pii/S1364032117301223) 

[24] M.D. de Castro e Silva, A.L. Ferreira Filho, A.B.F. Neves, M.V.B. Mendonça, Effects of sequence 

voltage components on torque and efficiency of a three-phase induction motor, Electric Power 

Systems Research, Volume 140, November 2016, Pages 942-949, ISSN 0378-7796, 

https://doi.org/10.1016/j.epsr.2016.03.051. 

(http://www.sciencedirect.com/science/article/pii/S0378779616301055) 

[25] Jawad Faiz, H. Ebrahimpour, P. Pillay, Influence of unbalanced voltage supply on efficiency of three 

phase squirrel cage induction motor and economic analysis, Energy Conversion and Management, 

http://www.sciencedirect.com/science/article/pii/S1364032109002755
https://doi.org/10.1016/j.rser.2011.08.020
http://www.sciencedirect.com/science/article/pii/S1364032111004308
https://doi.org/10.1016/j.enpol.2010.04.017
http://www.sciencedirect.com/science/article/pii/S0301421510002910
https://doi.org/10.1016/j.rser.2014.08.053
http://www.sciencedirect.com/science/article/pii/S1364032114007291
https://doi.org/10.1016/j.energy.2011.04.011
http://www.sciencedirect.com/science/article/pii/S036054421100260X
https://doi.org/10.1016/j.enconman.2009.05.004
http://www.sciencedirect.com/science/article/pii/S0196890409001824
https://doi.org/10.1016/j.enpol.2008.09.042
http://www.sciencedirect.com/science/article/pii/S0301421508004461
https://doi.org/10.1016/j.enpol.2006.11.024
http://www.sciencedirect.com/science/article/pii/S0301421506004757
https://doi.org/10.1016/j.rser.2015.12.360
http://www.sciencedirect.com/science/article/pii/S1364032116000265
https://doi.org/10.1016/j.rser.2017.01.112
http://www.sciencedirect.com/science/article/pii/S1364032117301223
https://doi.org/10.1016/j.epsr.2016.03.051
http://www.sciencedirect.com/science/article/pii/S0378779616301055


 34 

Volume 47, Issue 3, February 2006, Pages 289-302, ISSN 0196-8904, 

https://doi.org/10.1016/j.enconman.2005.04.009. 

(http://www.sciencedirect.com/science/article/pii/S0196890405001056) 

[26] Jawad Faiz, H. Ebrahimpour, Precise derating of three phase induction motors with unbalanced 

voltages, Energy Conversion and Management, Volume 48, Issue 9, September 2007, Pages 2579-

2586, ISSN 0196-8904, https://doi.org/10.1016/j.enconman.2007.03.023. 

(http://www.sciencedirect.com/science/article/pii/S019689040700091X) 

[27] P. Gnacinski, T. Tarasiuk, Energy-efficient operation of induction motors and power quality 

standards, Electric Power Systems Research, Volume 135, June 2016, Pages 10-17, ISSN 0378-7796, 

https://doi.org/10.1016/j.epsr.2016.03.022. 

(http://www.sciencedirect.com/science/article/pii/S0378779616300694) 

[28] J. Pedra, L. Sainz, F. Córcoles, Harmonic modeling of induction motors, Electric Power Systems 

Research, Volume 76, Issue 11, July 2006, Pages 936-944, ISSN 0378-7796, 

https://doi.org/10.1016/j.epsr.2005.10.015. 

(http://www.sciencedirect.com/science/article/pii/S0378779605002671) 

[29] M. Hasanuzzaman, N.A. Rahim, R. Saidur, S.N. Kazi, Energy savings and emissions reductions for 

rewinding and replacement of industrial motor, Energy, Volume 36, Issue 1, January 2011, Pages 

233-240, ISSN 0360-5442, https://doi.org/10.1016/j.energy.2010.10.046. 

(http://www.sciencedirect.com/science/article/pii/S0360544210006092) 

[30] Chun Chun Ni, Potential energy savings and reduction of CO2 emissions through higher efficiency 

standards for polyphase electric motors in Japan, Energy Policy, Volume 52, January 2013, Pages 

737-747, ISSN 0301-4215, https://doi.org/10.1016/j.enpol.2012.10.035. 

(http://www.sciencedirect.com/science/article/pii/S0301421512009160) 

[31] R. Saidur, N.A. Rahim, H.W. Ping, M.I. Jahirul, S. Mekhilef, H.H. Masjuki, Energy and emission 

analysis for industrial motors in Malaysia, Energy Policy, Volume 37, Issue 9, September 2009, 

Pages 3650-3658, ISSN 0301-4215, https://doi.org/10.1016/j.enpol.2009.04.033. 

(http://www.sciencedirect.com/science/article/pii/S030142150900281X) 

[32] Yunhua Li, Mingsheng Liu, Josephine Lau, Bei Zhang, A novel method to determine the motor 

efficiency under variable speed operations and partial load conditions, Applied Energy, Volume 144, 

15 April 2015, Pages 234-240, ISSN 0306-2619, https://doi.org/10.1016/j.apenergy.2015.01.064. 

(http://www.sciencedirect.com/science/article/pii/S0306261915001002) 

[33] M. Dems, K. Komeza, J-Ph. Lecointe, Variation of additional losses at no-load and full-load for a 

wide range of rated power induction motors, Electric Power Systems Research, Volume 143, 

February 2017, Pages 692-702, ISSN 0378-7796, https://doi.org/10.1016/j.epsr.2016.10.042. 

(http://www.sciencedirect.com/science/article/pii/S0378779616304394) 

[34] Mehmet Akbaba, Energy conservation by using energy efficient electric motors, Applied Energy, 

Volume 64, Issues 1–4, 1 September 1999, Pages 149-158, ISSN 0306-2619, 

https://doi.org/10.1016/S0306-2619(99)00051-3. 

(http://www.sciencedirect.com/science/article/pii/S0306261999000513) 

[35] Abdul Jabbar Memon, Muhammad Mujtaba Shaikh, Confidence bounds for energy conservation in 

electric motors: An economical solution using statistical techniques, Energy, Volume 109, 15 August 

2016, Pages 592-601, ISSN 0360-5442, https://doi.org/10.1016/j.energy.2016.05.014. 

(http://www.sciencedirect.com/science/article/pii/S0360544216305667) 

[36] Cássio Tersandro de Castro Andrade, Ricardo Silva Thé Pontes, Economic analysis of Brazilian 

policies for energy efficient electric motors, Energy Policy, Volume 106, July 2017, Pages 315-325, 

ISSN 0301-4215, https://doi.org/10.1016/j.enpol.2017.03.029. 

(http://www.sciencedirect.com/science/article/pii/S0301421517301738) 

https://doi.org/10.1016/j.enconman.2005.04.009
http://www.sciencedirect.com/science/article/pii/S0196890405001056
https://doi.org/10.1016/j.enconman.2007.03.023
http://www.sciencedirect.com/science/article/pii/S019689040700091X
https://doi.org/10.1016/j.epsr.2016.03.022
http://www.sciencedirect.com/science/article/pii/S0378779616300694
https://doi.org/10.1016/j.epsr.2005.10.015
http://www.sciencedirect.com/science/article/pii/S0378779605002671
https://doi.org/10.1016/j.energy.2010.10.046
http://www.sciencedirect.com/science/article/pii/S0360544210006092
https://doi.org/10.1016/j.enpol.2012.10.035
http://www.sciencedirect.com/science/article/pii/S0301421512009160
https://doi.org/10.1016/j.enpol.2009.04.033
http://www.sciencedirect.com/science/article/pii/S030142150900281X
https://doi.org/10.1016/j.apenergy.2015.01.064
http://www.sciencedirect.com/science/article/pii/S0306261915001002
https://doi.org/10.1016/j.epsr.2016.10.042
http://www.sciencedirect.com/science/article/pii/S0378779616304394
https://doi.org/10.1016/S0306-2619(99)00051-3
http://www.sciencedirect.com/science/article/pii/S0306261999000513
https://doi.org/10.1016/j.energy.2016.05.014
http://www.sciencedirect.com/science/article/pii/S0360544216305667
https://doi.org/10.1016/j.enpol.2017.03.029
http://www.sciencedirect.com/science/article/pii/S0301421517301738


 35 

[37] Marco Antonio de Paiva Delgado, Maurıcio Tiomno Tolmasquim, Analysis of a feasible tariff policy 

for the introduction of high efficiency electric motors in Brazil, Energy Conversion and Management 

43 (2002) 827–844 

[38] Jiaqi Xi, Mian Li, Min Xu, Optimal energy management strategy for battery powered electric 

vehicles, Applied Energy, Volume 134, 1 December 2014, Pages 332-341, ISSN 0306-2619, 

https://doi.org/10.1016/j.apenergy.2014.08.033. 

(http://www.sciencedirect.com/science/article/pii/S0306261914008368) 

[39] Yi-Hsuan Hung, Chien-Hsun Wu, A combined optimal sizing and energy management approach for 

hybrid in-wheel motors of EVs, Applied Energy, Volume 139, 1 February 2015, Pages 260-271, 

ISSN 0306-2619, https://doi.org/10.1016/j.apenergy.2014.11.028. 

(http://www.sciencedirect.com/science/article/pii/S0306261914011908) 

[40] Junqiu Li, Yihe Wang, Jianwen Chen, Xiaopeng Zhang, Study on energy management strategy and 

dynamic modeling for auxiliary power units in range-extended electric vehicles, Applied Energy, 

Volume 194, 15 May 2017, Pages 363-375, ISSN 0306-2619, 

https://doi.org/10.1016/j.apenergy.2016.09.001. 

(http://www.sciencedirect.com/science/article/pii/S0306261916313034) 

[41] Zutao Zhang, Xingtian Zhang, Weiwu Chen, Yagubov Rasim, Waleed Salman, Hongye Pan, 

Yanping Yuan, Chunbai Wang, A high-efficiency energy regenerative shock absorber using 

supercapacitors for renewable energy applications in range extended electric vehicle, Applied 

Energy, Volume 178, 15 September 2016, Pages 177-188, ISSN 0306-2619, 

https://doi.org/10.1016/j.apenergy.2016.06.054. 

(http://www.sciencedirect.com/science/article/pii/S0306261916308285) 

[42] Liang Li, Xujian Li, Xiangyu Wang, Jian Song, Kai He, Chenfeng Li, Analysis of downshift’s 

improvement to energy efficiency of an electric vehicle during regenerative braking, Applied Energy, 

Volume 176, 15 August 2016, Pages 125-137, ISSN 0306-2619, 

https://doi.org/10.1016/j.apenergy.2016.05.042. 

(http://www.sciencedirect.com/science/article/pii/S0306261916306365) 

[43] Lorenzo Rambaldi, Enrico Bocci, Fabio Orecchini, Preliminary experimental evaluation of a four 

wheel motors, batteries plus ultracapacitors and series hybrid powertrain, Applied Energy, Volume 

88, Issue 2, February 2011, Pages 442-448, ISSN 0306-2619, 

https://doi.org/10.1016/j.apenergy.2010.08.008. 

(http://www.sciencedirect.com/science/article/pii/S0306261910003247) 

[44] Eduardo Aparecido Moreira Falcão, Ana Carolina Rodrigues Teixeira, José Ricardo Sodré, Analysis 

of CO2 emissions and techno-economic feasibility of an electric commercial vehicle, Applied 

Energy, Volume 193, 1 May 2017, Pages 297-307, ISSN 0306-2619, 

https://doi.org/10.1016/j.apenergy.2017.02.050. 

(http://www.sciencedirect.com/science/article/pii/S0306261917301794) 

[45] Olivier Bethoux, Eric Laboure, Ghislain Remy, Eric Berthelot, Efficiency-optimal power partitioning 

for improved partial load efficiency of electric drives, Electric Power Systems Research, Volume 

142, January 2017, Pages 176-189, ISSN 0378-7796, https://doi.org/10.1016/j.epsr.2016.09.014. 

(http://www.sciencedirect.com/science/article/pii/S0378779616303662) 

[46] L.E. Hildebrand, Duty cycles and motor rating, Transactions on the American Institute of Electrical 

Engineers, October 1939, pp. 478-483. DOI:10.1109/T-AIEE.1939.5057989 

[47] K. C. Agrawal (Editor), Electrical Power Engineering Reference & Applications Handbook, CRC 

Press, 2007. 

[48] V. Dlamini, R. C. Bansal, R. Naidoo, A Motor Management Strategy for Optimising Energy Use and 

Reducing Life Cycle Costs, Journal of Power and Energy Engineering, 2014, 2, 448-456 Published 

Online April  2014 in Scientific Research.  

http://dx.doi.org/10.4236/jpee.2014.24060 

https://doi.org/10.1016/j.apenergy.2014.08.033
http://www.sciencedirect.com/science/article/pii/S0306261914008368
https://doi.org/10.1016/j.apenergy.2014.11.028
http://www.sciencedirect.com/science/article/pii/S0306261914011908
https://doi.org/10.1016/j.apenergy.2016.09.001
http://www.sciencedirect.com/science/article/pii/S0306261916313034
https://doi.org/10.1016/j.apenergy.2016.06.054
http://www.sciencedirect.com/science/article/pii/S0306261916308285
https://doi.org/10.1016/j.apenergy.2016.05.042
http://www.sciencedirect.com/science/article/pii/S0306261916306365
https://doi.org/10.1016/j.apenergy.2010.08.008
http://www.sciencedirect.com/science/article/pii/S0306261910003247
https://doi.org/10.1016/j.apenergy.2017.02.050
http://www.sciencedirect.com/science/article/pii/S0306261917301794
https://doi.org/10.1016/j.epsr.2016.09.014
http://www.sciencedirect.com/science/article/pii/S0378779616303662
http://dx.doi.org/10.4236/jpee.2014.24060


 36 

[49] Aníbal T. de Almeida, Fernando J. T. E. Ferreira, João Fong and Paula Fonseca, Ecodesign 

assessment of energy-using products - EuP Lot 11 motors. Final Report for the European 

Commission, February 2008. 

http://env-ngo.eup-

network.de/fileadmin/user_upload/Produktgruppen/Lots/Final_Documents/Lot11_Motors_FinalRepo

rt.pdf 

[50] IEC/TS 60034-31:2010, Rotating electrical machines - Part 31: Selection of energy-efficient motors 

including variable speed applications - Application guide. 

[51] CEE-Consortium for Energy Efficiency. Motor Efficiency, Selection, and Management. Guidebook 

for Industrial Efficiency Programs, September 2013 

http://www.motorsmatter.org/ceemotorguidebook.pdf 

[52] ABB, Low voltage General performance motors, 9AKK105789 EN 06-2016, 2016-08-10.  

https://library.e.abb.com/public/4ca17f3cdb064c97bb990b73673a038f/OBJ_DCL-49-003_new.pdf 

[53] IEC 60034-2-1: 2014, Rotating electrical machines - Part 2-1: Standard methods for determining 

losses and efficiency from tests (excluding machines for traction vehicles) 

[54] IEC 60034-30-1; 2014, Rotating electrical machines–Part 30-1: Efficiency classes of line operated 

AC motors (IE code) 

[55] ABB. Lista de Precios - Junio 2016: Motores de Baja Tensión (Price List – June 2016: Low Voltage 

Motors, in Spanish). 

http://new.abb.com/ 

[56] F. J. T. E. Ferreira, A. M. Silva and A. T. de Almeida, "Single-Phasing Protection of Line-Operated 

Motors of Different Efficiency Classes," in IEEE Transactions on Industry Applications, vol. 54, no. 

3, pp. 2071-2084, May-June 2018. doi: 10.1109/TIA.2018.2797884 

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8269339&isnumber=8360983 

[57] F. J. T. E. Ferreira, B. Leprettre and A. T. de Almeida, "Comparison of Protection Requirements in 

IE2-, IE3-, and IE4-Class Motors," in IEEE Transactions on Industry Applications, vol. 52, no. 4, pp. 

3603-3610, July-Aug. 2016. doi: 10.1109/TIA.2016.2545647 

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7439808&isnumber=7514285 

[58] Fernando J.T.E. Ferreira, Aníbal T. de Almeida, Induction motor downsizing as a low-cost strategy 

to save energy, Journal of Cleaner Production, Vol. 24, 2012, pp. 117-131, 

https://doi.org/10.1016/j.jclepro.2011.11.014. 

http://www.sciencedirect.com/science/article/pii/S0959652611004495  

[59] F. J. T. E. Ferreira, G. Baoming and A. T. de Almeida, "Reliability and Operation of High-Efficiency 

Induction Motors," in IEEE Transactions on Industry Applications, vol. 52, no. 6, pp. 4628-4637, 

Nov.-Dec. 2016. doi: 10.1109/TIA.2016.2600677 

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7544532&isnumber=7748589 

[60] Eurostat. Electricity prices for industrial consumers - bi-annual data (from 2007 onwards) [Eurostat 

code: nrg_pc_205] 

http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nrg_pc_205&lang=en 

[61] Eurostat. Long term government bond yields [Eurostat code: teimf050] 

http://ec.europa.eu/eurostat/tgm/table.do?tab=table&init=1&language=en&pcode=teimf050&plugin=

1 

[62] EC: Better Regulation "Toolbox", 2015. 

http://ec.europa.eu/smart-regulation/guidelines/docs/br_toolbox_en.pdf 

[63] A. T. De Almeida, F. J. T. E. Ferreira and A. Q. Duarte, "Technical and Economical Considerations 

on Super High-Efficiency Three-Phase Motors," in IEEE Transactions on Industry Applications, vol. 

50, no. 2, pp. 1274-1285, March-April 2014. doi: 10.1109/TIA.2013.2272548 

http://env-ngo.eup-network.de/fileadmin/user_upload/Produktgruppen/Lots/Final_Documents/Lot11_Motors_FinalReport.pdf
http://env-ngo.eup-network.de/fileadmin/user_upload/Produktgruppen/Lots/Final_Documents/Lot11_Motors_FinalReport.pdf
http://env-ngo.eup-network.de/fileadmin/user_upload/Produktgruppen/Lots/Final_Documents/Lot11_Motors_FinalReport.pdf
http://www.motorsmatter.org/ceemotorguidebook.pdf
https://library.e.abb.com/public/4ca17f3cdb064c97bb990b73673a038f/OBJ_DCL-49-003_new.pdf
http://new.abb.com/
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8269339&isnumber=8360983
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7439808&isnumber=7514285
https://doi.org/10.1016/j.jclepro.2011.11.014
http://www.sciencedirect.com/science/article/pii/S0959652611004495
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7544532&isnumber=7748589
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nrg_pc_205&lang=en
http://ec.europa.eu/eurostat/tgm/table.do?tab=table&init=1&language=en&pcode=teimf050&plugin=1
http://ec.europa.eu/eurostat/tgm/table.do?tab=table&init=1&language=en&pcode=teimf050&plugin=1
http://ec.europa.eu/smart-regulation/guidelines/docs/br_toolbox_en.pdf


 37 

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6556971&isnumber=6774484 

[64] A. T. de Almeida, F. J. T. E. Ferreira and G. Baoming, "Beyond Induction Motors—Technology 

Trends to Move Up Efficiency," in IEEE Transactions on Industry Applications, vol. 50, no. 3, pp. 

2103-2114, May-June 2014. doi: 10.1109/TIA.2013.2288425 

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6654353&isnumber=6816009 

[65] Ministerio de Industria, Energía y Turismo, 2016. Real Decreto 56/2016, de 12 de febrero, por el que 

se transpone la Directiva 2012/27/UE del Parlamento Europeo y del Consejo, de 25 de octubre de 

2012, relativa a la eficiencia energética (Royal Decree 56/2016 of 12 February, transposing Directive 

2012/27/EU of the European Parliament and of the Council of October 25, 2012 on energy 

efficiency, in Spanish.). BOE núm. 38, de 13 de febrero de 2016, pp. 11655-11681. 

https://www.boe.es/diario_boe/txt.php?id=BOE-A-2016-1460 

[66] EU 2020 Climate and Energy Package 

https://ec.europa.eu/clima/policies/strategies/2020_en 

 

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6556971&isnumber=6774484
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6654353&isnumber=6816009
https://www.boe.es/diario_boe/txt.php?id=BOE-A-2016-1460
https://ec.europa.eu/clima/policies/strategies/2020_en

