144

IEEE LATIN AMERICA TRANSACTIONS, Vol. 23, N. 2, FEBRUARY 2025

Economical Assessment of Industrial Motor
Replacement from the Perspective of Life Cycle Cost
Analysis

Antdnio J. Nogueira Jinior
Victor P. B. Aguiar

Abstract— The increasing concern about climate change has
underpinned global efforts toward the reduction of greenhouse
gas emissions (GHGs). In this sense, energy efficiency actions
(EEAs) are interesting solutions that have been expanding over
the years in the industrial sector. Replacing low-efficiency
electric motors with high-efficiency counterparts is a ubiquitous
action in this sense. However, they still have an excessive cost,
making it necessary to perform a proper technical-economic
analysis to determine the feasibility of the action. For this
purpose, life cycle cost analysis (LCCA) has proven to be an
excellent alternative for economic viability verification of EEAs
because this methodology considers expenses throughout the
entire life cycle of the project or equipment. Considering
decision-making involving optimization, this work proposes a
methodology to calculate the present residual value at the end of
the life cycle, considering the service time of motors and the
chosen study period for the project. Two case studies involving
predicted theoretical situations are simulated, and the impact of
service time on the replacement of a 50-CV, four-pole motor and,
40-CV in a local industry is assessed. It is observed that Net
Savings are affected by the study period when replacement
occurs in terms of a low-power high-efficiency motor since such
action can lead to different service times. Overall, the improved
LCC applied to induction motors replacement proves to be a
good method for predicting the residual value, whereas the
results show that different service times are necessary to
maximize net savings and the residual cost in the same case.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/8823

Index Terms— energy efficiency, industrial economics, life
cycle cost, service time, three-phase induction motors.

. INTRODUCTION

HE industrial sector accounts for 32.3% of end
electricity consumption in Brazil, with great
potential for the application of energy efficiency
actions (EEAs). The energy consumed by the currently
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operating driving force represents 68% of the total consumption.
Overall, electric motors represent approximately 30% of the
country’s energy consumption. The three main EEAs in this
scenario include the use of efficient drives (frequency converters,
voltage regulators), matching the motor and load powers, and
using high-efficiency motors [1].

In the context of standardization criteria and labeling
procedures conducted on high-efficiency motors since 1993 [2],
minimum energy performance standards (MEPSs) yielded a
significant reduction in energy consumption. In 2002, with the
Energy Efficiency Act already in force, three-phase induction
motors were the first equipment to comply with minimum
performance standards in Brazil [3]. In 2005, through
Interministerial Ordinance No. 553/2005 of the Ministry of
Mines and Energy (MME), the adoption of minimum efficiency
levels for three-phase induction motors manufactured from
December 2009 became mandatory with the introduction of two
categories: standard and high-efficiency motors (equivalent to
IE2) [4].

Ordinance no. 1 issued by the MME established in 2017 that
the minimum efficiency level for three-phase induction motors
with a squirrel-cage rotor should be of type IR3 (equivalent to
premium or IE3). This ordinance came into effect in August
2019 [5]. Thus, it is reasonable to state that Brazil is undergoing
an energy transition scenario in which such motors play a
significant role. Therefore, the replacement of traditional motors
in operation with high-efficiency counterparts is an acceptable
practice, provided that: (I) the process follows the analysis of
motor loading; (II) there is proper technical justification for the
replacement with a motor with lower rated power; and (III)
another concise criterion is used for the replacement [6].

Life cycle cost analysis (LCCA) is an economic assessment
measure recommended by the US government for energy
conservation and energy efficiency projects [7]. LCCA finds
applications in various fields, including wind farm maintenance
management [8], wind turbine converter selection [9],
determining the most cost-effective transmission line
installations [10], assessing the cost-effectiveness of naturally-
ventilated industrial transformers compared to forced-air ones
[11], economically measuring the impact of electric vehicle fleets
in specific locations [12], sensitivity analysis of parameters on
the optimal cost of photovoltaic water pumping systems [13],
evaluating the viability of hybrid electric tractors for agriculture
[14], and assessing the economic feasibility of energy efficiency
public policies, among other applications [15] [16] [17].
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Recently, LCCA has emerged as a powerful tool in studies
concerning SCIM replacement. It demonstrates the cost-
effectiveness of various motor retrofitting methods,
highlighting the rewinding [19].

Considering that the service period of motors varies
according to the nominal power [19] [16] and that the
replacement with high-efficiency units can be carried out
while maintaining, reducing [20] [21], or even increasing
the nominal power [6], the service times of low-efficiency
and high-efficiency motors may differ in practice if the
rated power of high-efficiency motor is reduced and has a
different service time. These differences in service times are
statistical measurements of motors populations in
regions/countries for government use. Therefore, it may
result in a residual value at the end of the life cycle cost
analysis (LCCA), thus justifying economic studies on the
subject.

In this context, the objective of this work is to determine
the residual value in processes where low-efficiency motors
are replaced with high-efficiency ones while taking the
service times into account in the analysis. The latter
parameter is crucial for investors as it quantifies the present
value of the asset, providing relevant information for
decision-making and partially addressing economic issues
regarding estimating the resale value of reconditioned
motors as mentioned in [5].

II. LCCA — LIFE CYCLE COST ANALYSIS

LCCA is an economic evaluation tool that encompasses
all costs associated with the life cycle of equipment or
processes, making it an efficient method for assessing the
feasibility of engineering actions. Economic feasibility
study through LCCA occurs over periods. The time or study
period is the duration during which the project’s feasibility
is assessed. In other words, this is the period over which a
specific engineering action is analyzed from the economic
viewpoint. The service time or period is the duration during
which the engineering action is in operation [22]. Figure 1
represents the periods involved in LCCA.

LCC Database

Study Period —m—m——>
Service Period ——————y

Neyele

Fig. 1. Periods involved in LCCA [22].

The life cycle cost of a three-phase induction motor is
given by (1).
Crcc =Cr+ Cp+ Cogm + Crep — Cres, 1)

where Cj is the present value of the investment, Ck is the

present value of the consumed energy cost, Cosu is the present
value of the operation and maintenance cost, C,., is the present
value of the replacement cost, and Ci. is the present value of the
residual cost at the end of the life cycle [19] [16] [7].
The energy cost Cr for supplying a three-phase induction
motor is calculated from (2).
c 0736 B"L-T-H @
By n(L) '
where P, is the rated power in HP, L is the motor loading in pu, 7
is the electricity tariff in R$/kWh, H is the number of operating
hours per year, and #(L) is the motor efficiency as a function of
loading [7].

To perform LCCA, it is necessary to represent costs in terms
of the net present value (NPV). Thus, the NPV of electrical
energy cost (NPVcg) is represented in (3), where € is the real
escalation rate, d is the discount rate, and 7.y is the study period
in years.

Ncycle

1+&\
NPV = |— 3
= ), () ®
t=1
The NPV of the investment cost (NPV¢y) is obtained from (4).
Cr
NPVe = ————
VCI (1 + d)t ) (4)

where ¢ is the investment period in years, also considering that an
initial investment is required before the equipment operation
begins, i.e., t =0.

The remaining costs mentioned in (1) are neglected in this
study. The only exception is residual cost, which will be
calculated in the next section. This is a valid assumption because
maintenance and replacement costs are considered to be the same
for both low- and high-efficiency motors, yielding a net balance
equal to zero in the economic feasibility analysis. This premise is
reasonable given that the maintenance schedule for the motors is
the same, while there is no technological discrepancy in the parts
replaced in both cases.

III. NET SAVINGS

Net savings is a supplementary economic performance
measure calculated from the difference between the life cycle
costs of the base and alternative cases, which consist of the low-
and high-efficiency motors, respectively in this study [22]. Since
costs are projected over a future study period, they are assessed
in present value terms relative to the study’s outset. Therefore,
one can define net savings NS as in (5).

NS = NPV,p — NPVyg, (5)

where NPV g and VPLyg are the NPVs of the low-and high-
efficiency induction motors, respectively.

IV. LCCA APPLIED IN THE REPLACEMENT OF INDUCTION
MOTORS

A. This section addresses the application of LCCA in the
replacement of low-efficiency motors with high-efficiency ones
based on simple and straightforward criteria. The service time is
assumed to be the same for both types of motors, but different
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from the study period. In addition, the economic feasibility
analysis is carried out considering the net savings.

A. Service Times Shorter Than The Study Period
In this specific case, according to (3) and (4), the NPV
of low-efficiency motors considering a service time mg

shorter than 7.,.. can be calculated from (6).
mLg

146\
NPV g = Z CE_LE' (1+—d) + IO_LE +
t=1
Ncycle . 1 n é ¢ I 1 mLg
Z ELE <1+d) Tlose <1+d) (6)
mpg+1
2-mLg .t
1+é
£ 3 e ()}
t=ncyclet1

where Cg ¢ and Iy ;¢ are the energy cost and investment
cost of the low-efficiency motor, respectively. To complete
the study period, it is necessary to purchase a new motor,
and a new service time starts in mzg+1, until 2.mg.

Considering that the service time of high-efficiency
motors myg is shorter than the study period, one can
calculate NPVyg from (7).

MHE

NPVHE = Z

t=1
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t=Ncycletl

where Cg ue and Iy yp are the electrical energy cost and
investment cost of the high-efficiency motor, respectively.
To complete the study period, it is necessary to purchase a
new motor, and a new service time starts in mpyg+1, until
2.mHE.

Substituting (6) and (7) in (5), as well as considering that
both motors have the same service time mig = mug = m,

one can calculate the net savings NS as in (8).
Ncycle

N [CTET™! (i%;)] +

Hid)m ®)

NS =

(IO_LE - IO_HE) + (IO_LE - IO_HE) ' <

2-m
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Considering the equalities in (9) and (10) and substituting
both equations in (8) yields (11).

ACg = CE_LE - CE_HE' 9

Al = lo ug — lo_1es (10)
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—) + (11)

> oo (53)]

t:ncycle+ 1

Thus, it is observed that NS is composed of three terms as
represented in (12)—(14).

- 3o (23]

1+d
Ncycle 1+a ¢ (12)
e
+ ) [(ACE)' (t+a) ]

m+1

Cl = (Aly) + (AIO)-<1+—d> , (13)
1
R = [(ACE) (T d)] (14
t= ncycle+1

where CE is the net electrical energy cost, CI is the net
investment cost, and CR is the net residual cost or active residual
cost. In addition, equations (12)—(14) take into account that the
service time is greater than half the study period, resulting in
initial and intermediate investments.

B. Service Times Longer Than The Study Period

Using the same criterion adopted in Section IV.A, one can
calculate the NPV for the low-efficiency motor corresponding to
NPV 15 considering that the service time differs from the study

period (neyere < mrg) from (15).
Neycle

NPV’ g = Z Ce i+ ] + I+
t=1 .
Mg (15)
Ce g ( ) ]
t=ncyclet+1

Similarly, the NPV for the low-efficiency motor
corresponding to NPV g considering neye < mpug is defined in

(16).

Ncycle ot
, 1+é
NPV yp = Z CE_HE' <1+d> + IO_HE+
t=1
— (16)

c (1 + é)t
EHE \1+4d/ |
t=ncyclet1

Substituting (15) and (16) in (5), also considering (9) and (10),
and assuming that the low- and high-efficiency motors have the
same service time (mbr = mar = m’) gives (17)—(19).

Ncycle

- 3 Jeeo- (53)|

(17)
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Cr = Al,, (18) residual value.
m’ 148\t B. Case 2: muyg < Neyele < Mie
CR' = Z [(ACE) : (1 T d> ] , (19)  In this case, one can determine the NPV for the low-efficiency
t=Tcycle+1 motor  NPVigp from (3) and (4)  considering

mue < Heyele < mpg, resulting in (23). Fig. 3 shows the intervals
associated with the LCCA for case 2.

MHE

where CE’ is the net electrical energy cost, CI’ is the net
investment cost, and CR’ is the net residual cost or active

residual cost. 1+&\
NPV g, = Z Cee- (—1 +d> + Io g+
V. DIFFERENCES BETWEEN THE SERVICE TIMES OF MOTORS =1
AND THE STUDY PERIOD Meycle 1486 t
This section presents the LCCA applied in three case Z Cee- (—1 n d) ] + (23)
studies while considering distinct service times for the t=mpg+1
motors and study time. mHE .t
1+é
A. Case 1: myg < mrg < Hceycle Z CE_LE . (1 + d) '
Using the same criteria adopted in Section IV, one can t=neycletl
calculate NPV;ig and NPVye from (6) and (7), respectively,
considering that the service time differs from the study
period. Fig. 2 shows the service times of the assessed LCC Database
motors. Study Period —————
My —
m,, >
LCC Database I I I I I I | I I I
Study Perioed ——8—p 01234567829 Aot
My, > . ‘
Year
m,, =3
| | I I I I | I I Fig. 3. Service times defined for case 2.
0123456789 Reyele
Year The NPV for the high-efficiency motor NPVyg: considering
MuE < Neyele < My 1s given by (24).
Fig. 2. Service times defined for case 1. MHE 1+6 t
. . o NPVis2 = [C (r+a) ]* fong +
Substituting (6) and (7) in (5) and considering =

mug < mrg < Aeyele gives (20)—(22). Meyete . m
Neycle L4ant Z [C <1+é>]+1 < 1 > HE o9
é EHE (733 0HE |7 175
CE, = Z (ACy) - ( ) ] (20) on 1+d 1+d
1+d
- o 148\
1 \™E + Z Crar (—e) .
ChL = (Aly) — (10 LE) ' <—> + Ear = \1+d
- 1+d (21) t=ncyclet1
( I ) . ( 1 )mHE Substituting (23) and (24) in (5), one can determine NS, which
0-HE 1+d ’ consists of the terms defined in (25)—(27).
n
2-myg cycle a
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where CE; is the net electrical energy cost, CI; is the net ~ 1+d
investment cost, and CR; is the net residual cost or active t=neycletl 27)
residual cost. 2 Myg At
. . . . . 1+é
This section considers that the service times of both Z Ce ue* (—) ] ,
motors are longer than half the study period, yielding initial t=mig+1 1+d

and intermediate investments for the accurate calculation of
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where CE> is the net electrical energy cost, CI; is the net
investment cost, and CR; is the net residual cost or active
residual cost.

It is noteworthy that the equations were derived for the
specific case in which the service time of the high-
efficiency motor is shorter than the study period, yielding
initial and intermediate investments.

C. Case 3: neyele < mug < mpg

Using the same criteria adopted in Sections V.A and V.B,
one can determine the NPV for the low-efficiency motor
NPV, g3 considering neyere < mpg from (28). Fig. 4 shows the

intervals associated with the LCCA for case 3.
Ncycle

148\
NPV g; = Z CE_LE' (1+—d) + [O_LE +
t=1
mLg ot
c ' (1 + e)
ELE \1+d)’

Similarly, one can calculate the NPV for the high-

efficiency motor NP Vs considering neyere < mpyg from (29).
Ncycle

148\
NPVygs = Z CE_HE' <1+—d> + [O_HE +
t=1
148\
ons (T5)

Substituting (28) and (29) in (5), it is possible to
determine NS from (30).

(28)

t=1’lcycle+1

29

MHE

t=ncyclet+1
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Fig. 4. Service times defined for case 3.
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The terms that constitute (30) can be determined from (31)—
(33).

Ncycle ¢
+
CE; = Z (ACE) - (1+_d) ] (31)
t=1

Cl; = (Aly) (32)

i 1+6\

CR3 - t=n;cle+1 [(ACE) <1 + d> ] "

- (33)

VI. METHODOLOGY

From the equations presented in Section IV, it is possible to
perform a techno-economic feasibility analysis for distinct
service times of the motors, aiming to determine the residual
value. Thus, the methodology employed in this work consists of
analyzing the replacement of motors with different service times
and comparing the results with the replacement of motors with
identical service times. For this purpose, based on [7-8], it was
found that the average service times of the 50-CV and 40-CV
motors are 25 and 20 years in Brazil, respectively. To meet this
requirement, three case studies (CS) were simulated, where the
first and second CS (CS A and CS B) are about motor
replacement in Brazil and the third, CS C, is a 40-CV and 60-CV
motor replacement in Europe. The service time in this region is
about 15 years:

e CS A: Replacement of a low-efficiency 50-CV motor
(IR2) with a high-efficiency 40-CV motor (IR3),
whereas the motors have different service times;

e CS B: Replacement of a low-efficiency 50-CV motor
(IR2) with a high-efficiency 50-CV motor (IR3),
whereas the motors have identical service times and,

e CS C: Replacement of a low-efficiency 40-CV motor
(IE2) with a high-efficiency 60-CV (IE3), whereas the
motors have identical service times.

The technical data of the motors regarding loading, efficiency,
and rated current are provided in [9-10] and presented in Table I
and II. Data regarding motor costs and their respective service
times are available in [7-8] and presented in Table III and IV. In
Table IV, an unusual discount rate of 5% is observed in
economic analysis. However, it’s maintained 5% because the
case study carried out in [19] presents 5% as the discount rate
used in the economic analyses carried out in the paper (Europe).
Additionally, the exchange rate between dollars and reais is R$
5.18 for every $1.00 plus 3% of the transaction value, resulting
in the parameter summarized in Table I.
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TABLE1
ELECTRICAL PARAMETERS OF THE THREE-PHASE INDUCTION MOTORS IN CS A AND CS B
Rated Power Seferce Current Loading Efficiency Cost Cost
Motor Type ©v) Time ) (pu) %) (USS) (RS)
(years) p ¢
IR2 / four poles 50 25 37.96 0.481 91.05% 3383.74 18,053.61
IR3 / four poles 40 20 34.09 0.531 92.70% 3601.46 19,215.23
IR3 / four poles 50 25 36.46 0.424 92.40% 3992.81 21,303.24
TABLE I1
ELECTRICAL PARAMETERS OF THE THREE-PHASE INDUCTION MOTORS IN CS C
Rated Power Sgrvnce Current Loading Efficiency Cost Cost
Motor Type ©v) Time ) (pw) %) (USS) RS)
(years) p ¢
IE2 / four poles 40 15 - 0.923 91.04% 3275.92 17,478.34
1E3 / four poles 60 15 - 0.616 95.72% 4986,96 26,607.42

Economic quantities such as the escalation rate, discount
rate, and the industrial electrical energy tariff in the Brazilian
Northeast region are presented in [19] [16] [21] [7] and in
Table III. The escalation rate é adopted in the present study is
the one adopted in the Brazilian Northeast region, while the
average tariff was determined from updated data [9-10].
Additionally, the discount rate used is the one recommended
for energy efficiency actions, which is equal to 12% [23].
Table I1I presents the aforementioned data for CS A and CS B
and Table IV presents European economic data available for
CS C in this situation.

The operating cycle of the motor is four thousand hours per
year, considering a daily regime of around 12 hours per day
[9-10] [7].

VII. RESULTS AND DISCUSSION

After collecting the aforementioned data, the net savings
were calculated for three different study periods: 15, 22, and
30 years. The equations from Sections IV and V were used for
analyzing the CS defined in Section VI considering the service
time of the motors and the study period for each condition.
Tables V, VI and VII show the results obtained, while Tables
VIII, IX and X present the costs involved in LCCA for the
assessed cases.

TABLEIII
ECONOMIC QUANTITIES ADOPTED FOR CS A AND CS B

Escalation Rate

. Discount Average
i:gzg::;s]tg:g:)m’ Rate Energy Tariff
o (%) (R$ / kWh)
(%)
2.35% 12.00% 0.45608

Analyzing CS A in accordance with Tables V and VIII,
where the service time of the low-efficiency motor is longer

than that of the high-efficiency motor, it is observed that the
net savings vary according to the study period.

TABLE IV
ECONOMIC QUANTITIES ADOPTED FOR CS C
Escalation Rate (EU, Discount Average
Industrial Class) Rate Energy Tariff
(%) (%) (R$ / kWh)
2.91% 5.00% 0.80

The study periods of 15 and 30 years showed satisfactory
results. However, the 22-year period yielded net savings
relatively lower than its counterparts.

TABLE V
NET SAVINGS CALCULATED FOR CS A

50-CV Motor (IR2) — 40-CV Motor (IR3)

Study Period Net Savings

15 years RS 48,345.29
22 years R$21,971.31
30 years R$ 39,780.44

As for the costs, a high residual value is observed for the
15-year study period, as well as a negative residual value for
the 22-year period. Because the study period is shorter than
the service times of the motors, it yields a potential asset for
the motors represented in terms of the residual cost.

In the second case, requiring a second investment in the
high-efficiency motor, followed by the study period ending in
two subsequent periods, leads to a negative impact on the
residual cost.

The results for CS B are given in Tables VI and IX, where
the service time of the low-efficiency motor is equal to that of
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the high-efficiency motor. It is observed that the net savings
are marginally influenced by the study period. However, the
residual cost changes based on the study period, resulting in
lower costs as the study period is extended beyond the service
time. The asset value at the end of the cycle can influence
decision-making and serve as a benchmark to determine the
ideal study period for maximizing net savings.

TABLE VI
NET SAVINGS CALCULATED FOR CS B

50-CV Motor (IR2) — 50-CV Motor (IR3)

Study Period Net Savings

15 years RS 34,155.23
22 years R$ 36,065.92
30 years R$ 35,874.76

Finally, the results for CS C are shown in Tables VII and X.
The net savings shows a valuable cost-effectiveness. One
explanation is the high efficiency of the IE3 motor compared
to the 40-CV motor, even with low load. Furthermore, In the
year 15 and year 30 there is no residual cost. This happens
because the service time of the motors are the same in year 15,
and in year 30 there the same situation occurs (would be a
second life cycle cumulatively on analysis).

TABLE VII
NET SAVINGS CALCULATED FOR CS C

40-CV Motor (IE2) — 60-CV Motor (IE3)

Study Period Net Savings
15 years R$ 51,313,40
22 years R$ 91,479.80
30 years R$ 91,479.80
TABLE VIII

CosTs INVOLVED IN LCCA FOR CS A

50-CV Motor (IR2) — 40-CV Motor (IR3)
Study

Period CE (4 CR

15 years R$32,772.93  R$1,161.62 RS$16,733.99

22 years R$ 36,784.96  R$3,153.60 RS -11,660.05

30 years R$ 38,760.42 R$2,091.63 R$3,111.66
TABLE IX

CosTs INVOLVED IN LCCA FOR CS B

50-CV Motor (IR2) — 50-CV Motor (IR3)
Study

Period CE a CR

15 years R$32,481.82 R$3,249.63 R$4,923.04
22 years R$ 36,458.22 R$3,586.51 R$2,857.33
30 years R$ 38,416.13  R$3,440.79 RS 899.42
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TABLE X
CosTS INVOLVED IN LCCA FOR CS C

40-CV Motor (IE2) — 60-CV Motor (IE3)
Study

Period CE a CR

15 years R$59,868.60 RS 3,249.63 R$ 0.00

22 years RS 82,197.67 R$ 12,670.40 R$ 21,952.52
30 years R$104,150.20 R$12,670.40 R$0.00

VIII. CONCLUSION

This work has presented a mathematical framework that
extracts, from real case studies involving different service
times evaluated in an economic analysis, a study period that
maximizes net savings and residual cost, the latter being a key
factor in determining the resale costs of refurbished motors. A
methodology for calculating the residual value considering a
hypothetical situation in which low-efficiency motors replace
high-efficiency ones was presented. Three case studies were
assessed in detail: the simple and straightforward replacement
of a motor with another with the same power ratings and high
efficiency (CS B); replacement of a low-efficiency motor with
another with a lower rated power (CS A) and replacement of a
low-efficiency motor with another with higher rated power
(CS C).

It has been demonstrated that the chosen study period for
economic analysis directly influences the metrics, as well as
the service time of the motors used in the process. CS A
considers a study period of 22 years, that is, longer and shorter
than the service times of the low- and high-efficiency motors
corresponding to 25 and 20 years, respectively. Under this
condition, net savings are the lowest, while the residual cost is
negative. In turn, the analysis of CS B, in which the motors
have the same service time, net savings change little, while the
shorter the study period, the higher the residual cost. Looking
for CS C the motors service time are equals, the residual cost
is high in the beginning of motor’s lifespan, and it decreases
up to zero where service time is equal to study period.

The necessity for a more comprehensive simulation arises
from these preliminary results. This involves varying the study
period year by year to derive a function and subsequently
identify the maximum and minimum values for net savings
and residual cost. Since this exceeds the scope of the present
study, evaluating the motor replacement technique outlined in
[6] will be the focus of future research. Consequently,
additional data can be collected, enabling investors to
monetize the asset value over their desired period.

REFERENCES

[1] BRASIL. Ministry of Mines and Energy. National Energy
Balance 2021: Base year 2020. Energy Research Company. Rio
de Janeiro: EPE, 2021. Available:
<https://www.epe.gov.br/sites-pt/publicacoes-dados-
abertos/publicacoes/PublicacoesArquivos/publicacao-
675/topico-638/BEN2022.pdf> — Accessed: 20 Mar. 2023.



NOGUEIRA et al.: ECONOMICAL ASSESSMENT OF INDUSTRIAL MOTOR REPLACEMENT 151

(2]

[10]

[12]

[13]

[14]

[15]

[16]

[17]

USA. Department of Energy. Energy Policy Act 1992(EPAct
1992). Available: <https://afdc.energy.gov/files/pdfs/2527.pdf>.
Accessed: 12 May 2023.

BRASIL. Decree No. 4,508, dated December 11, 2002. Decree
regulating the minimum efficiency levels of three-phase
induction electric motors in Brazil. Brasilia, December 11, 2002.
Available:
<https://www.planalto.gov.br/ccivil_03/decreto/2002/d4508.htm
>, Accessed: 21 Mar. 2023.

BRASIL. Ministry of Mines and Energy. National Energy Plan
2030 / Ministry of Mines and Energy; Collaboration with
Energy Research Company. Brasilia, 2007.

Y. Yorozu, M. Hirano, K. Oka, and Y. Tagawa, “Electron
spectroscopy studies on magneto-optical media and plastic
substrate interface,” IEEE Trans. J. Magn. Japan, vol. 2, pp.
740-741, August 1987 [Digests 9th Annual Conf. Magnetics
Japan, p. 301, 1982.

BRASIL Ministry of Mines and Energy, Ministry of Science,
Technology, Innovations and Communications, and Ministry of
Foreign Trade and Services. Interministerial Ordinance No. 1,
June 29, 2017 - Three-Phase Induction Electric Motors Goals
Program. Brasilia, Distrito Federal, 2017. Available:
https://www.gov.br/mme/pt-br/assuntos/conselhos-e-
comites/cgiee/arquivos/portarias/2017-portaria-interministerial-
mme-mctic-mdic-n_1-2017-motores-eletricos-trifasicos.pdf.

FULLER, S. K.; PETERSEN, S. R. Life-Cycle Costing Manual
for the Federal Energy Management Program. NIST Handbook
135. 2022 edition.

J. Nilsson and L. Bertling, “Maintenance Management of Wind
Power Systems Using Condition Monitoring Systems—Life
Cycle Cost Analysis for Two Case Studies," in IEEE
Transactions on Energy Conversion, vol. 22, no. 1, pp. 223-229,
March 2007, doi: 10.1109/TEC.2006.889623.

H. Li, L. Qu and W. Qiao, “Life-cycle cost analysis for wind
power converters," 2017 IEEE International Conference on
Electro Information Technology (EIT), Lincoln, NE, USA,
2017, pp. 630-634, doi: 10.1109/EIT.2017.8053439.

H. Nugraha, Z. O. Silalahi and N. I. Sinisuka, “The Use of Life
Cycle Cost Analysis to Determine the Most Effective Cost of
Installation of 500 kV Java-Sumatra Power Interconnection
System," in IEEE Power and Energy Technology Systems
Journal, vol. 3, no. 4, pp. 191-197, Dec. 2016, doi:
10.1109/JPETS.2016.2603786.

R. V. Nunes and L. de Carvalho Rocha, “Technical-Economic
Study of the Application of Forced Ventilation Systems for Dry
Transformers on Onshore Oil and Gas Facilities," in IEEE
Transactions on Industry Applications, vol. 52, no. 1, pp. 712-
717, Jan.-Feb. 2016, doi: 10.1109/T1A.2015.2478744.

A. E. P. Abas, J. Yong, T. M. . Mahlia and M. A. Hannan,
“Techno-Economic Analysis and Environmental Impact of
Electric Vehicle," in IEEE Access, vol. 7, pp. 98565-98578,
2019, doi: 10.1109/ACCESS.2019.2929530.

S. Meunier et al., “Sensitivity Analysis of Photovoltaic Pumping
Systems for Domestic Water Supply," in IEEE Transactions on
Industry Applications, vol. 56, no. 6, pp. 6734-6743, Nov.-Dec.
2020, doi: 10.1109/T1A.2020.3013513.

M. Beligoj, E. Scolaro, L. Alberti, M. Renzi, and M. Mattetti,
“Feasibility Evaluation of Hybrid Electric Agricultural Tractors
Based on Life Cycle Cost Analysis," in IEEE Access, vol. 10,
pp. 28853-28867, 2022, doi: 10.1109/ACCESS.2022.3157635.

M. Jibran S. Zuberi, A. Tijdink, M. K. Patel, “Techno-economic
analysis of energy efficiency improvement in electric motor
driven systems in Swiss industry," Applied Energy, v. 205, p
85-104, November 2017, doi: 10.1016/j.apenergy.2017.07.121.

ANDRADE, C. T. C.; PONTES, R. S. T. Economic analysis of
Brazilian policies for energy efficient electric motors. Energy
Policy, V. 106, . 315-325, 2017, doi:
https://doi.org/10.1016/j.enpol.2017.03.029.
E. C. Bortoni, L. P. Magalhies, L. A. H. Nogueira, S. V. Bajay,
and A. M. Cassula, “An assessment of energy efficient motors

application by scenarios evaluation," Energy Policy, v. 140,
111402, May 2020.

[18] V. P. B. Aguiar, R. S. T. Pontes and F. J. T. E. Ferreira,
"Techno-Economic Assessment of Retrofitting Line-Operated
Induction Motors With an Optimized Rewinding Under Partial
Load Conditions," in IEEE Transactions on Industry
Applications, vol. 60, no. 6, pp. 8655-8664, Nov.-Dec. 2024,
doi: 10.1109/TIA.2024.3430253

[19] ROLDAN FERNANDEZ, J.M. et al. Techno-economic optimal
power rating of induction motors. Applied Energy, Elsevier, v.
240, 1031-1048, 2019, doi:
https //doi. org/lO 1016/j.apenergy. 2019.02.016.

[20] ANDRADE, Cassio Tersandro de Castro. Uma Abordagem
Deterministica com Analise de Incerteza para a Viabilidade de
Programas de Eficiéncia Energética. Ph.D. Thesis, Federal
University of Ceara, Fortaleza, 2017.

[21] LIMA, Kelly C. D. et al. Avaliagdo Técnico-Econdémica da
Troca de Motores Industriais pela Analise do Carregamento e
Calculo da Economia Liquida em uma Industria Salineira. In:
Simposio Brasileiro de Sistemas Elétricos, 8., 2020, v. 1, pp. 1-
6.

GONCALVES JUNIOR, Adriano Araujo. Avaliagdo Técnico-
econdmica da Troca de Motores em Parques Fabris de Médio
Porte: Simula¢do de Cenarios em Regides Distintas do Brasil.
M.Sc. Dissertation, Rural Federal University of The Semi-Arid
Region, 2021.

[23] AGUIAR, Victor de Paula Branddo. Avaliagdo técnico-
econdmica do aumento do rendimento em motores de indugdo
trifasicos de baixa poténcia apds rebobinagem. Ph.D. Thesis,
Federal University of Ceard, Fortaleza, 2018.

[22]

Antonio J. Nogueira Junior was born in
1988, in Mossoro, Brazil. He received the
B.S. degree in electrical engineering from
Federal University of Rio Grande do Norte
(UFRN), Natal, Brazil, in 2013 and M.S
degree in electrical engineering from
Federal Rural University of Semi-Arid
Region (UFERSA), Mossoro, Brazil in
2024. He is currently an electrical engineer at Federal
University of Campina Grande (UFCG).

Rogério D. S. Silva (M’07 SM’22).
Received the B. S., M.S. and Ph.D.
degrees in Electrical Engineering from
the Federal University of Para (UFPA),
Belém, Brazil in 2002, 2004 and 2018,
respectively, and MBA in

g Environmental Management and
Techn010g1es from the University of Sdo Paulo in 2013.
Professor, researcher and consultant in Power and Energy
Systems, works on developing solutions for the sustainable
use of energy, through research and consultancy projects in
energy efficiency, integrated energy planning and power
quality. He is an IEEE senior member of the Power and
Energy Society (PES) and the Industry Applications Society
(IAS), and member of Brazilian Society of Power Quality
(SBQEE).



https://www.gov.br/mme/pt-br/assuntos/conselhos-e-comites/cgiee/arquivos/portarias/2017-portaria-interministerial-mme-mctic-mdic-n_1-2017-motores-eletricos-trifasicos.pdf
https://www.gov.br/mme/pt-br/assuntos/conselhos-e-comites/cgiee/arquivos/portarias/2017-portaria-interministerial-mme-mctic-mdic-n_1-2017-motores-eletricos-trifasicos.pdf
https://www.gov.br/mme/pt-br/assuntos/conselhos-e-comites/cgiee/arquivos/portarias/2017-portaria-interministerial-mme-mctic-mdic-n_1-2017-motores-eletricos-trifasicos.pdf

152

Victor P. B. Aguiar (S’13 M’19)
received the B. S., M.S. and Ph.D.
degrees in electrical engineering from
Federal University of Ceara (UFC),
Fortaleza, Brazil in 2006, 2008 and 2018,
respectively. Since 2009 he has been
Associate Professor with the Federal
Rural University of Semi-Arid Region
(UFERSA), Mossoro, Brazil. Recently, has winner of the
"Exemplary Professional Volunteer IEEE PELS/IAS/PELS
2024" contest by SAC/IEEE Northeast Brazil Section/Region
9. His research interest includes electric machines, industrial
energy efficiency, motor driven systems modeling and control,
power systems, renewable energy systems and green hydrogen
applications.

Ricardo S. T. Pontes was born in
Fortaleza, Brazil. He received the B.S.
degree from Federal University of Ceara,
Fortaleza, Brazil in 1979 and received the
M.S. degree from University of Brasilia,
Brasilia, Brazil in 1983. In 2002, he
received the Ph.D. degree from Federal
University of Uberlandia, Uberlandia,
Brazil. Since 1979, he has been Professor
with Electrical Engineering Department, Federal University of
Ceara, Fortaleza, Brazil and since 2017 he has been lecturer
with University of Fortaleza, Brazil. His research interest
includes development and innovation in electrical engineering,
special electric machines, linear motors, industrial automation
and industrial energy efficiency. Dr. Pontes has more than 100
publications in the field of electrical powers systems. Dr.
Pontes received the distinguished professor award from Centre
of Technology, Federal University of Ceara, in 2020.

IEEE LATIN AMERICA TRANSACTIONS, Vol. 23, No. 2, FEBRUARY 2025



