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Abstract: More than 65% of electricity consumed worldwide by the industrial sector is used in
electric-motor-driven systems. For this reason, the efficiency of electric motors is an important factor
in improving the energy efficiency of the industry. Additionally, this contributes to reducing energy
consumption, production costs, as well as CO,¢q emissions. The replacement of motors with efficiency
class IE1 by motors of efficiency class IE3 is one possible alternative to increase the efficiency of electric
motor systems. When a program to replace motors with others of greater efficiency is initiated, it is
necessary to casuistically evaluate all identified opportunities. Economic viability can be evaluated
using a variety of methods. Often, the methods recommended by manufacturers or consulting
entities focus on simple payback time without accounting for all influencing factors. This paper
contributes to the academic discussion by proposing a methodology based on the calculation of
energy-saving potential, by performing a preliminary an a priori evaluation and determining the
economic opportunities. It avoids evaluating all motors in the studied facility and shows its
effectiveness by using the cost of energy saved to distinguish which motors to evaluate. Finally, it
provides a complete economic evaluation of the final decision on the basis of discounted cash flow
methods. A short-production-cycle sugarcane industry was used in the case study.

Keywords: energy cost; energy saving; energy-efficient motors; economic assessment;
cost-effectiveness

1. Introduction

Electric motor systems are the main end-users of electricity, accounting for 53% of the
global demand for electricity [1], of which over 65% is used in industrial electric-motor-driven
systems [2—4]. The technological universe of rotating electrical machines is composed of a wide
range of motors, the preferred type being the three-phase induction motor with a squirrel-cage rotor
due to its low cost, robustness, ease of maintenance, high reliability and relatively high efficiency.
Because of the widespread use of these motors, their energy consumption represents a significant
fraction of the electrical energy consumed by the industrial sector globally. Some researchers
estimate that approximately 70% of the total electrical energy consumed by industries is used in
electric-motor-driven systems, although this percentage varies between countries depending on the
level of industrialization [4,5]. Three-phase induction motors of medium size (0.75-375 kW) and
general purpose and the systems driven by these motors represent 68% of the energy used by all
electric motors [6]. The Energy-Efficient End-use Equipment (4E) initiative developed assessments
on.the impact.of transitioning.to energy-efficient motor systems for 150 developing and emerging
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countries, demonstrating that energy savings from motors in these countries could reach 300 TWh
per annum of electricity in 2030, with a reduction of 200 Mt in COyq emissions per year [3,6]. As can
be understood, electric motors are responsible for a large part of the global energy consumption and,
for this reason, it is imperative to consider and monitor their efficiency.

Electric motors are currently classified in terms of efficiency. This classification has been the
result of various policies and regulations proposed in developed countries since the last decade of
the 20th century. A summary of the evolution of the efficiency classification of electric motors can
be seen in Figure 1 below, which illustrates that, finally, in 2008, a classification system of electric
motor efficiency was published by the International Electrotechnical Commission (IEC) as the IEC
60034-30 standard. This standard unified the definitions of the European Committee of Manufacturers
of Electrical Machines and Power Electronics (CEMEP) and the National Electrical Manufacturers
Association (NEMA), establishing the following efficiency classes: IE1 (Standard Efficiency), IE2 (High
Efficiency) and IE3 (Premium Efficiency); IE4 (Super Premium Efficiency) was added in 2009. It also
proposed nominal limits for the latest efficiency class, IE5 (Ultra Premium Efficiency), which was
added in 2014. The motor of efficiency class IE5 is reserved for a very high-efficiency design and is
compatible with other commercial technologies such as synchronous reluctance motors (SynRM) and
permanent magnet synchronous motors [3,7,8].

2014 Ultra-Premium Motor
The IEC 60034-30-1:2014
was published by the IEC. It
specifies efficiency classes for
single-speed electric motors
for operation on a sinusoidal
voltage supply. The

2009 Super Premium Motor
A system for classifying motors
efficiency published by the
International Electrotechnical

2001 Premium Motor

The category of high-efficiency
motors was introduced for first
time in 2001 with the
publication by NEMA of the

Commission (IEC) as the IEC
60034-30 standard appears in
2008. The new efficiency
classification system unified the

Ultra-Premium Efficiency
class (IE5) is added in IEC
60034-30-1 and NEMA MG1
Standards

1993 High Efficiency Motor
1993 United Stated Energy
Policy Act of 1992
(EPAct-92) NEMA publishes
the MG 1- 1993 standard,
that establishes the minimum
efficiency for induction
motors of different powers
and speeds.

definitions of CEMEP and
NEMA considering:
Standard Efficiency (IE1)
High Efficiency (IE2)
Premium Efficiency (IE3)

In 2009 the Super-Premium
Efficiency category (IE4) is
added.

Premium Motors Standards.
Simultaneously, the European
Committee of Manufacturers of
Electrical Machines and Power
Electronics (CEMEP)
established efficiency levels
named Eff1, Eff2, and Eff3, to
differentiate the Premium, High
and Standard efficiency motors
respectively.

Figure 1. Milestones in the evolution of electric motor efficiency classes since the 1990s.

On the other hand, the acknowledgment of the great potential for a reduction in electricity
consumption and corresponding emissions results from the improving efficiency of electric motors
systems, has led to the introduction of regulations imposing minimum energy efficiency levels for new
electric motors in all major economies [4]. For these strategies, there is pressure in the market imposed
by legislation that establishes deadlines for the commercialization of standard-efficiency motors that
guarantee a gradual advancement in the efficient use of energy. Because of this, energy efficiency
standards and labeling have been implemented in many countries and are being developed in other
countries [3,7,9-11]. These minimum efficiency requirements and Minimum Energy Performance
Standards (MEPS) are powerful tools to transform the market, causing a decline in sales of IE1 class
motors while sales of IE2 and IE3 motors are steadily increasing, as shown in Figure 2 [12].
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Figure 2. Impact of energy efficiency policies on the sales of more efficient electric motors. Reproduced
from [12], 4E Energy-Efficient End-use Equipment: November 2015.

However, in developing countries the situation is different. For example, in Latin America there
is a delay in the establishment of MEPS for electric motors, only four countries have established
MEPS for electric motors, these are Mexico, Brazil, Chile and Colombia. Most developing countries
are characterized by a low level of industrialization and high technological obsolescence in many
industries. As they do not have MEPS for electric motors, they keep a large number of old motors in
operation. Some barriers to increasing efficiency in electric motor systems in these countries are: delays
in the establishment of MEPS, lack of ability to effectively explain the economic advantages of using
energy-efficient motors, purchase decisions usually based on the lowest capital cost and decisions
based on short investment payback periods [11,13].

In any case, these legal instruments—which are used by governments to promote the replacement
of inefficient motors on the market—take some time to have an impact and barriers limiting the
penetration of high-efficiency motors in the industry still exist [11,13]. Therefore, although the current
market scenario is rapidly changing towards the commercialization of class IE3 and IE4 motors, the
actual situation is that there is still a large stock of low-efficiency motors in operation in the industry [14].
In contrast, the advantages of using efficient motors to save energy and money, as well as to reduce
the environmental impact associated with high electricity consumption, are well documented in the
specialized scientific literature [5,15-22].

In general, a program to improve the efficiency of electric motors involves identifying opportunities
for installation, calculating the potential for energy savings and evaluating it economically to see if the
replacement proposal is feasible or not [23-28]. Therefore, specialists in charge of these studies must
not only know how to technically evaluate their proposals, but they must also have the tools to carry
out the corresponding economic feasibility analysis.

The economic evaluation of such savings will be strongly influenced by the price of energy and its
time variation, either by tariff structures or by inflation in the price of fuel used to generate the energy.
On the other hand, the profitability of the measure depends on factors such as annual motor operating
time, its residual value, the initial cost of acquiring an efficient motor and other economic indicators.

However, when analyzing the case studies reported in the literature, it can be seen that the economic
feasibility in all cases is calculated using a variety of methods. Often, the methods recommended by
the manufacturers or consulting entities themselves focus on simple payback time and do not consider
all the influential factors; much of the research is based on simple payback time [26]. Other researchers

www.manaraa.com



Energies 2020, 13, 5411 40f 16

focus on global assessments using integrated models in the industrial sector of a country to determine
potential and propose policies [27]. These models are not suitable for local application in a small- or
medium-sized company. On the other hand, it is important to note that when a motor replacement
program is initiated, it is necessary to casuistically evaluate all the opportunities identified. Hence, the
aim of this paper is to propose an adequate methodology to reduce the resources required and time
consumption in the feasibility assessment of electric motors replacement programs.

The exact evaluation of all motors at the facility is complex because these approaches depend on
different circumstances and data collection techniques and measurements might require a significant
amount of effort and time. Similarly, the economic methods used that are not based on discounted
cash flow are severely limited in terms of obtaining accurate results. Thus, techniques that employ
discounted cash flow are more effective and improve accuracy. Considering discounted cash flow
methods—a methodology that uses a combination of identifying technical opportunities with different
relevant economic techniques—is more effective and simpler and results in improved accuracy, which
will be verified in this paper.

In this paper, a robust strategy, based on the preliminary assessment a priori to determine the
economic opportunities, is proposed. The proposed methodology avoids evaluating all motors in the
studied facility and shows its effectiveness by using the cost of energy saved to distinguish which
motors to evaluate.

The key contributions of this paper are summarized as follows. Firstly, to propose a robust
methodology, using discounted cash flow methods, to identify the technical and economic potential
associated with the motor’s replacement. Secondly, to reduce resource and time consumption, using
the cost of saved energy (CSE) calculations as preliminary economic indicators to identify economic
opportunities. Finally, to provide practical expressions for the facility based on multiple linear
regression analysis that allows economic indicators to be quickly estimated.

The paper is organized as follows. Section 2 describes the proposed methodology. Section 3
provides a description of the results of the real case study and its examination. Conclusions are outlined
in Section 4.

2. Materials and Methods

Two conditions are considered for the evaluation of the potential savings derived from the
replacement of standard motors: technical potential and economic potential [28]. Technical potential
represents energy savings (AE) that can be achieved by replacing motors for all available opportunities,
regardless of the economic effectiveness of the measure. This is calculated, in kWh, as:

PnyLFy _ Py -LFs),
m m

AE =

)

where Pnj and Pn; are rated power of the original and the proposed motors in kW, LF; and LF; are the
load factors of the original and the proposed motors in %, 17 and 1, are the efficiency of the original
and the proposed motors at the specified load factors in %, and t is the operating hours per year in h.

Once the technical potential is calculated for each identified opportunity, the economic potential
is then determined. The replacement proposal cost is considered to be an investment that will be
recovered from the savings obtained during the lifetime of the motor. The economic potential is the
potential for economic savings provided by the energy savings that can be achieved by employing
efficient technologies. The economic potential is calculated only from proposals that are economically
feasible. One of the most influential factors in the economic effectiveness of a proposal is the operating
hours per year. The capital recovery factor expresses the annual value of profit that must exist in order
to recover a present value, with interest rate r in n years.

r
A_Pm, @)
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where A is the annuity in $, P is the present value in $, r is the interest rate in p.u. and # is the lifetime
in years.

For the case of motor replacement, the capital cost in year zero ($/kWh saved) is carried to an
equivalent annuity A. This determines how the capital invested is recovered. This annuity is called the
cost of saved energy (CSE) [28]. If the price of energy is higher than the CSE, then the capital invested
is, in fact, recovered and the proposal constitutes a feasible economic opportunity.

Then, to determine the economic feasibility of each case, the CSE is calculated as:

lor

b= AE-(1-(1+n)™)’ ©

where the CSE is in $/kWh, [o is the cost of investment in $ and AE is the saved energy per year in kWh.
Although the value of the CSE, determined by Equation (3), implies that profit will be generated
for the energy saved, it is not conclusive regarding the feasibility of the investment. It is necessary
to calculate other indicators such as net present value (NPV) and payback time. With saved energy,
calculated according to Equation (1), the cash flow after taxes is determined for each year i, such as:

CF; = ((AE+Ce) - Dep)-(l - ﬁ) + Dep, @)
where [ is income tax in %, Dep is depreciation (which is considered linear and calculated as Dep = In—o),
Ce is the energy price in $/kWh and AE; is the energy saved in year ith calculated according to
Equation (1).

To update cash flows for the year in which the investment is made, the discount factor is applied.
Discounted cash flows for each year i are calculated as:

DCF; = CF;-DF; ®)

1
(140"
In financial algebra, the discount rate D is the rate used to adjust a future amount to the present

value and is equal to the interest rate r employed to determine how much the present amount of money

were DF; is the discount factor and calculated as DF; =

is worth in the future if inflation is not taken into consideration. The inflation coefficient Inf (p.u.) is
used to reflect the current economic situation. Inflation is another indicator of currency depreciation
and is evidenced by rising market prices.

To calculate the discount rate adjusted for inflation, a compound interest rate given by

_ (4
0= T~ L | . -0
the discount rate is equal to the interest rate and D = r is used to calculate DF;, which is the factor

—1, is calculated. This paper has not considered an inflation rate (Inf = 0); therefore,

applied to adjust future cash flows to the present value.
The NPV is equal to the sum of all discounted cash flows during the lifetime, which is algebraically
expressed as:

NPV = -Io+ Y DCF;, (6)

n
i=1
When the discounted cash flow becomes positive, the investment has recovered and is generating
profit. The amount of time to achieve investment recovery is considered to be the payback time of the
investment (PTI). Figure 3 below shows a flow diagram of the proposed methodology for making the
decision to invest in more efficient electric motor technology.

This methodology starts by calculating the annual saved energy by the motor replacement that
constitutes a technical opportunity. Then, it is necessary to calculate the CSE, for each case, from
Equation (3), in order to identify economic opportunities. The CSE is compared with the price of

energy. If the CSE is smaller than the energy price, then the proposed replacement constitutes a valid
economic opportunity.
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Figure 3. Methodology to evaluate the feasibility of replacing IE1/0 motors with more efficient motors.

The NPV is not calculated for all proposals. It is calculated only for cases that constitute valid
economic opportunities. Additionally, the PTI is determined for these cases. To make a replacement
decision, we will make a comparison of the PTI and consider feasible only those opportunities for
which the PTI is less than 5 years. It is clear that the investment will be more attractive when the
PTI is lower. The common payback periods reported in the literature range between 3 and 3.5 years
(Figure 4); however, the end decision is made by the user and may also have a previously defined
maximum payback time in the plant, which is usually between 2 and 5 years [29]. Although in most
cases a 3-year term is considered to be an “attractive” threshold, this work proposes an upper limit of
5 years, since the payback period is calculated taking into consideration the discount rate, as opposed
to the simple payback time method recommended in [29] and most commonly used in practice [17-20].
The simple payback time may be up to 40% shorter than the payback period when the discount rate is
taken into consideration.

5
New Motor versus Motor Repair
Efficiency Drop after Repair: 1 p.p.
P,=[5.5 160] kW
Average P, = 54 kW
4 9 LF=1.0,8000h/year
m 0.1 €/kWh
—
©
9]
R
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E 31
=
~
o
©
Qo
g
a 2 4
9]
)
o
2
<
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Figure 4. Average payback time for buying a higher efficiency motor vs. motor repair. Reproduced
from [14], Institute of Electrical and Electronics Engineers (IEEE): 2018.

www.manharaa.com




Energies 2020, 13, 5411 7of 16

The Relationship between CSE, PTI and NPV

When cash flows are a fixed amount (annuity), the NPV can be calculated as:

R(1-(1+717")

NPV = —Io + (7)
where R is the constant cash flow in $.
Considering monetary savings by energy as constant cash flow, then:
R = AE-Ce 8)
So,
AECe(1-(1+47)7")
NPV = -lo+ . )
If the investment is profitable when NPV > 0, then:
AE-Ce(1-(1+7)7")
—Io+ . >0 (10)
Clearing Ce, we have:
fo-r < Ce (11)

AE(1-(147)7")

The left member of Inequality (11) is the CSE according to Equation (3).
To see the relationship between the PTI and the CSE, it is assumed that the PTI is the time in
which the discounted cash flows are equal to the initial investment, that is:

PTI
To = 2 AE-Ce-(1+7)"" (12)
i=1

As the sum of 7, consecutive terms not beginning with zero are calculated as:

(xm+1 _ ol
Z:l:l a-Xk = % thatis :

Io _PZR:IAE Ce(Hr) = AECe w
)

i

[(1+T)_(PTI+1 ( +r

= AECe (1+r) 21

The second member is multiplied and divided by (1 + r), yielding:

[(1+7)T 1]

Io = AE-Ce

The above expression yields:

—lo-r
AECe (147" -1]

=1 (13)
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By clearing % from Equation (3) and substituting it into (13), we obtain:
y & AE q &

-CSE

=1 (14)
Ce[t-(1+n"[a+nT"T"-1]
From Equation (14), we have:
—CSE -
— +1=(1+7)"" (15)
Ce-[l -(1+7r) ]
Applying the logarithm to both sides of Equation (15):
~CSE +1|= —PTLIn(1+7) (16)
Ce[1-(1+1)7"]
Since In(1 + z) = z, Equation (16) is then written as:
—CSE ~ —PTIr (17)

Ce-[l -(1+ r)_"]
At this point, the PTI can be written as a function of the CSE, yielding;:

PTI ~ CSE (18)

Ce-[l -1+ r)_"]-r

Considering oc= ! ~ then:

Ce-[1-(147)7"]
PTI ~ « - CSE (19)
That is, the PTI is nearly proportional to the CSE.

To investigate the relationship between the NPV and the CSE, we start with the equation for
calculating NPV, given by:

NPV = —lo+ 3 AE-Ce-(147)7" (20)
i=1
If both sides are multiplied by 7, we get:
r —lor 1 v+ i
NPV 5z = ==+ 5= ; AE-Ce-(147)"" 1)

Ior

Clearing ¥ from Equation (20) and substituting it in (21) yields:

r —CSE r o _i
NPVi— = ——————— + —. ¥ AE-Ce:(1+7)"" (22)
AE - [1-(1+n™] AE ;

From (22), we solve for NPV:

NPV — —AE-CSE n

AE-Ce-(147)7" 23
r.[l—(1+r)_"] — e(+n) *)

n
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Considering the common variable AE, we rewrite (23) as:

n
NPV = AE Z Ce-(1+ 1) ~K-CSE|, (24)
i=1

1
r[1-(14r)™"]"

As can be seen, the NPV is negatively correlated with the CSE, but it also depends on the energy
savings (AE) achieved by the replacement of the motor as well as the accumulated cash flow during its
lifetime, which includes the cash flow after recovery of the initial investment.

where K =

3. Results

3.1. Data and Considerations

In order to show how to determine the economic opportunities when deciding to carry out a
motor replacement program, the electric motors of the manufacturing and steam boilers areas of a
Cuban sugar mill were considered [30]. All these motors operate with a load factor of less than 75%.
In all cases, the proposal to replace the currently installed motors of efficiency class IE1 with motors
power-adjusted to the load and efficiency of class IE3 is analyzed. The potential energy savings, which
constitutes the technical opportunity, is calculated according to Equation (1) and the determination of
economic opportunities is based on the calculation of the CSE given by Equation (3). The load estimate
and operational efficiency are calculated using the methods reported in the literature. These methods
consider even problems of energy quality present in the supply system [31-35].

For the analysis, it is considered that the implementation cost is given by the price difference
between the proposed motor and the existing one plus the installation cost. The interest rate used is
8% (0.08 p.u.) and the income tax is 35%. The lifetime considered is 15 years.

This lifetime is assumed considering criteria about the lifespan of motors. For example, in [18],
15 years is used. Verucchi et al. state that the useful life of a motor is approximately between 20 and
25 years with full and uninterrupted operation [17]. The European Union (EU) project states that the
consensus of the manufacturers is that motors in the range of 0-0.75 kW last an average of 12 years,
motors in the 11-75 kW range last an average of 15 years and motors above the 75 kW range are
estimated to run for 20 years [28]. Other authors also report an average lifespan of around 20 years for
the range of power analyzed in this case study [19].

Considering the current tariff, the average price per kWh sold to the electric company is 0.153 $/kWh.
When the CSE is lower than the average sales price of electricity generated in the sugar industry to the
national electrical power system, it is considered that the proposal is economically feasible. Tables 1
and 2 show the results of the calculations for each case.

3.2. Result Analysis

In these above tables, the first row contains the name of the area and the names of the equipment
related to the motor’s function in the facility. In the first 10 rows, the information related to actual
motors is shown. For example, the clear juice pump motor Motor #1 has a rated power of 45 kW.
The efficiency at full load is 88%. The average demand of this motor is 18.66 kW, according to
measurement realized in situ. It is represented that this motor runs with a load factor approximately

equal to:
18.66 kW

~ 45KW/0.88

All the electric motors evaluated in this paper run to drive pumps and fans with continuous
duty and constant load. For this reason, the average demand can be used to the estimated load factor
and motor efficiency at this load factor. To cover other motors and applications with variable loads,
it is necessary to consider the possible load variation over the motor operating cycle. In this case, an

LF -100% = 36.5%
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average motor efficiency has to be used, which has to be calculated as a time-weighted average of the
estimated values for the different load ratios, and the new motor is selected by equivalent power using

the graphic load.

Table 1. Potential of technical and economic savings in the manufacturing area.

Manufacturing Ar Pump of Clear ~ Pump of Clear Vacuum Vacuum Injection Injection
anufacturing Area Juice #1 Juice #2 Pump #2 Pump #3 Pump #1 Pump #2
Py (kW) 45 55 160 200 250 150
Average demand (kW) 18.66 17.90 99.50 148.74 177.69 58.98
En LF; (%) 36.5 30.1 57.2 67.7 67.3 36.6
=g
8 & @ Rated speed (rpm) 1755 1775 1790 1785 1185 1185
e 9
°% 8 M (%) 88.0 925 92.0 91.0 94.7 93.0
ZE7 71(%) 79.9 84.4 87.8 88.3 941 915
Sk £ (hy) 1475 1657 3132 3132 1874 3132
Duty (t x LFy) 538 499 1792 2120 1261 1145
Price of motor ($) 1821.72 2199.85 7254.55 9700.99 23,777.37 13,126.07
- Py (KW) 22 2 125 150 184 63
*é,f @ Rated speed (rpm) 1785 1785 1785 1790 1190 1185
i‘? ] E\ (%) 93.6 93.6 95.6 96.2 95.8 95.0
5 2 _5 LF; (%) 74.6 75.2 73.2 90.2 91.5 87.1
z 22 12 (%) 925 9.5 95.0 96.0 95.6 943
g EE
5 2 § Price of new motor (3$) 4597.60 4597.60 18,719.71 21,141.65 30,060.24 14,981.73
EO © AE (kWh/y) 4123.20 2827.92 24,841.67 38,663.19 5246.11 5632.89
CSE ($/kWh) 0.08 0.10 0.05 0.03 0.14 0.04
Table 2. Potential of technical and economic savings in the steam boilers area.
) Forced  Forced  Forced Induced Induced Secondary Feed Water ~Feed Water
Steam Boilers Area Draft Draft Draft Draft Draft Air Fan #2 Pump #1 Pump #2
Fan#1 Fan#2 Fan#3 Fan#1  Fan#2 P P
Pny (kW) 110 75 86 150 150 75 185 190
= Average demand (kW) 29.99 39.40 29.63 104.88 87.24 48.16 13291 146.66
£~
2 % LFq (%) 255 48.9 32.1 65.7 54.7 60.4 67.7 72.9
T @
= = Rated speed (rpm) 1780 1785 1785 885 885 1190 1790 1780
<
ER I (%) 93.5 92,0 93.3 94.0 94.0 94.0 94.3 94.4
55 1 (%) 84.0 86.8 85.0 93.6 93.2 91.9 92.6 93.7
3 % t (hly) 3258 3246 3215 3368 3257 3278 1702 1625
= Duty (t X LF7) 830 1586 1033 2214 1781 1978 1153 1184
Price of motor ($) 4600.60  3009.99  3486.19 14,853.97 14,853.97 6055.03 8749.90 9062.44
Pny (kW) 37 45 37 110 90 55 132 160
e
£ 6w Rated speed (rpm) 1780 1785 1780 890 890 1195 1785 1785
3 o
—g g % M (%) 94.5 95.0 94.5 95.0 94.5 94.5 96.2 96.2
L S g LF; (%) 75.8 81.4 74.7 89.6 91.1 82.3 95.0 86.5
% 28 12 (%) 94.0 94.5 93.9 94.9 94.4 93.7 96.2 96.1
=
g‘ 2 _qé Price of new motor ($)  7069.09  8329.39  7069.09 26,240.94 24,100.94  14,496.96 19,437 4 22,000.4
S g
§ © AE (kWh/aro) 11,5212 11,1939  9946.23  4658.11  3630.65 3059.49 8626.26 5889.08
CSE, ($/kWh) 0.03 0.06 0.04 0.29 0.30 0.28 0.14 0.26

At this load factor, the efficiency is reduced to 79.9%, as shown in row seven. The other important

piece of information is operating hours per year, which is t = 1475 h/y.

Due to this motor running underloaded (LF; = 36.5%), it is proposed that another motor with
greater efficiency that is power-adjusted to the load should replace it. The information related to this
proposal is aggregated in the 12th to 19th rows. In this case, the proposal is to replace this motor with

another of 22 kW and with 93.6% efficiency at full load.
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The new motor runs with other load conditions. Considering the power of the pump is similar,
because the pump is not changed, the new load factor that runs the new motor is calculated as:

45 kW- 0.36 o o
LF, = W 100% = 74.6%
At this load factor, the new motor runs with 92.5% efficiency as shown in the 15th row of Table 1.

Hence, the potential of energy saved is calculated by Equation (1):

_ (PmLF _ Pnz~LFz)_ _ (45 kW-36.5% _ 22 kW-74.6%). h
AE = ( m 2 t= 79.9% 92.5% 1475 year

= 4123 kWh/year

The last row of Table 1 shows the CSE calculated by Equation (3) and considering the differential
price of motors as an investment (lo). For the case of the clear juice pump Pump #1, this difference is
$4597.60 minus $1821.72, which equals $2775.88.

Applying Equation (3), the CSE is 0.08 $/kWh,; that is, it is necessary to invest $0.08 for each kWh
saved. As the CSE is smaller than the price of energy, this case constitutes an economic opportunity.

In summary, the results of the manufacturing area (see Table 1) show that the clarified juice pump
motors are candidates to be replaced by 22 kW class IE3 motors with significant savings, making them
economically feasible. In this case, 6.95 MWh/y can be saved. These loads are centrifugal pumps of
low inertia with a free start, and therefore, it is not necessary to perform additional checks on starting
requirements or maximum loads.

Replacement of the vacuum pumps is also a promising opportunity to adjust the power and raise
the efficiency class to IE3. This proposal would allow a saving of 63.5 MWh/y. In the case of injection
pump Pump #2, it is proposed to replace the existing motor with a 63 kW class IE3 motor, with a
potential saving of 5.6 MWh/y. The CSE for injection pump Pump #1 is very close to Ce. For this reason,
replacing this motor immediately is not considered.

In the case of the steam boilers area (see Table 2), the impact of replacing the eight motors with
motors power-adjusted to the real demand and premium efficiency (Class IE3) leads to a potential
energy saving equal to 58.5 MWh/y. However, the only motors with potential for economic savings are
the forced draft fans. These motors are 110 kW, 75 kW and 86 kW, respectively, and work at 25.5%,
48.9% and 32.1% loads, which are very underloaded. The other motors, although they represent an
opportunity to increase technical potential, do not represent any economic savings. This is due to the
less stimulating price established for the electricity purchase tariffs to the cogeneration companies.
These cases can be evaluated using the strategies suggested in [14] addressing connection mode change
and optimized rewinding (or motor downsizing) as alternative low-cost options to the replacement of
the original standard motor with a new high-efficiency motor.

In all cases in which the proposal constitutes an opportunity for financial savings, the calculation
of the CSE does not give an idea of the recovery time or the return on the investment; therefore,
it is necessary to perform a complete economic analysis to verify the feasibility of the investment.
Table 3 shows the results of the calculations performed for economic analysis. The CSE is included for
comparative purposes.

As can be seen in Table 3, all options are valid, although in the case of the clear juice pumps,
the PTIs are higher than recommended and reported in [14,29]. This is due to the CSE being very
close or equal to the sale price of energy, so the net income is very low. For this reason, immediate
substitution is not recommended. The other variants show PTIs well below the expected lifespan of an
electric motor [17].

As already mentioned, the pump load remains constant to simplify the analysis; therefore, the effect
of a possible change of the operating point due to the change in speed has been neglected. High-efficiency
induction motors tend to operate at a slightly higher full-load speed than standard-efficiency motors.
A higher speed may be advantageous in several cases. However, the load increase, which may be
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specifically caused when centrifugal blowers or pumps are driven, should be assessed on a case-by-case
basis as it may decrease energy-saving capabilities and thus affect the return on the investment.

Table 3. Results of the proposal analysis.

Proposal

AE (kWh/y)

CSE ($/kWh) NPV ($)

PTI (Years)

Replacement of the original motor of 110kW,
class IE1 of the forced draft fan Fan #1 by
another of 37 kW class IE3

11,521.21

0.03

11,003.47

2.2

Replacement of the original motor of 75 kW,
class IE1 of the forced draft fan Fan #2 by
another of 45 kW class [E3

11,193.89

0.06

8433.14

Replacement of the original motor of 86 kW,
class IE1 of the forced draft fan Fan #3 by
another of 37 kW class IE3

9946.23

0.04

8091.06

Replacement of the original motor of 45 kW,
class IE1 of the pump of clear juice Pump #1 by
another of 22 kW class IE3

4123.20

0.08

2427.92

7.1

Replacement of the original motor of 55 kW,
class IE1 of the pump of clear juice Pump #2 by
another of 22 kW class IE3

2827.92

0.10

1291.03

Replacement of the original motor of 160 kW,
class IE1 of the vacuum pump Pump #2 by
another of 125 kW class IE3

24,841.67

0.05

18,612.26

Replacement of the original motor of 200 kW,
class IE1 of the vacuum pump Pump #3 by
another of 150 kW class IE3

38,663.19

0.03

34,355.86

Replacement of the original motor of 150 kW,
class IE1 of the injection pump Pump #2 by
another of 63 kW class IE3

5632.89

0.04

4865.14

3.5

The results of the economic analysis using the discounted cash flow method correspond to the
preliminary analysis using the CSE. The PTI is more dependent on this cost, as shown in Figure 5.
This result is achieved according to Equation (19).

Figure 6 shows the surface that represents the behavior of the NPV. Once the NPV and the PTI
have been correlated with saved energy (AE) and with the CSE, there are valid expressions for that

facility that allow these indicators to be estimated quickly.

PTI=-0.750568 + 95.238 - CSE + 0.0000446178 - AE

Payback Time os Investment (years)

0.03 0.05 0.07

0.09 0.11

Cost of Saved Energy ($/kWh)

0

. 3
2
1

(R?=97.7542%)

nciéon
0.0
1.2
24

4.8
6.0
7.2
8.4
9.6
10.8
12.0
13.2

I000Ranenn;

4
(X 10,000)

Saved Energy (kWh)

Figure 5. Payback time of the investment (PTI) vs. the cost of saved energy (CSE) and saved energy (AE).
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NPV =717.657 - 5428.02 - CSE+1.07557 - AE - 6.72287 - CSE- AE  (R? =99.9177%)

Funcién
I -1000.0
I 4000.0
[ 9000.0
[ 14,000.0
[ 19,000.0
[ 24,000.0
[ 29,000.0
[ 34,000.0
[C139,000.0
[ 44,000.0
[ 49,000.0

4 I 54,000.0

(X 10,000)

(X 1000)
49

39
29

19

9
AL
0 0.03 0.06

Net Present Value ($)

] 2
1

0.09
0.12 015 0 Saved Energy (kWh)

Cost of Saved Energy ($/kWh)

Figure 6. Net present value (NPV) vs. the cost of saved energy (CSE) and saved energy (AE).

4. Conclusions

When analyzing the use of more efficient motors to replace others in operation, the opportunities
for technical and economic potential are determined by assessing the calculation of potential energy
savings and the CSE. Company proposals to replace motors must be analyzed individually. This article
provides a complete methodology to identify existing technical and economic options at this facility.
The strategy presented in this paper is based on an a priori preliminary assessment to determine the
economic opportunities. The proposed methodology distinguishes which motors to evaluate and
avoids evaluating all motors in the facility. In contrast to the literature reviewed, where the simple
payback period is mostly used, in this paper, we propose to perform a complete economic analysis and
calculate the payback period for the investment considering the discount rate from the results of the
preliminary evaluation in which the CSE is calculated. In this sense, the principal problem shown in
the literature reports regarding the identification of economic opportunities has been solved.

In the case analyzed, the substitution of oversized motors with IE3 motors power-adjusted to the
load was evaluated. The technical potential estimated was 134.22 MWh/y.

The proposals that constitute economic opportunities by the calculation of the CSE are feasible,
with positive NPV values and PTIs as reported in the literature for this type of proposal. It should
be noted that the company studied a short-cycle operation industry with operating times of motors
approaching between 1000 and 3000 h/y. However, energetic and economic benefits are obtained.
There is a highly positive correlation between the values of the PTI and the CSE.

Although the CSE is a way to quickly evaluate if the replacement proposal is economically feasible,
this should not be considered as the only calculation variant. This is because, by itself, this indicator
does not provide information regarding amortization time or return on investment. It is necessary
to perform a complete economic analysis of the proposal based on discounted cash flow methods to
determine the NPV and the PTI of the investment.

Equations that correlate NPV and PTI with CSE and AE were obtained. These linear equations
can be used to quickly estimate the feasibility of a proposal. Depending on the tariffs and on other
economic indicators, each industry can construct linear equations that correlate these indicators for
efficient and effective analysis.

For future work, the authors propose to extend this methodology to the case of motors driven
by frequency inverters and to consider the greater opportunities offered by the extended system
(control-motor—load).
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