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Abstract: The paper compares the economic effect of using capacitors in fixed speed drives of a
pumping station when using energy-efficient motors of various types. Induction motors of IE2 and
IE3 energy efficiency classes, a direct-on-line synchronous motor with a permanent magnet in the
rotor, and a direct-on-line synchronous reluctance motor are considered. The comparison takes into
account not only the efficiency of the motors, but also their power factor, on which the losses in
the cable and transformer depend. The possibility of using static capacitors to compensate for the
reactive power of motors and reduce the losses is also considered. The feasibility analysis takes
into account that the motors have different initial costs. The cost of capacitors is also taken into
consideration. The analysis shows that the use of static capacitors can have a significant impact on
the comparison between different motors in this application. Without considering capacitors, the
permanent magnet motor has the shortest payback period, otherwise the synchronous reluctance
motor has the shortest payback period.

Keywords: centrifugal pump; direct-on-line permanent magnet synchronous motor; direct-on-line
synchronous reluctance motor; energy efficiency; induction motor; permanent magnet motor; reactive
power compensation

1. Introduction

The high energy intensity of modern industry makes it necessary to improve the en-
ergy efficiency of production processes. About 70% of the electricity generated worldwide
is consumed by electric motors, the most significant part of which is powered directly from
the electrical grid [1]. Electric motors connected directly to the AC mains consume both
real and reactive power. Reactive power does not produce any useful work, but a reactive
current creates additional losses in supply cables and transformers. Therefore, to reduce the
power consumption of an electric drive, the reactive power must be compensated [2]. Many
studies have been devoted to the analysis of the feasibility of reactive power compensation
for electric motors powered directly from the grid. The following methods for improving
the power factor have been proposed [2,3]:

− reduction in the motor voltage at partial load operation (Figure 1a);
− the use of a double motor winding, one section of which is connected to the grid, and

capacitors are connected to the second. Capacitors can be connected in series (Wanlass
connection, Figure 1b) or in parallel to the winding (Roberts’ connection, Figure 1c);

− the use of static capacitors at the motor terminals (Figure 1d);
− the use of semiconductor devices for reactive power compensation.

A particular and most common case of voltage reduction schemes is switching the
winding connection from triangle to star (∆/Y) [4]. However, such a solution provides
an effective increase in the power factor only when the motor is running at low loads.
Therefore, it will not be effective in most applications [2].
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Existing dual-winding solutions (Figure 1b,c) can effectively improve the power factor
of the motor, however, the overall motor losses increase significantly. In addition, the motor
cost increases, and the reliability deteriorates. Therefore, motors with double windings
have not found wide application [2,3]. The Roberts’ connection was also proposed for
direct-on-line synchronous motors, however, such solutions also did not find wide practical
application [3,5,6].

Another possible way to increase the power factor is to use a semiconductor device
connected in parallel with the motor, or an induction machine with a wound rotor, the
stator of which is directly connected to the mains, and the wound rotor is connected to two
static inverters with a common DC-link (doubly fed induction machine). This method is
effective, but not suitable for low-power motors due to its high cost [7,8].

Static capacitors have long been used for reactive power compensation and are the
most effective method of the above [2]. Non-switchable and switchable capacitor banks
can be used [9]. However, the feasibility analysis of the use of capacitors for various types
of motors, including modern DOL-SynRM and DOL-PMSM, is still poorly covered in
the literature.
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(b) Wanlass connection motor winding; (c) Roberts’ connection motor winding; (d) Static capacitors at the motor terminals.

A number of studies are devoted to the analysis of energy savings in a pumping
station due to an increase in the power factor of electric motors. In [10], energy savings are
calculated when using capacitors to compensate for the reactive power of a pumping station
with eight pumps equipped with induction motors. A different number of simultaneously
operating pumps is considered. It has been shown that when the station is fully loaded, the
capacitors will have a very short payback period: about 2 weeks. However, the absolute
value of losses in the transmission line, taking into account the parameters of the cable and
transformer, is not calculated. Only the percentage reduction in losses in the transmission
line and an approximate reduction in electricity costs according to the formula for large
consumers in Egypt are estimated, which is not universal and is not suitable for the case of
small consumers.

In [11], the energy savings of the pump drive were estimated, taking into account the
losses in the cable without taking into account the losses in the transformer. The article
compares annual energy savings and lifetime energy savings for induction motors (IM)
of different efficiency classes, direct-on-line permanent magnet synchronous motor (DOL
PMSM) and direct-on-line synchronous reluctance motor (DOL SynRM) (Figure 2).
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Figure 2. Schematic representation of the motor design (a) induction motor (IM); (b) direct-on-line permanent magnet
synchronous motor (DOL-PMSM); (c) direct-on-line synchronous reluctance motor (DOL-SynRM).

All three types of motors under consideration have approximately the same stator
design, but different rotor designs. IM operates in an asynchronous steady-state mode
and has significant electrical losses in the rotor. DOL PMSM and DOL SynRM usually
have a higher efficiency than IM due to the absence of electrical losses in the rotor from
the first (fundamental) current harmonic when operating in a synchronous steady-state
mode. In [11], it is shown that the power factor of the motor has a significant effect on
the cable losses, but the losses in the transformer are not taken into account. However,
transformer losses also significantly depend on the reactive component (power factor) of
the load current.

Paper [12] also discusses a comparison of the energy consumption of IM, DOL PMSM
and DOL SynRM in a pumping application. In this case, the influence of the motor
power factor on the losses in the cable and transformer is taken into account. It has been
shown that the increased power factor can significantly increase energy savings, shorten
the payback period and make the use of DOL PMSM most profitable after several years,
despite its higher cost compared to IM and DOL SynRM and its lower efficiency compared
to DOL SynRM.

This article, in contrast to [11,12], evaluates the energy savings when using static
capacitors for reactive power compensation of various types of motors (IM of energy
efficiency classes IE2 and IE3, DOL PMSM, DOL SynRM) in a pumping application. The
energy savings when using motors of 3.7 kW, 60 Hz, four poles of various types in a
pumping station and their payback period are assessed. Various characteristics of the
motors are taken into account, including their cost, efficiency and power factor. The cost of
capacitors and their effect on cable and transformer losses are also taken into account.

2. Evaluating Pump Station Power Consumption

The article compares the power consumption of a pumping station when using differ-
ent motors with a cyclical law of change in flow, shown in Figure 3a. It is shown in [13]
that this flow-time diagram is typical for pumps without a variable speed drive (VSD). It
is assumed that 100% flow demand corresponds to the best efficiency point (BEP) of the
pump. This choice is justified by the fact that if the pump is chosen in such a way that its
BEP corresponds to this flow rate, then the pump efficiency will be maximum, and the wear
of the pump components will be minimal [14]. Figure 3b shows a diagram of the losses in a
pumping unit. To calculate the electrical power P1 consumed from the mains, it is necessary
to calculate the mechanical power Pmech on the motor shaft at a certain flow rate Q, as well
as the corresponding value of the power losses in the motor, cable and transformer.



Mathematics 2021, 9, 2196 4 of 14Mathematics 2021, 9, x FOR PEER REVIEW 4 of 15 
 

 

  

(a) (b) 

Figure 3. Accessing a pump unit energy consumption: (a) variation of the pump flow during operation; (b) diagram of 

power losses in a pump unit. 

Figure 4 shows the diagram of the pumping station. Five pumps are connected to the 

mains through one transformer and cable. Each of the motors has the rated power of 3.7 

kW, the rated frequency of 60 Hz and four poles. 

 

Figure 4. Diagram of connecting the motors of the pumping station to the grid. 

The mechanical power of the motor is calculated using the dependence Pmech(Q) pro-

vided in the catalog of the pump manufacturer. For the calculation, a pump of the HV105 

type, 1800 rpm is considered (Figure 5) [15]. 

 

Figure 5. Dependence of the mechanical power on the motor shaft on the flow rate. 

The real electrical power consumed by the pumping station from the grid can be cal-

culated as: 

P1 Σ = N1 ∙ Pmech/ηmotor + pcable + pT = N1 ∙ P1 + pcable + pT, (1) 

where Pmech is the input mechanical power of the pump; ηmotor is the motor efficiency; pcable 

is the electrical loss in the cable; pT is the electrical loss in the transformer; N1 = 5 is the 

Figure 3. Accessing a pump unit energy consumption: (a) variation of the pump flow during operation; (b) diagram of
power losses in a pump unit.

Figure 4 shows the diagram of the pumping station. Five pumps are connected to
the mains through one transformer and cable. Each of the motors has the rated power of
3.7 kW, the rated frequency of 60 Hz and four poles.
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Figure 4. Diagram of connecting the motors of the pumping station to the grid.

The mechanical power of the motor is calculated using the dependence Pmech(Q)
provided in the catalog of the pump manufacturer. For the calculation, a pump of the
HV105 type, 1800 rpm is considered (Figure 5) [15].
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Figure 5. Dependence of the mechanical power on the motor shaft on the flow rate.

The real electrical power consumed by the pumping station from the grid can be
calculated as:

P1 Σ = N1 · Pmech/ηmotor + pcable + pT = N1 · P1 + pcable + pT, (1)

where Pmech is the input mechanical power of the pump; ηmotor is the motor efficiency; pcable
is the electrical loss in the cable; pT is the electrical loss in the transformer; N1 = 5 is the
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number of motors of the pumping station; P1 is the real power consumed by an individual
motor of the pumping station.

The motor efficiency is determined by polynomial interpolation of the catalog data
depending on the mechanical power. The losses pcable and pT depend on the load current:

pcable = 3·Rcable·Iload
2, (2)

pT = A + B·(Iload/IT rate)2, (3)

where Iload is the loading current of the cable and the transformer; Rcable = 0.12 Ohm is the
cable phase resistance; IT rate = 43.4 A is the rated phase current of the transformer; A = 121
W and B = 568 W are determined based on the value of the transformer losses at Iload = 0
and Iload = IT rate A (121 and 689 W, correspondingly, according to [16]).

For the calculation, a cable with a cross section of 16 mm2 and a length of 100 m and
a transformer with a power rating of 30 kVA were considered (Figure 4). The total load
current is the sum of the currents of all motors of the pumping station:

Iload = N1 · Imotor. (4)

The single motor current without capacitive compensation is calculated as:

Imotor = Pmech/(
√

3 · Vmotor · cosϕ · ηmotor). (5)

3. Reactive Power Compensation Using Capacitors

The paper evaluates the reduction in power consumption of motors when using
static capacitors to compensate for reactive power. The capacitors are assumed to be delta
connected (Figure 1d). The reactive power generated by the capacitors is calculated by
the formula:

QC = m · ω · C · V2, (6)

where m = 3 is the number of phases of the capacitor bank;ω = 2·π·f rad/s is the angular
electric frequency; f = 60 Hz is the electric frequency; C is the line-to-line capacity of the
capacitor bank; V = 400 V is the linear voltage.

The reactive power generated by the motor at a certain load is calculated using
the formula:

Q1 =
√

S1
2 − P1

2 =

√(√
3 · Imotor ·V

)2
− P1

2. (7)

Therefore, the capacitance C required for full compensation of the reactive power at a
certain motor load can be calculated as:

C = Q1/(3 · ω · V2). (8)

The current with which the motor loads the cable and the transformer, taking into
account the capacitance compensation, is calculated by the formula:

Imotor =

√
P1

2 + (Q1 −Qc)
2/
(

V ·
√

3
)

. (9)

4. Motor Performances in the Pump Operating Cycle

For the calculation, the characteristics of four different motors were considered:
DOL-PMSM (manufacturer WEG [17]), IE3-IM (manufacturer WEG [18]), IE2-IM (man-
ufacturer WEG [19]) DOL-SynRM (characteristics taken from the article [20]) (Figure 2).
Tables 1 and 2 and Figure 6 show the characteristics of the considered motors.
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Table 1. Motor characteristics.

Type of Motor Rated Mechanical
Power, kW Poles Frame Size Frame Material Weight, kg Rated Voltage, V

DOL SynRM 3.7 4 IEC 112 No data No data 400
DOL PMSM 3.7 4 IEC 112 Cast iron 47.2 400

IE2 IM 3.7 4 IEC 112 Cast iron 43.2 400
IE3 IM 3.7 4 IEC 112 Cast iron 44.0 400

Table 2. Motor characteristics.

Type of Motor
Motor Efficiency, % Motor Power Factor

50% Load 75% Load 100% Load 50% Load 75% Load 100% Load

DOL SynRM 91.0 92.1 92.1 0.564 0.658 0.709
DOL PMSM 88.5 90.7 91.6 0.74 0.86 0.92

IE2 IM 86.5 87.5 87.5 0.6 0.72 0.80
IE3 IM 88.1 89.3 89.5 0.61 0.74 0.80
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The characteristics of motors for a certain value of mechanical power are determined
using polynomial interpolation of the data shown in Figure 6. The characteristics of
the motors calculated in this way at the considered three operating points of the pump
(Figure 3a) are shown in Table 3.

Table 3. Interpolated motor performance under various pump load conditions according to Figure 3a.

Q, % Q,
m3/h

Pmech,
W

Motor Efficiency Motor Power Factor Motor Current

DOL
SynRM

DOL
PMSM

IE2
IM

IE3
IM

DOL
SynRM

DOL
PMSM

IE2
IM

IE3
IM

DOL
SynRM

DOL
PMSM

IE2
IM

IE3
IM

110 66 3816 0.92 0.916 0.874 0.894 0.712 0.924 0.809 0.803 8.41 6.51 7.79 7.67
100 60 3654 0.921 0.916 0.875 0.895 0.708 0.919 0.798 0.799 8.09 6.27 7.55 7.38
75 45 3204 0.921 0.913 0.876 0.895 0.683 0.897 0.764 0.778 7.35 5.65 6.91 6.65

When using delta-connected capacitors at the motor terminals (Figure 1d), the effi-
ciency of the motor does not change, but the magnitude of the current with which the
motor loads the cable and transformer, and, consequently, losses in these elements change,
which also affects the total energy consumption. The phase capacitance of the capacitor
bank is calculated according to the formula (8) in order to fully compensate for the reactive
power of the motor at Q = 100% (the longest loading condition, according to the diagram
in Figure 3a). For the IE3 IM case, the phase capacitance of the compensating device (the
capacitance of a separate capacitor) is 16 µF. For the IE2 IM case, the capacitance is 17 µF.
For DOL SynRM the capacitance is 20.5 µF. For the DOL PMSM case the capacitance is 9.55
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µF. At Q = 75% and Q = 110%, a slight undercompensation or overcompensation of reactive
power is obtained. Table 4 shows a comparison of the current with which the motor loads
the cable and transformer, with and without capacitors.

Table 4. Comparison of the current loading the cable and the transformer for different motors.

Q, % Pmech, W
Imotor, A

DOL
SynRM

DOL
PMSM IE3 IM IE2 IM DOL SynRM

(+capacitors)
DOL PMSM
(+capacitors)

IE3 IM
(+capacitors)

IE2 IM
(+capacitors)

110 3815.7 8.41 6.51 7.67 7.79 6.01 6.01 6.17 6.30

100 3653.9 8.09 6.27 7.38 7.55 5.74 5.76 5.90 6.03

75 3204.2 7.35 5.65 6.64 6.91 5.02 5.07 5.17 5.28

5. Cable and Transformer Losses

When calculating the losses of a station of five pumps (Figure 4), the losses in the
cable and transformer are taken into account. For the calculation, the parameters of a
30 kVA transformer from the catalog [16] and the parameters of a cable with a cross-
section of 16 mm2 and a length of 100 m were selected. The cross-section of the cable was
selected according [21]. The losses in the cable pcable were calculated using formula (2).
The losses in the transformer pT were calculated using the formula (3). Figure 7 shows the
results of calculating the cable and transformer losses. Total loss in the pumping station is
also shown.
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Figure 7. Comparison of losses when using different motors: (a) cable loss without using capacitors; (b) cable loss using
capacitors; (c) transformer loss without using capacitors; (d) transformer loss using capacitors; (e) total pumping station
loss without using capacitors; (f) total pumping station loss using capacitors.
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Figure 7a,c compare cable and transformer losses for various motor types without
capacitive compensation. Figure 7b,d compare the cable and transformer losses for various
motor types using capacitive compensation. It can be seen that the use of capacitive
compensation significantly reduces these losses for the induction motors and for the DOL
SynRM, and that the losses in the cable and transformer become approximately the same
for all types of motors when using capacitors. Since the DOL PMSM initially has a high
power factor, capacitive compensation does not reduce pcable and pT significantly in the case
of the DOL PMSM.

Figure 7e,f compare the total losses of the pumping station (five motors (N1 = 5), cable
and transformer) psum = P1Σ − N1 · Pmech with and without using capacitors. It can be
concluded that the use of capacitive compensation significantly reduces the total losses of
the pumping station in the case of the induction motors and DOL SynRM. When using
capacitors, the lowest losses are provided by using the DOL SynRM.

Considering all types of losses, the power P1Σ consumed by the pumping station from
the grid can be calculated using the formula (1).

6. Lifetime Energy Savings Using Different Motors

Based on the calculated results on the power P1Σ consumed from the medium voltage
network by the pumping station and the power P1 consumed by an individual motor,
a comparison was carried out for the lifetime electricity savings for various considered
variants of the electric drive. Daily electricity consumption is calculated using the formula:

Eday = tΣ ·
3

∑
i=1

(P1 i · ti/tΣ). (10)

where i = 1 . . . 3 is the index of a loading point; P1i is the eclectic power P1 in i-th loading
point; ti is the operation time of a loading point; tΣ is the whole time period (24 h).

Then the annual energy consumption can be obtained as:

Eyear = Eday · 365. (11)

The cost of electricity consumed (in Euro), considering the applied grid tariffs
GT = 0.2036 €/kW·h for non-household consumers [22] for Germany in the second half of
2019, was calculated as follows:

Cyear = Eyear · GT. (12)

The expected lifetime of a pump is often evaluated to be about 20 years [23]. In this
section, the energy cost is estimated for a service life of n = 20 years, excluding maintenance
costs and the initial cost of the motors. The net present value (NPV) of the lifecycle cost
was obtained as follows:

CLCC =
n

∑
j=1

(
Cyear j/[1 + (y− p)]j

)
, (13)

where Cyear j is the energy cost of jth year; y is the interest rate (y = 0.04); p is the expected
annual inflation (p = 0.02); n is the lifetime of the pump unit (n = 20 years) [23].

Lifecycle cost savings SLCC for a given motor is calculated as:

SLCC = CLCC−CLCCIE2, (14)

where CLCC is the lifecycle electricity cost of the considered motor; CLCCIE2 is the lifecycle
electricity cost of the IE2 IM without capacitors.

SLCC percentage is calculated as:

SLCC = 100% · (CLCC−CLCCIE2)/CLCCIE2, (15)
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Table 5 and Figure 8 show the results of the calculation of the lifecycle energy sav-
ings for various motor types. The savings are calculated compared to IE2 IM motor
without capacitors.

Table 5. Comparison of motors 3.7 kW, 4 poles when operating in the pumping unit, taking into account losses in the cable
and transformer.

Parameter DOL SynRM DOL PMSM IE3 IM IE2 IM DOL SynRM
(+capacitors)

DOL PMSM
(+capacitors)

IE3 IM (+
capacitors)

IE2-IM
(+capacitors)

P1, W (Q = 110%) 4406 4330 4487 4591 4291 4310 4419 4522

P1, W (Q = 100%) 4208 4143 4287 4389 4101 4123 4222 4320

P1, W (Q = 75%) 3682 3639 3751 3840 3587 3619 3693 3774

Eday, kW·hour 99 98 96 103 101 97 99 102

Eyear, kW·hour 36,146 35,601 35,214 37,689 36,819 35,422 36,257 37,092

Annual energy savings,
kW·hour 1543 2088 871 – 2475 2267 1432 597

Annual energy savings, % 4.1 5.5 2.3 – 6.6 6.0 3.8 1.6

Annual cost savings Cy.m,
EUR 314 425 177 – 504 462 292 122

Life cycle energy cost
CLCC, kEUR (per 20 years) 120.3 118.5 122.6 125.5 117.2 117.9 120.7 123.5

Life cycle cost savings
SLCC, kEUR (per 20 years) 5.1 7.0 2.90 – 8.2 7.5 4.8 2.0

Life cycle cost savings
SLCC, % (per 20 years) 4.1 5.5 2.3 – 6.6 6.0 3.8 1.6
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Figure 8. Energy cost savings over 20 years for different motors compared to IE2 IM without
capacitors.

It can be concluded that the DOL SynRM without capacitors consumes more energy
than the DOL PMSM. At the same time, the energy savings of the DOL SynRM without
capacitors are significantly higher than that of the IE3 IM without capacitors. If using
the capacitors, the power consumption of the DOL SynRM is lower than that of the DOL
PMSM. The savings when using IE3 IM with capacitors are almost the same as when using
the DOL SynRM without capacitors. The savings when adding capacitors to the IE2 IM are
slightly less than those of the IE3 IM without capacitors.

7. Payback Period of the Motors and Capacitors

Since different motors under consideration have different initial costs, it is necessary
to compare not only the energy savings they provide, but also their payback periods. The
payback period is calculated for all motors in case of replacement of the IE2 IM without
capacitors. For this purpose, the data on the market prices of IE2 IM [24] and AC capacitors
of various capacities [25] were used.



Mathematics 2021, 9, 2196 10 of 14

Studies [26,27] show that the difference in the market value of the IMs of neighboring
energy efficiency classes is usually in the range of 15–30%. A comparison of market price
information for specific IM models confirms these findings. For this calculation, we will
assume that the IE3 IM price is 22.5% higher than the IE2 IM price. Let us also assume that
the IE4 IM price is 22.5% higher than the IE3 IM price.

In the literature, there are various estimates of the increase in the cost of the DOL
PMSM in comparison to the IE3 IM. Thus, in [26] it is said the increase in cost is about
100%. However, the authors of this paper see no objective reason for such a large increase
in cost. Comparison of information on market prices for specific models, as a rule, leads
to a difference in the price of IE3 IMs and DOL PMSMs in the range of 30–40%. For this
calculation, we will assume that the price of the DOL PMSM is 35% higher than the price
of the IE3 IM. Many studies point out that there are no objective reasons for a significant
difference in the cost of DOL SynRMs and IE3 IMs [26,28,29]. For this calculation, we will
assume that the DOL SynRM price is equal to the IE3 IM price (see Table 6).

Table 6. Initial costs of motors and capacitors.

Motor Motor Price, € C, uF N1·C, uF
Capacitor Bank

Price (Case
Figure 9a), €

Capacitor Bank
Price (Case

Figure 9b), €

Price: Motor +
Capacitors (Case

Figure 9a), €

Price: Motor +
Capacitors (Case

Figure 9b), €

IE2 IM 398.3 17 85 50.94 20.94 449.2 419.2

IE3 IM 487.9 16 80 50.94 20.94 538.8 508.8

DOL SynRM 487.9 21 105 54.00 29.40 541.9 517.3
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motor; (b) installation of a battery with linear capacity N1·C at the common connection point of the motors.

To compensate for reactive power, capacitors can be installed either individually
for each motor (Figure 9a) or connected to the common connection point for all motors
(Figure 9b). Capacitor banks (Figure 9a) connected individually to the motor terminals
have the advantage that individual pump units can be taken out of operation without
generating excess capacitive power (“reactive power overcompensation”). In the consid-
ered application, this need can appear if the flow rate of the pumping station changes
significantly over time [30].

Similarly interesting is the case of connecting one large capacitor bank with linear
capacitance N1·C to the common connection point of the motors (Figure 9b). In this case,
the total current in the cable and transformer will be the same as when using individual
capacitor banks on each of the N1 motors with linear capacitance C. However, the final
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cost of the capacitor bank will be lower, because as the rated capacitance of a capacitor
increases, its cost per capacitance unit decreases, based on market price analysis [25]. This
makes it possible to shorten the payback period, in comparison with the case of installing
capacitors on each motor, if the pumping station has an approximately constant flow rate,
as in the case under consideration.

Table 6 also shows the prices for capacitor banks for the cases under consideration. For
ease of comparison, all prices are for one motor, that is, in the case shown in Figure 9b, the
capacitor bank price is divided by the number of motors. For the case of Figure 9b, the cost
of the capacitor bank in terms of one motor turns out to be much less, which also makes it
possible to significantly reduce the cost of the entire electric drive of the pumping station.

Based on the initial cost of motors and capacitors, as well as the annual energy savings
(Table 5), the payback period was calculated for different types of motors for the pumping
station drive (Table 7, Figure 10). The results are shown for both the case without capacitors
(Figure 4) and for the two cases with capacitors (Figure 9).

Table 7. Motor payback period.

Value

IE2 IM +
Capacitors

(Case
Figure 9a)

IE3 IM

IE3 Motor +
Capacitors

(Case
Figure 9a)

DOL
SynRM

DOL SynRM
+ Capacitors

(Case
Figure 9a)

DOL
PMSM

DOL PMSM +
Capacitors

(Case
Figure 9a)

Annual cost savings, EUR
(per 20 years) 122 177 292 314 504 425 462

Payback period (new pump
unit commissioning), years 0.419 0.505 0.482 0.285 0.285 0.612 0.655

Payback period (replacing
the motor in an exploiting

pump unit), years
0.419 2.752 1.848 1.553 1.075 1.549 1.518

Value

IE2 IM +
Capacitors

(Case
Figure 9b)

IE3 motor + Capacitors
(Case Figure 9b)

DOL SynRM + Capacitors
(Case Figure 9b)

DOL PMSM + Capacitors
(Case Figure 9b)

Annual cost savings, EUR
(per 20 years) 122 292 504 462

Payback period (new pump
unit commissioning), years 0.172 0.379 0.236 0.59

Payback period (replacing
the motor in an exploiting

pump unit), years
0.172 1.745 1.026 1.453
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Figure 10. Comparison of payback periods when replacing IE2 IM without capacitors in a pumping unit in service.

Without considering the possibility of installing capacitors, the most profitable solution
is the DOL PMSM, which in this case provides the greatest savings and the shortest



Mathematics 2021, 9, 2196 12 of 14

payback period, despite its highest initial cost. Due to its lower initial cost, the DOL SynRM
without capacitors has approximately the same payback period as the DOL PMSM without
capacitors, but provides significantly less savings over the lifetime (Figure 8).

The IE3 IM without capacitors has the longest payback period of 2.75 years, which is
significantly higher than DOL PMSM and DOL SynRM without capacitors. Comparing
the options for installing capacitors, it can be concluded that the solution with installing
capacitors on IE2 IM has the shortest payback period. With a limited upgrade budget, this
is the most cost-effective solution.

However, in the long term, the most profitable is the use of the DOL SynRM with
capacitors, providing the most energy savings. When using capacitors, the payback periods
of the IE3 IM and DOL SynRM are significantly reduced. The payback period of the DOL
PMSM varies little with using capacitors.

8. Discussion

This article investigated the impact of using static capacitive compensation on energy
consumption and payback period for energy efficient electric motors in a pumping ap-
plication. Compared to the IE2 induction motor, motors such as the IE3 induction motor,
direct-on permanent magnet synchronous motor and direct-on-line synchronous reluctance
motor are considered.

The comparison considers not only the efficiency of the motors, but also their power
factor, on which the losses in the cable and transformer supplying the pumping station
depend. The possibility of installing static capacitors to compensate for the reactive power
of motors is also taken into account. The analysis takes into account that the motors have
different initial costs, and also takes into account the cost of capacitors.

Without taking into account the possibility of using capacitors, the DOL PMSM has
the shortest payback period (1.549 years), despite the highest cost, due to its high efficiency
and high power factor, which can significantly reduce losses in the cable and transformer.
The payback period of the DOL SynRM (1.553 years) is approximately equal to the payback
period of DOL PMSM due to its higher efficiency and lower initial cost. At the same time,
the payback periods of the DOL PMSM and DOL SynRM are significantly lower than that
of IE3 IM (2.75 years).

The analysis shows that considering the possibility of installing static capacitors can
significantly affect the results of comparing different motors in the application under
consideration. Capacitors have a low initial cost compared to the price of motors, however,
they allow you to compensate for the reactive component of the motor current, eliminate
losses from this component in the cable and transformer, and therefore significantly reduce
total losses. When using capacitors, the DOL SynRM has the shortest payback period
(1.07 years).

The use of static capacitors will shorten the payback period of all the motors under
consideration. When installing them, the payback period for the IE3 IM decreases most
significantly (from 2.75 to 1.75 years). The DOL SynRM payback decreases from 1.553 to
1.07 years. The payback period of the DOL PMSM also decreases, but only slightly (from
1.549 to 1.52 years), since the DOL PMSM has a high power factor even without capacitive
compensation.

If a pumping station has an approximately constant flow rate without the need for
frequent shutdown of individual pump units, then installing one capacitor bank at the
common connection point of the motors is more profitable than installing separate batteries
of smaller capacity for each motor.

It is also shown that in the absence of the possibility of replacing the IE2 motor with
more energy efficient ones, installing static capacitors on the terminals of the IE2 motor can
be a good energy saving solution with a short payback period. In this case, the payback
period of the capacitors is only 0.38 years.
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The results of this study can be applied not only to pumps, but also to other mecha-
nisms in which electric motors are powered directly from the AC mains and operate for a
long time with little changing load, for example, fans, blowers, compressors, mixers, etc.
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