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ANALYSIS OF THE PAYBACK PERIOD OF A MODERNIZED PUMP UNIT WITH
INDUCTION ELECTRIC MOTORS OF ADVANCED ENERGY EFFICIENCY CLASSES

Aim. The comparative analysis of energy consumption, electricity costs during lifetime cycle and payback period of a pump unit
with 90 kW 2-pole induction motors, belonging to various energy efficiency classes, feeding directly from power grid. Methods.
The examined operating modes aligned with a typical operating cycle of a pump unit with approximately constant flow rate of 75-
110 % of the rated flow. The calculations were based on the pump and induction motors nameplate data, which, in their turn,
were based on the manufacturers’ experimental data. Results. The calculations of energy consumption, electricity costs and
payback periods of a pump unit with 90 kW 2-pole induction motors, feeding directly from power grid have been performed in the
article. The application of induction motors belonging to IE2, IE3 and IE4 energy efficiency classes has been discussed. Practical
value. It has been demonstrated, than in case of replacement of an induction motor of energy efficiency class IE2 due to planned
retrofit, payback period for an IE4 induction motor is 2.18 years, energy savings within a calculated 20-year operating period
are 268MW-h, which makes €41110 in money terms. Under the same conditions, the replacement of an induction motor of energy
efficiency class IE2 with an induction motor of energy efficiency class IE3 will allow to save 88 MW-h within a calculated
operating period, which, expressed in monetary terms, is €13500 and the payback period is 5.11 years. Thus, the article proves
that despite a higher initial price, the choice of an induction motor of energy efficiency class IE4 tends to be more economically
advantageous. References 27, tables 4, figures 1.

Key words: centrifugal pump, energy efficiency, energy efficiency class, induction motor, throttling control, energy saving,
lifetime cycle, payback period.

Mema. [lopisnanvhutl ananiz pO3PAXYHKIE €HeP2OCNONCUBANHS, SUMPAM HA €eKMPOEHEPllo NPOMALOM HCUMMESO20 YUKTY i
mepMinie OKYNHOCMI HACOCHOT YCMANOBKU 3 2-NOMOCHUMU ACUHXPOHHUMU eleKmpoosu2ynamu nomyscuicmio 90 kBm pisnux knacie
eHepaoepeKmueHOCmi, Wo HCUBIAMbCA Oe3nocepedHbo 6i0 enekmpuunoi mepedci. Memoouka. Posenanymi pescumu pobomu
8i0N08i0AIOMb MUNOBOMY YUKTY POOOMU, XAPAKMEPHOMY Ol HACOCHUX YCIMAHOBOK 3 npubausno nocmitinoro gumpamoio 75-110 %
8i0 HOMiNANLHO20. Po3paxyHok TpyHmy8ascs Ha NACNOPMHUX OAHUX HACOCA I eneKmpOoOBUZYHI8, 5KI 8 C80I0 uepey 3acHOBAHI HA
eKCnepuMeHmanvhux Oanux eupobnuxis. Pesynomam. Y cmammi nposedeno po3paxyku eHepeoOCHOJICUBAHHSA, GUMPAM HA
eeKmpoenepzilo i mepminie OKYnHOCMI HACOCHOT YCMAHOBKU 3 2-NOTIOCHUMU ACUHXPOHHUMU eleKmpoogueyHamu nomyaicricmio 90
KBm, wo orcusisimovca Oesnocepednbo 6i0 eneKmpuuHoi mepedici. Po3ensinymo 3acmocysanus enekmpoOuUeyHie 3 Kiacamu
enepeoepexmusnocmi IE2, IE3 i IE4. Ilpakmuune 3nauenns. I[loxazano, wo 6 pasi 3amiHu eleKmMpoOsUcyHa Kiacy
enepeoepexmusnocmi IE2 6 36’a3Ky 3 NIaH08010 MOOEPHI3AYI€IO0 enekmpoOsuesyHoM Kiacy enepeoepexmusnocmi [E4 mepmin
oxynnocmi cmanosums 2,18 poxy, exonomis enexmpoenepeii npomazom pospaxynkoeozo 20-piunoco mepminy excnayamayii cknaoae
268 MBm - 200, wo 6 epowiosomy eupascenni cmanosums 41110 €. Ilpu mux e ymosax 3amiHa eNeKmMpoOSUZYHA KAACY
enepeoepexmusnocmi IE2 Ha enexmpoosucyn kiacy enepeoegexmuerocmi IE3 0o36onums Oocsiemu eKoHOMIi enekmpoenepeii
npoms2oM po3paxyHkoso2o mepminy excnayamayii 88 MBm-200, wo cmanosums 6 epowiosomy eupadicenni 13500 €, i mepmin
oxynnocmi € 5,11 poky. Takum uwunom, 6 cmammi NOKA3GHO, WO He36aACAIOHU HA OinbWL BUCOKY NOYAMKO8Y 6apmicmbv, ubIp
enekmpoosucyna knacy enepeoegpexmusnocmi IE4 6invu eucionuil 3 ekonomiunoi mouxu sopy. bion. 27, tabn. 4, puc. 1.

Kniouosi cnoea: BigueHTPoBHil Hacoc, eHeproegeKTUBHICTb, KJIAC eHeProe)eKTHBHOCTI, ACHHXPOHHMIl eJIeKTPOIBUIYH,
JIpocesibHE PeryJioBaHHs, eHepro3oepe:KeHHs, ;KUTTEBUI IIUKJI, TEPMiH OKYIIHOCTI.

Llens. Cpagnumenvhulii aHaiusz paciemos dHepeonompedienus, 3ampam Ha d1eKMPOoIHEPUI0 8 MeyeHue HCUSHEHH020 YUKIA U
CPOKO8 OKYNAeMOCmU HACOCHOU YCMAHOBKU C 2-NOTIOCHBIMU ACUHXPOHHbIMU dNIeKmpoosuzamensmu mowpocmoio 90 kBm pasnuynvix
KAACCO8 IHEP2odP@PekmusHocmu, RUMarwumMucs Hanpamylo om snekmpudeckoti cemu. Memoouka Paccmampusaemvie pedcumbl
pabomsl COOMEEMCMEOBANU MUNOBOMY YUKTLY PAOOMbL, XAPAKMEPHOMY Ol HACOCHLIX YCMAHOBOK € NPUOIUSUMETLHO NOCMOAHHbIM
pacxooom 75-110 % om nHomunanvro2o. Pacuem ocrosvléancs na nacnopmusix OAHHLIX HACOCA U dNeKMpodsueameleli, KOmopule
CB8010 ouepedb OCHOBAHLL HA IKCNEPUMEHMANLHLIX OaHHbIX npouszsooumenei. Pezynemam B cmamve npouseeden pacuemul
SHepzonompebaenus, 3ampam Ha d1eKMPOIHEPUI0 U CPOKOE OKYNAeMOCMU HACOCHOU YCMAHOBKU C 2-NONIOCHBIMU ACUHXPOHHBIMU
anekmpoosuzamenamu mownocmoio 90 kBm, numarowumuca nanpamyio om snekmpuyeckol cemu. Paccmompeno npumenenue
anexkmpoosuecamenei ¢ kiaccamu suepeodppexmuenocmu IE2, IE3 u IE4. IIpakmuueckoe 3nauenue. Iloxkasano, umo 6 ciyuyae
3amenvl dnekmpoosuzamens kiacca suepeosgp@exmusnocmu IE2 6 cea3u ¢ nnanogoii mooepuusayuetl S1eKmpoosuzamenem Kiacca
anepeospgexmusnocmu [E4 cpox oxynaemocmu 015 saekmpoogueamens kiacca snepeodgppexmusnocmu IE4 cocmaensem 2,18
2004, IKOHOMUsL DNEKMpoIHepeuu 6 mevenue paciemnozo 20-nemmeco cpoka skcnayamayuu cocmaegisiem 268 MBm-u, umo 6
OdenedicHom gvipadcenuu cocmaensiem 41110 €. Ilpu mex sice ycrousx 3amena 31eKkmpoosueameis Kiacca dHepeodpexmusnocmu
IE2 na snexmpoosucamens kiacca duepeodgpexmusnocmu [E3 nozeonum Oocmuub KOHOMUU INEKMPOIHepUU 6 meueHue
pacuemnoeo cpoxa sxcnayamayuu 88 MBm-y, umo cocmagnaem & denescrom gvipaxcenuu 13500 €, u cpoxa oxynaemocmu 5,11
2o0a. Takxum obpaszom, 6 cmamve NOKA3AHO, YMO, HECMOMPSL HA 6Oee BbICOKYIO HAYATILHYIO CHOUMOCb, 8bIOOD INIEKMPOOsUAMens
Kaacca suepeoagpgpexmusrnocmu IE4 6onee 6v1200eH ¢ IKoHOMUYECKOU MmouKu 3peHus. bubm. 27, Tadn. 4, puc. 1.

Kniouesvie cnosa: 1eHTPOOEKHBIH Hacoc, 3HeProdPGeKTuBHOCTb, KJIACC IHEProd(eKTHBHOCTH, ACHHXPOHHBII
3J1eKTPOJBHIaTellb, IpoccelibHOe peryIMpoBaHue, JHeprocoepeskeHne, ;KU3HEHHbII UK/, CPOK OKYNaeMOCTH.

Introduction. In the world and, in particular, in the  processes. An important part of it is the establishment of
European Union, work has long and consistently been energy efficiency classes for electric motors, both
carried out to increase the energy efficiency of household powered directly from the electrical network [1], and
appliances, industrial equipment and technological operating as part of a variable frequency drive (VFD) [2].
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This is due to the fact that according to the research [3],
electric motors consume 46 % of the electricity generated
in the world, and the share of electricity consumption by
electric motors in industry is about 70 %.

In accordance with the EU regulation [4] of 2009,
with the addition of 2014, from January 1, 2017 all
electric motors with power from 0.75 to 375 kW, with the
exception of those specified in the Standard, must have an
energy efficiency class of at least IE3 or IE2, if they are
used as part of a VFD. In 2019, the requirements for the
energy efficiency of electric motors were updated in the
new EU regulation [5], according to which the scope of
application of the requirements was expanded and the
timing of the introduction of more stringent requirements
was determined. So, in [5] it is indicated that from July 1,
2021 2-, 4-, 6-, 8-pole electric motors with power from
0.75 to 1000 kW, with the exception of those specified in
the Standard, must have an energy efficiency class of at
least IE3. From July 1, 2023 2, 4, 6-pole electric motors
from 75 to 200 kW inclusive must have an energy
efficiency class of at least IE4 [5]. In the USA,
Switzerland, Turkey, Canada, Mexico, South Korea,
Singapore, Japan, Saudi Arabia, Brazil, Taiwan and a
number of other countries, the use of electric motors with
an energy efficiency class of at least IE3 is mandatory [6].

The relevance of the work. According to a
European Commission report [3], pumping systems
account for almost 22 % of the energy consumed by
electric motors worldwide. Therefore, studying the
possibilities of increasing the energy efficiency of
pumping units is an urgent task.

Centrifugal pumps often do not require a wide
control range, as well as high starting torque and speed.
Therefore, induction electric motors (IMs), operating
directly from the electrical network, are widely used in
the drives of the mechanisms mentioned above. In this
case, the regulation of the performance of the pumps is
carried out using valves (throttle control), by means of a
controlled change in the characteristics of the hydraulic
network. It is known that due to the high costs of
frequency converters, not only pumps are characterized
by the use of electric motors powered directly from the
electrical network. For example, according to the
European Commission [1], the share of VFD was about
30 % for Germany, and about 20 % for Switzerland,
according to the study described in [7].

Increasing the energy efficiency of a pumping unit is
possible due to changes in the hydraulic network on
which the unit operates, the use of VFDs, optimization
and distribution of loads (in the case of parallel pumping
units), as well as due to the proper selection of unit
elements, in particular the use of higher energy efficiency
class electric motors [8]. A large number of articles [9-12]
are devoted to the issues of reducing the energy
consumption of pumping units by using electric motors of
different operating principles of higher energy efficiency
classes. However, in all of the above-mentioned articles
[9-12], a method of regulating pump performance using a
VED is considered. This article discusses the use of
electric motors with a higher energy efficiency class, as
the most relevant way to improve the energy efficiency of
pumps with throttle control.

Note that the classification of electric motors for
energy efficiency in the regulatory documents [1, 5] is
based only on the efficiency in the nominal operating
mode, i.e. at rated shaft power, and does not take into
account the efficiency of electric motors at a load
different from the rated load, which is more or less
characteristic of electric motors as part of pumping units.
So, for circulating pumps with power up to 2.5 kW
operating mainly with variable flow rate according to
[13-15], the relative operating time in the nominal mode
does not exceed 6 %.

For water pumps, according to [16], standard
operating modes with flaw rate of 75 %, 100 % and 110 %
of the nominal flow rate are adopted, and the
requirements for energy efficiency in these modes are
presented. In [14, 15], a typical operating cycle for these
modes is given, typical for pumping systems with an
approximately constant flow rate. This profile assumes
operation 25 % of the time at 75 % flow, 50 % of the time
at nominal flow rate and 25 % of the time at 110 %.

Literature review. In [17], a pump unit with
nominal power of 2.2 kW operating at a variable flow rate
was analyzed. Line-start permanent magnet synchronous
motors and IMs with energy efficiency classes IE3 and
IE4 were considered. Annual electricity consumption,
annual electricity costs, share of life cycle costs
determined by the cost of electricity and annual energy
savings in kind and in monetary terms when choosing an
electric motor were calculated. However, the calculation
of the payback period was not made, since the main goal
of the article was to show that the choice of an electric
motor only according to the energy efficiency class,
which is assigned according to the efficiency at the rated
load, does not lead to the minimum energy consumption
when operating a pumping unit with a variable flow rate
according to the typical operating cycle given in [13].

In the article [18], the analysis of the same indicators
was carried out for a pumping unit operating at an
approximately constant flow rate, with power of 11 kW
with two IMs of energy efficiency classes IE1 and IE2,
and the payback periods of technical solutions for
replacing an electric motor of class IE1 with an electric
motor of class IE2 were calculated. However, it should be
noted that replacing the IE1 energy efficiency class with
IE2 electric motors is relevant only in some countries. For
example, in the countries of the Eurasian Economic
Union (Russia, Kazakhstan, Belarus, Kyrgyzstan,
Armenia), the legislation of which in the field of energy
efficiency [19] does not prohibit the use of electric motors
of the IE1 class until September 1, 2021.

Thus, as the review of literature sources shows, a
comparative analysis of energy consumption and
economic indicators of operation of electric motors of
energy efficiency classes IE2, IE3, IE4 in pumping units
of medium and high power with throttle regulation and
approximately constant flow rate has not been previously
carried out.

The goal of the work is a comparative analysis of
energy consumption and payback periods of a pumping
unit using 2-pole IMs of energy efficiency classes 1E2
[20], IE3 [21] and IE4 [22] of power of 90 kW from one
manufacturer, powered directly from the mains, for a
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typical cycle of operation, typical for an approximately
constant flow rate according to [14, 15].

Initial data and calculation methods. For the
calculation, the data of the pump Grundfos NB 65-
315/308 AF2ABAQE — 97836805 [23] with rated power
Pryre = 90 kW and rated speed npyrp = 2980 rpm are
used. Pump data are given in Table 1, where Qpgp is the
flow rate at the best efficient point (BEP) and Hpgp is the
pump pressure at the BEP.

Table 1
Pump passport data
Parameter Value
Type NB 65-315/308
Prire, W 90 000
n, rpm 2980
QBEP; m?h 182
Hpgp, m 120.6
Efficiency, % 73.8

The graphs of the main characteristics of the pump
(dependence of pressure, power consumption and
efficiency on flow) are shown in Fig. 1.

taking into account year-round and round-the-clock
operation, was determined as
3
Eqp =36515 -Z[Pl.,-_m -t—’] . @)
i=l fy
where £ is the total operating time taken equal to 24 h and
t; is the operating time in each mode.

Electricity cost (€) at tariff GT = € 0.188 / kWh for
industrial consumers in Germany in the second half of
2019 [24] was determined by the formula

Cy,m = Ey.m -GT. (3)

The annual cost savings in electricity were
calculated as
8$,31= C3— G383 = Cr3 = G S0 = Gy = Cy1. (4)

Taking into account that the life cycle of pumping
units according to the data [25, 26] is about 15-20 years,
for the calculations the service life was assumed n = 20
years. The electricity costs were calculated over the life
cycle of the pumping unit, since the total cost of the life
cycle of a pumping unit is mainly the cost of consumed
electricity (at least more than 50-60 %) [25, 26]. The net
present value (NPV) of the life cycle, determined by the
cost of electricity consumed, was calculated as

CLCCen.m = Cym/(l + (V - p))ns (5)
where y is the interest rate (taken equal to 0.04) and p is the
expected annual inflation (taken equal to 0.02) [25, 26].

The difference in electricity costs during the life
cycle of the m-th IM relative to the existing IM was
determined as

ACLCCen,.?m = CLCCen.3 - CLCCen.m- (6)

In the case of replacing the existing IM of the 1E2
energy efficiency class with an IE4 or IE3 IM, the
payback period 7, of the m-th IM was determined as

Q, m3/h Tm = Ciic.m / Sy.3m~ (7)
a where Cj.,, 1s the initial cost of the considered electric
b ' ! ' ' ' ! : motors, which are given in Table 4 according to [27].
: Results of calculations and their discussion. Table 2
ol ey | shows the results of calculating the pump operating
sk M,,—r'“” modes.
® Table 2
5% | Results of calculating the pump operating modes
:: | Number f)f | 5 3
wl modes (7)
ol 0;, % 75 100 110
. . | | . . . ‘ 0,, m/h 136.5 182.0 200.2
0 25 50 75 1000l an 125 150 175 200 ﬁm.i’ (r)n 132.6 120.6 113.9
b | Wpumpei» Yo 71.3 73.8 72.7
. o Pocnis W 69176 81045 85471
Fig. 1. Interpolated pump characteristics and reference Poeers % 76.86 90.05 94.97

points from catalog data:
a) O-H characteristic and power consumption versus flow rate;
b) dependence of pump efficiency on flow

The active power of the m-th IM in the i-th operating
mode consumed from the electrical network was
calculated according to (1) taking into account the
interpolated values of the efficiency of electric motors
Nyim and the mechanical power P, for modes
corresponding to a typical cycle of operation, similar to
the approach used in work [17]

PlJﬂm = Pmech.i,m / Nuim- (1)

The annual energy consumption for each IM in the
considered typical operating cycle of the pumping unit,

Table 3 shows the efficiency values of electric
motors according to the catalog for loads of 50 %, 75 %
and 100 %, as well as for each operating mode of the
pump in accordance with the considered typical operating
cycle.

The calculation results using (1)-(7) are shown in
Table 4. If an IE2 electric motor in an existing pumping
unit is replaced by an IE4 electric motor, the energy
savings over the design life are 268 MWh, which is €
41,100 in monetary terms, and the payback period is 2.18
years. In case of replacement with an electric motor of the
energy efficiency class IE3, the energy savings during the
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Table 3
Initial and interpolated efficiency values of electric motors

Efficiency according to catalog

Electric motor type, data, % at load

m
IE class 50% | 75% | 100%
1 | IM WEG W22, IE4 955 | 962 | 965
IM WEG W22, IE3 943 | 952 | 952
3 | IMWEG W22, IE2 940 | 946 | 946

Electric motor type, Interpolated values of efficiency

m IE class Nasims Yo in operating modes
1 2 3
1 IM WEG W22, I[E4 96.27 96.43 96.46
2 IM WEG W22, IE3 95.20 95.20 95.20
3 IM WEG W22, IE2 94.60 94.60 94.60
Table 4
Results of calculating energy consumption and electrical energy
savings
m 1 2 3
Electric motor type, | ALl WEG | Al WEG | AJl WEG
IE class W22,1E4 | W22,1E3 | W22, IE2
E, ., MWh 719.5 728.5 732.9
C,, ., thousand € 135.27 136.96 137.78
Sy.3ms € 2513.4 824.8 0
CicCenms thousand € 2211.9 2239.5 2253.0
AC1¢cen.3m» thousand 41.1 13.5 0
€
Ciiens € 5486 4220 0
T, years 2.18 5.11 -

design life are 88 MWh, which is € 13,500 in monetary
terms, the payback period is 5.11 years. Thus, for the
considered conditions, it is advisable to modernize the
pumping unit by replacing the electric motor of the IE2
energy efficiency class. Here, despite the higher cost, the
use of an electric motor of the energy efficiency class IE4
will provide a significantly shorter payback period than
the use of an electric motor of the class 1E3.

Conclusions. In the work, calculations of electricity
consumption and cost indicators of energy savings for
induction electric motors of IE2, IE3, IE4 classes were
made, in the case if they are used in a pumping unit
operating with flow rate varying within 75-110 % of the
nominal one. A comparison was made of the payback
periods and electrical energy costs throughout the life
cycle for the case of replacing the electric motor in
connection with a planned modernization. The payback
period for replacing an IE2 motor with an IE4 motor is
2.18 years. Here, the payback period in case of
replacement of an electric motor of the energy efficiency
class IE2 with an electric motor of the energy efficiency
class IE3 is much longer and amounts to 5.11 years. Thus,
the choice of an IE4 motor is more cost-effective when
upgrading, even though its cost is 30 % higher than that of
an IE3 motor. It should be noted that such a technical
solution will be especially relevant in light of the
requirements of the document [5], according to which in
the European Union the use of IE4 class electric motors
for powers above 75 kW is mandatory from July 1, 2023.
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