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Abstract

:

The paper presents a comparative analysis of life-cycle energy consumption for three different types of 4 kW line-start motors used in a pump unit with throttling: the most widely used induction motor with IE3 efficiency class, line start permanent magnet synchronous motor with IE4 efficiency class and line start synchronous reluctance motor with IE4 efficiency class. The operating cycle for pump units with constant flow is considered for the above-mentioned types of motors taking into account not only the losses in the pump and motor, but also in the power supply cable. It is shown that the line start synchronous reluctance motor without magnets has the highest efficiency over the entire considered loading range. However, its power factor is lower than that of the synchronous motor with magnets and therefore it has more significant losses in power supply cable. Despite this disadvantage, the line-start reluctance motor is a good alternative to widespread induction motor since it allows saving of approximately 4000 euro more than the latter during the 20 years life cycle. It also provides similar savings in comparison to the permanent magnet synchronous motor, but unlike it, it does not have costly rare-earth materials in the rotor.
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1. Introduction


Nowadays, most of the drives with the direct start from the mains power supply utilize induction motors (IM) with aluminium squirrel cage. Typically, IM with casting squirrel cage has a relatively low class of efficiency IE3 [1,2].



Although it is currently acceptable to use the motors with the efficiency class IE3 for industrial applications, according to the EU plans, the efficiency requirements will be increased in the future. For instance, starting from 1st of July 2023, the motors in the EU with the output power greater than 75 kW should comply with the IE4 class of efficiency [3]. Future plans imply the expansion of IE4 requirements to the motors with lower output power (<75 kW) and moving towards the IE5 class of efficiency for high output power motors [4]. In addition, even at the present time, the use of motors of IE4 and IE5 classes can be feasible, due to constantly increasing cost of energy resources and the need to reduce environmental impact [5].



Therefore, further efficiency improvement of IM is necessary in order to comply with upcoming changes in energy efficiency standards. One of the possible ways is to replace the aluminium squirrel cage with a copper one. However, the latter is more expensive in comparison to the aluminium squirrel cage [2]. For that reason, the IMs with copper squirrel cage are not so widespread for the drives with direct start from the mains power supply.



Recently, the major industrial companies [6,7] have developed synchronous permanent magnet motors with the line start from the mains power supply—so-called line start permanent magnet synchronous motors (LS-PMSM), which comply with the IE4 class efficiency. Such synchronous motors have a squirrel cage type winding on the rotor. This squirrel cage allows starting the motor directly from the mains power supply in asynchronous mode. The rotor accelerates until its frequency gets close to the synchronous frequency. In synchronous mode, the squirrel cage dampens rotor vibrations during sudden changes in load.



There is a number of publications dedicated to the development of LS-PMSM [8,9,10,11,12,13]. However, LS-PMSM cannot compete with IM contribution to industrial use due to the high cost of the former. Another problem in the manufacturing of LS-PMSM is its technological dependence on rare earth materials suppliers from China. About 95% of the total amount of rare earth raw materials worldwide comes from China [14]. Since this situation is unlikely to change in the foreseeable future, there is always a threat of an unstable change in the price of raw materials for the production of permanent magnets. The already high prices for materials for the production of rare earth magnets can change several times within a few years [14,15].



In addition, the rare earth mineral processing technology is associated with significant environmental damage. It is claimed that the processing of each ton of rare-earth element concentrate results in generation of 1–1.4 t of radioactive waste. Only a small part of the resulting slush contains rare-earth elements and is subsequently extracted for refinement [16].



In view of the above-noted disadvantages of the motors with rare earth magnets, an alternative to the LS-PMSM must be sought. Currently, synchronous reluctance motors (SynRM), which have no magnets and no short-circuited startup winding in the rotor, and are powered by a variable frequency drive (VFD) are the good alternatives to IM [17,18,19,20,21]. They meet the criteria of IE4 energy efficiency [22,23] and IE5 [19,24,25], according to the standard IEC 60034-30-2 «Rotating electrical machines – Part 30-2: Efficiency classes of variable speed AC motors (IE-code)». These kinds of SynRMs were recently launched for production by large industrial companies. [22,26,27].



There are also IE4 energy efficiency class synchronous reluctance motors that are powered directly from the mains power supply, the rotor of which is manufactured with a short-circuited startup winding (line start synchronous reluctance motor, LS-SynRM) [28,29,30,31]. These kinds of LS-SynRMs have a higher energy efficiency class than IM as well as approximately the same manufacturing cost [32].



Wide use of energy-efficient LS-SynRMs can lead to a decrease in energy consumption and energy intensity of GDP, as well as lower Greenhouse Gas emissions during electricity generation. The use of energy-efficient LS-SynRM instead of IM will help to achieve the goals stated in the energy and environmental strategies of the European Union (European Green Deal [5]), USA (State Energy Program [33]), Switzerland (supporting Paris Climate Agreement [34]), China (supporting Paris Climate Agreement [35]), Japan (Net Zero Energy Building [36]), South Korea (supporting Paris Climate Agreement [37]) and other countries.



Pump systems consume almost 22% of all electric energy generated throughout the world [38]. Most of the pump drives are powered directly from the mains power supply [39,40]. This suggests the high energy-saving potential of LS-SynRM in pump applications.



A large number of works are dedicated to the comparison of the energy consumption of pumping systems with various types of motors (induction motors, synchronous motors with rare earth permanent magnets, synchronous reluctance motors without magnets). However, all these works are dedicated to pumping systems with motor frequency control using variable frequency drive (VFD) [17,21,41,42,43].



Energy-saving effect of using various types of motors in pumping systems powered directly from the mains power supply are considered much less frequently. Thus, in [40] the comparison of the energy consumption for LS-PMSM and IM with the direct feed from the mains power supply of classes IE3 and IE4 in a centrifugal pump with a throttling control is considered. In that work, it was shown that when choosing the motor, it is necessary to take into account not only the energy efficiency class, but also the efficiency under reduced loads.



However, the estimation of the energy-saving effect of LS-SynRM use in pumping systems, and their comparison to IM and LS-PMSM, including the energy losses in power supply cable, has not yet been considered in the literature to the best of our knowledge. The energy losses in the power supply cable depend on the power factor. The power factor should be taken into account due to the increased reactive component of the current, which contributes significantly to the increase of the total current. In [44,45,46], it is noted that LS-SynRM has a small power factor, which can lead to losses in the power supply cable. Since the motors studied in this article have different values of the power factor, not only their efficiency but also their influence of the power factor on losses in the power supply cable is taken into account when comparing their energy consumption.



In this paper, a comparative assessment of the energy consumption for a low-power pump drive (4 kW) with various types of electric motors is carried out. The following electric motor types are considered: LS-SynRM with energy efficiency class IE4 (Figure 1a), LS-PMSM with energy efficiency class IE4 (Figure 1b) and IM with energy efficiency class IE3 (Figure 1c). All three considered motors have a similar design of the stator. However, their rotor design is different. All the motors have a starter cage on the rotor for the asynchronous startup. However, LS-SynRM has also the magnetic anisotropy of the rotor structure formed by magnetic barriers. Therefore, it enters into synchronous operation after starting. LS-PMSM also goes into synchronous operation due to the synchronizing torque produced by the permanent magnets installed in the rotor. The synchronous motors (LS-SynRM and LS-PMSM) usually have a better efficiency compared to IM due to the reduced rotor losses. Various loading modes of the duty cycle of the pump drive with unregulated rotation speed are taken into account. The costs of electric energy consumption during the pump life-cycle is chosen as the main criterion for comparing the motors.



It must be highlighted that the analysis presented in this paper is not based on theoretical calculations of motor performances using a modelling software. Instead, an approach to the analysis of energy consumption based on data from manufacturers' datasheets and experimental data is used in the work. For IM and LS-PMSM, the data from manufacturers datasheets are used [47,48]. Since LS-SynRMs of high energy efficiency classes are not yet mass-produced, the experimental data for LS-SynRM are taken from the article [28]. More specifically, the data on the efficiency and power factor of the motors are used in the present analysis. For data processing, polynomial interpolation is applied to the entire load range under consideration. Interpolation of experimental data and other calculations were performed in the MATLAB program and are described in Formulas (1)–(9). The proposed calculation method can be used for choosing the type of electric motor in pumping systems.




2. Evaluating Pump Energy Consumption


The mathematical model of pump unit for calculating the energy consumption of a pump drive with various types of the motors is presented below. The schematic representation of the drive of a pump unit with one electric motor, powered directly from the mains power supply, is shown in Figure 2. The electric motor is fed directly from the mains and is coupled to a centrifugal pump without intermediate mechanical gears. The required motor electrical power Pmotor el depends on the flow Q [39]:


Pmotor el = ηmotor∙Pmech;



(1)






Pmech = ηpump∙Phydr = ηpump∙ρ∙g∙H∙Q = f(Q)



(2)




where H—water pressure, is defined from the H-Q characteristic of the pump from the catalogue; g—acceleration of gravity; ρ—density of a liquid; Phydr—hydraulic power of pump; Pmech—mechanical power of pump, defined from characteristic Pmech = f (Q) from catalogue; ηpump—pump efficiency; ηmotor—motor efficiency.



In addition to losses in the motor, losses in the power supply cable are also taken into account. The power supply cable electrical loss pcable depends on the active phase resistance of the cable and the value of the motor current [49]:


pcable = 3∙Rcable ∙Imotor2,



(3)




where Rcable—cable phase resistance; Imotor—motor current.



The motor current is calculated according to formula:


Imotor = Pmech/(√3∙Vmotor ∙cosφ∙ηmotor),



(4)




where Vmotor = 400V; cosφ and ηmotor—power factor and motor efficiency, according to data from the catalogue.



Considering losses in cable, the electric power P1 consumed from the mains by the pump unit is calculated as:


P1 = ηmotor∙Pmech + pcable.



(5)







To calculate the energy consumption of a pump drive, the pump performance characteristics from the manufacturer's datasheets were used [50]. In order to compare the energy consumption of the electric motors as a part of the pump unit when controlling flow by a throttling valve, a centrifugal pump B-NM4 65/25B/B (manufactured by Calpeda S.p.A., Montorso Vicentino, Vicenza, Italy) with the rated power Prate = 4 kW and with rated rotational speed n = 1450 rpm was used [50]. Pump data are shown in Table 1. QBEP denotes the flow at the best efficient point (BEP), and HBEP denotes the pump head at BEP.



The calculation was performed for three different four-pole electric motors with the rated power of 4 kW, namely LS-SynRM (a test prototype [28]), LS-PMSM (manufacturer WEG [47]) and IE3 efficiency class induction motor (IM, manufacturer WEG [48]). For the serially produced LS-PMSM and IM, datasheets on their efficiency are used.



There are still no commercially available high-performance LS-SynRMs on the market to the best of our knowledge. ABB Group corporation has announced the launch of IE4 class LS-SynRM [51], however, at the moment of writing this manuscript, these motors are still not available on the market. Therefore, to perform the calculation of LS-SynRM power consumption, the data of the experimental sample described in [28] were used.



Efficiency data for the motors are shown in Table 2 and Table 3 and in Figure 3. Current data of the motors are shown in Figure 4. Power factor data of the motors are shown in Figure 5. The motor current can be found based on the efficiency and power factor data using Equation (4).



Note that all three considered motors have approximately the same size and are located in standard casings IEC 112 with mounting dimensions in accordance with IEC standard 60072-1-1991. All data for LS-PMSM and IM are taken from the datasheets of the manufacturer [47,48]. Data for LS-SynRM are taken from the article [28].



In Figure 3, Figure 4 and Figure 5, the data on motor efficiency, current and power factor are presented. It can be seen that the LS-SynRM has the highest efficiency values in various modes (Figure 3). The rated efficiency of the LS-SynRM is 91.9%. Also, LS-PMSM is more efficient than the traditional IM. According to the data in Table 3, the estimated efficiency of the IM is only 88.8%, while the efficiency of LS-PMSM is significantly higher at 91.7%. Figure 3 also demonstrates that the LS-PMSM efficiency is higher than that of the IM over the entire considered loading range.



The efficiency of the LS-PMSM in the nominal mode is the same as that of the LS-SynRM. However, in partial load modes, the LS-PMSM's efficiency decreases much faster than the one of LS-SynRM. LS-PMSM has the highest power factor. The power factors of IM and LS-SynRM have approximately the same values (0.78 and 0.755, respectively) which are significantly lower than the one for PMSM (0.88). The rate of the power factor decrease with a decrease in load is approximately the same for all studied motors: when the load was decreased from 100% to 50%, the power factor decreased by approximately 0.15.




3. Pump Operating Cycle


The operation of the pump unit was considered in the loading points wherein the water flow over the duty cycle changes in accordance with the typical characteristic of fixed-speed pump applications, as shown in reference [52]. In reality, however, even in the case of fixed-speed pumps, the flowrate is very seldom constant. For example, even in a simple pump system when a pump is used to move liquid from one reservoir to another, the duty points vary due to the level of the reservoirs, which means the pump does not operate all the time at the best efficiency. A typical duty cycle of a pump with an approximately constant flowrate described in [52] is characterized by three discrete modes (Figure 6).



An electric motor is connected directly to the mains power supply. Therefore, the flow Q of the pump is adjusted using a throttle. In this case, the water pressure changes in accordance with the Q-H curve of the pump, and the operating point is the intersection point of the pump characteristic (red line in Figure 7a) and the hydraulic system characteristic (blue, green and emerald lines in Figure 7a). Figure 7a shows the interpolation results of the Q-H characteristic of the selected pump according to manufacturer data [50].



The mechanical (input) power curve of the pump as a function of the flow is reported by the pump manufacturer (Figure 7b). The pump power was determined from the curve in three operation modes (75%, 100% and 110% of the pump flow). The flow corresponding to 100% of the maximum flow in the pump operating cycle was determined based on the pump efficiency curve (Figure 7c) [50], corresponding to maximum efficiency (best efficiency point: Q = 60m3/h, ηpump = 0.755).



The efficiencies of the electric motors (Table 2) at the four operation modes of the pump unit were determined using polynomial interpolation of their specification data.



The obtained efficiency values are provided in Table 4, which also shows the following values for each operating mode: the flow, the pump head, and the mechanical output power of the electric motors as percentages of the rated output.




4. Cable Losses Depending on Motor Power Factor


An important energy parameter for a motor with a feed from the mains power supply is not only the efficiency, but also the power factor, because the reactive current fed to a motor flows not only through its winding, but also through a network of elements from which a motor receives power [53] causing additional losses. Since the considered motors have different power factors and total currents (see Figure 4 and Table 5), it is also necessary to evaluate the influence of this factor on the cost of electricity for the consumer.



Let us have a look at the simplest case when a pump is connected directly to a three-phase 400 V network. In this case, if we want to consider cable losses, we need to take into account the magnitude of the motor current too. For industry, the typical cable length for connecting low-voltage power equipment is about 100 m [54]. In low-power electrical systems with a current load of up to 15A, cables with a cross section of 1.5 mm2 are typically used [55]. The specific resistance of one phase of a copper cable with these parameters is approximately ρcable = 12.6 Ohm/km. When performing calculations for the stranded cables of a small cross section, the reactance is usually neglected. We assume that the motor is powered via a typical cable of 100 m length (lcable = 100 m). The phase resistance of such a cable will be Rcable = lcable∙ρcable = 0.1∙12.6 = 1.26 Ohm. Losses in the cable are calculated from (3). The results of interpolation of motor current values for various studied pump modes are presented in Table 5.



Table 6 presents the results of the calculation of losses in the cable according to Formula (3), as well as the values of the losses in the motor, according to the data in Table 4.



In accordance with the assumptions made, the estimated losses in cable are comparable with the ones in the motor (Table 6). At the same time, the cable losses for LS-PMSM are lower by approximately 25% than for LS-SynRM and IM. The main reason of the reduced cable losses for LS-PMSM is its reduced total current due to its higher power factor, according to Equations (3) and (4). These results confirm the importance of the power factor increase for reduction of the energy consumption of the line-start motors.




5. Electric Energy Consumption Results and Discussion


Using the results obtained in the previous sections, we compared the energy consumption of the pump drive with various motors: LS-SynRM, LS-PMSM and IM motor. The daily energy consumption for each electric motor over a full duty cycle of the pump unit in accordance with the corresponding load profile (Figure 6) is determined as:


   E  d a y   =  t Σ  ⋅   ∑  i = 1  3    (   P  1   i   ⋅  t i  /  t Σ   )    .  



(6)




where i = 1…3 is the number of a loading point; P1 i is the eclectic power P1 in a loading point; ti/tΣ is the share of the operation time of a loading point.



For the year-round operation of the pump unit, the annual energy consumption was calculated as follows:


Eyear = Ed·365.



(7)







The cost of electricity consumed (in Euro), considering the applied grid tariffs GT = 0.2036 €/kW∙h for non-household consumers [56] for Germany in the second half of 2019, was calculated as follows:


Cyear = Ey ·GT.



(8)







The whole life cycle of pump units is usually about 20 years [57,58]. The energy cost for the lifespan of n = 20 years is assessed without taking into account the maintenance costs and the initial cost of the motors since the market cost of the motors depends on many factors and this was beyond of the topic of the present paper. Furthermore, the pump lifetime expenses often consist mostly of the energy cost (>50–60%) [57,58]. The net present value (NPV) of the life-cycle cost was calculated as follows:


   C  L C C   =   ∑  i = 1  n    (   C  y e a r   /    [  1 +  (  y − p  )   ]   i   )    ,  



(9)




where y— interest rate (y = 0.04); p—expected annual inflation (p = 0.02); n—lifetime of the pump unit (n = 20 years) [58].



The results of calculations based on (1)–(9) excluding and including cable losses are presented in Table 7 and Table 8, respectively. Figure 8 presents calculated values of life cycle energy cost CLCC for both cases. The energy savings of LS-SynRM and LS-PMSM is assessed in relation to the induction motor.



From Table 7 and Table 8 and Figure 8 we can see that without taking into account the cable losses, LS-SynRM provides the lowest energy consumption (Eday = 84.9 and Eyear = 31,001 kW·hour) which is 3.65% more annual energy saving than for IM. For the LS-PMSM and IM the daily energy consumption values are 86.0 and 88.1 kW hour, respectively, and their annual energy consumption is 31,384 and 32,173 kW hour, respectively. The annual cost saving for LS-PMSM is 2.45% higher than for IM. When the cable losses are taken into account the energy savings in relation to IM of both LS-SynRM and LS-PMSM raise to 3.6%.



The life cycle energy cost for 20 years of use is estimated in euros and is 108,651, 108,722 and 112,742 € including cable losses for LS-SynRM, LS-PMSM and IM, respectively. It can be seen that for LS-SynRM, the life cycle savings in energy costs against the IM excluding and including cable losses are relatively similar 3900 € and 4181 €, respectively. In case of using LS-PMSM, the savings increase almost double from 2626 € to 4020 € when the cable losses were taken into account. Thus, before making a choice of particular motor type and calculating the payback period, it is necessary to take into account not only the efficiency of the motors, but also the power factor and its effect on cable losses, as this can significantly affect the results of the feasibility study.



However, as we have already mentioned above, LS-PMSMs have a higher cost compared to IM and LS-SynRM due to the use of expensive rare-earth magnets in its design. In addition, the rare-earth elements processing from raw ore is associated with significant environmental damage [16]. Therefore, the LS-SynRM, which does not have permanent magnets and has a comparable cost to IM, is the most attractive pumping system in terms of energy saving even taking into account cable losses.




6. Conclusions


The present paper provides a comparative analysis of the energy consumption of electric motors of various types (LS-SynRM, LS-PMSM and IM) used as part of a 4 kW fixed-speed pump unit with throttle control. The comparison takes into account not only the efficiency of the motors at different pump loads, but also the effect of the motor power factor on cable losses in the power supply line.



It is shown that the life cycle energy cost savings for LS-SynRM compared to IM was 3900 € excluding cable losses. For LS-PMSM this number was 2626 €. However, when taking into account the cable losses, affected by the power factor and the total current of the motor, the savings for both LS-SynRM and LS-PMSM are almost the same: 4181 € and 4020 €, respectively.



Therefore, when selecting the motor type and calculating the payback period, it is necessary to take into account not only the efficiency of the motors, but also the motor power factor and its impact on the cable losses, as this can significantly affect the results of the feasibility study.



Thus, the use of LS-SynRM in the considered pump application provides lower cost of motor manufacturing and environmental friendliness, compared to LS-PMSM, and energy savings of more than 4000 € during the life cycle, compared to IM.



Based on this study, LS-SynRM can be suggested as the best alternative for the considered pump application since having the lowest energy consumption. In addition, LS-SynRM has the manufacturing cost comparable to IMs, while the cost of LS-PMSM is significantly higher, due to the presence of permanent magnets, the extraction of which is harmful to the environment.



The proposed method can be applied in the analysis of the energy consumption of other motor types used in pump stations, for example, line-start permanent magnet assisted synchronous reluctance motors (LS-PMaSynRM).
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Figure 1. Schematic representation of motor geometry: (a) line start synchronous reluctance motors (LS-SynRM); (b) line start permanent magnet synchronous motors (LS-PMSM); (c) induction motors (IM). 
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Figure 2. Diagram of a single pump unit for fixed-speed operation. In this diagram: n, T are the rotational speed and load torque of the motor; pmotor is the motor loss; ppump is the pump loss. 
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Figure 3. Motor efficiency. 
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Figure 4. Motor current. 
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Figure 5. Motor power factor. 
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Figure 6. Flow-time profile. The numbers in the rectangles indicate the share of the operation time of a loading point. 
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Figure 7. Pump performances: (a) Q-H curve; (b) pump mechanical power; (c) pump efficiency. 
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Figure 8. Life cycle energy cost (20 years) using various motor types: (a) without considering cable loss; (b) considering cable loss. 






Figure 8. Life cycle energy cost (20 years) using various motor types: (a) without considering cable loss; (b) considering cable loss.



[image: Energies 13 03546 g008]







[image: Table] 





Table 1. Published characteristics of the pump from manufacturer.
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	Type
	Rated Mechanical Power, W
	Rate Rotational Speed, rpm
	QBEP, m3/h
	HBEP, m
	Pump Efficiency in BEP, %





	B-NM4 65/25B/B
	4000
	1450
	60
	15.4
	75.5
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Table 2. Motor characteristics.






Table 2. Motor characteristics.





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





	LS-SynRM
	4000
	4
	IEC 112
	No data
	No data
	400



	LS-PMSM
	4000
	4
	IEC 112
	Cast iron
	49
	400



	IM
	4000
	4
	IEC 112
	Cast iron
	42
	400
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Table 3. Motor characteristics.






Table 3. Motor characteristics.





	
Type of Motor

	
Motor Efficiency, %

	
Motor Power Factor




	
50% Load

	
75% Load

	
100% Load

	
50% Load

	
75% Load

	
100% Load






	
LS-SynRM

	
91.6

	
92.4

	
91.9

	
0.607

	
0.713

	
0.755




	
LS-PMSM

	
89.0

	
91.0

	
91.7

	
0.68

	
0.81

	
0.88




	
IM

	
88.7

	
89.1

	
88.8

	
0.6

	
0.72

	
0.78
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Table 4. Characteristics of pump duty cycle.
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Q, %

	
Q, m3/h

	
H, m

	
Pmech, W

	
T, N∙m

	
ηpump, %

	
ηmotor, %




	
LS-SynRM

	
LS-PMSM

	
IM






	
110

	
66

	
14.4

	
3453

	
22.0

	
75

	
0.924

	
0.915

	
0.89




	
100

	
60

	
15.4

	
3335

	
21.2

	
75.5

	
0.925

	
0.914

	
0.891




	
75

	
45

	
17.25

	
2962

	
18.9

	
71.4

	
0.925

	
0.909

	
0.891
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Table 5. Motor current at three points of the duty cycle for various pump modes.
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Q, %

	
Pmech, W

	
Imotor, A




	
LS-SynRM

	
LS-PMSM

	
IM






	
110

	
3453

	
7.33

	
6.42

	
7.42




	
100

	
3335

	
7.12

	
6.27

	
7.23




	
75

	
2962

	
6.51

	
5.84

	
6.69











[image: Table] 





Table 6. Losses in motor and cable at three points of the duty cycle for various pump modes.
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Q, %

	
Pmech, W

	
pmotor, W

	
pcable, W




	
LS-SynRM

	
LS-PMSM

	
IM

	
LS-SynRM

	
LS-PMSM

	
IM






	
110

	
3453

	
283.6

	
320.8

	
426.8

	
203.0

	
155.6

	
208.0




	
100

	
3335

	
272.4

	
313.8

	
408.0

	
191.8

	
148.6

	
197.7




	
75

	
2962

	
241.9

	
296.6

	
362.4

	
160.0

	
128.8

	
169.4











[image: Table] 





Table 7. Calculation of energy consumption excluding cable losses.
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P1, W

	
ti/tΣ, %

	
LS-SynRM

	
LS-PMSM

	
IM




	
25

	
3736.7

	
3773.9

	
3879.9




	
50

	
3607.3

	
3648.8

	
3742.9




	
25

	
3204.5

	
3259.2

	
3325.0




	
Eday, kW·hour

	
84.9

	
86.0

	
88.1




	
Eyear, kW·hour

	
31,001

	
31,384

	
32,173




	
Annual energy savings, kW·hour

	
1171

	
789

	
--




	
Annual energy savings, %

	
3.65

	
2.45

	
--




	
Cost savings, € (per year)

	
238.5

	
160.6

	
--




	
Cost savings, € (per 20 years)

	
3900

	
2626

	
--




	
Life cycle energy cost CLCC, € (20 years)

	
103,208

	
104,482

	
107,108
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Table 8. Calculation of energy consumption including cable losses.
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P1, W

	
ti/tΣ, %

	
LS-SynRM

	
LS-PMSM

	
IM




	
25

	
3939.7

	
3929.5

	
4087.9




	
50

	
3799.1

	
3797.3

	
3940.7




	
25

	
3364.5

	
3387.9

	
3494.4




	
Eday, kW·hour

	
89.4

	
89.4

	
92.8




	
Eyear, kW·hour

	
32,636

	
32,658

	
33,865




	
Annual energy savings, kW·hour

	
1228.9

	
1207.6

	
--




	
Annual energy savings, %

	
3.6

	
3.6

	
--




	
Cost savings, € (per year)

	
250.2

	
245.9

	
--




	
Cost savings, € (per 20 years)

	
4181

	
4020

	
--




	
Life cycle energy cost CLCC, € (20 years)

	
108,651

	
108,722

	
112,742
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