Open Access

Advances in Environmental and ﬂ((I_IDSEN

Engineel‘ing Research LIDSEN Publishing Inc.

Research Article

Recycling Potential in the European Union (EU) of Low Voltage Three-
Phase Induction Motors Up to 75 kW of Power: Quantitative Analysis

Marcel Torrent

Departament d’Enginyeria Eléctrica, Universitat Politecnica de Catalunya, Avda Victor Balaguer, No
1, Vilanova i la Geltru (Barcelona), Spain; E-Mail: marcel.torrent@upc.edu

* Correspondence: Marcel Torrent; E-Mail: marcel.torrent@upc.edu

Academic Editor: Islam Md Rizwanul Fattah

Special Issue: Environmental Management

Adv Environ Eng Res Received: November 16, 2022

2023, volume 4, issue 2 Accepted: May 08, 2023

doi:10.21926/aeer.2302032 Published: May 15, 2023
Abstract

This article quantifies the recycling potential of the metallic materials that make up three-
phase induction motors. The data on the use of electric motors by type and power determines
that the most significant recycling potential lies in this low-voltage motor which powers up to
75 kW. The work aims to show the possibility of such recycling in the European Union (EU).
The metals used to make the various parts of the induction motor and the main recycling
methods that allow their reuse are listed. It evaluates which part of the motor can apply these
recycling methods relatively easily (stator) and which part is more complex (rotor). A
calculation process is used to exhaustively quantify the metals that incorporate different
motors selected for other powers to determine the amounts of material that can be recycled
and reused to manufacture new equipment. The recycling potential is quantifies by parts
(stator and rotor) employing approximate equations obtained from the study and by materials
(copper, aluminum, magnetic sheet, steel). The data calculated, the economic volume, the
possibilities of energy-saving, and the environmental advantages of dedicating efforts and
resources for collecting, recycling, and reusing the materials in three-phase induction motors
for industrial applications show. The withdrawal of electric motors in industrial applications,
due to causes related to the restructuring of production processes, manufacturing systems,
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breakdowns, or directly due to aging, generates considerable possibilities of reusing the
metals used in their manufacture.
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Induction motors; recycling; reuse; copper; aluminum; magnetic sheet

1. Introduction

Induction motors (IM) represent practically 90% of the total market share of low-voltage electric
motors used (United for Efficiency, 2017; De Almeida et al., 2011) [1, 2], and the IM is the electric
motors most currently used in industrial applications in different sectors:

- Pumps: 24.8%.

- Material processing: 22.5%.

- Compressed air: 15.8%.

- Fans: 13.7%.

- Material handling: 12.2%.

- Refrigeration: 6.7%.

- Others: 4.3%.

The motors stock is currently mainly installed in the minor powers range, withalmost 90% in
powers up to 750 W, practically 10% between 0.75 kW to 375 kW, and only 0.03% in power greater
than 375 kW [3].

The above data considers it convenient to focus the study of the potential and the possibilities
of recycling electric motors for industrial applications into three-phase low-voltage induction
motors [4]. We will quantify the recycling potential in the European Union (EU) case regarding the
geographical scope.

The objective set in the work is to quantify the recycling potential of the metals that make up
induction motors, such as copper, aluminum, and magnetic sheet metal [5, 6]. These metals make
up the main parts of this type of motor. In addition, the behavior of these metals once recycled
allows them to be reused several times and for long periods [7, 8].

The reuse of these metals after their recycling has a significant economic impact, especially in
aspects related to the circular economy [9, 10].

Although the potential recycling of metals is known, the article addresses the subject of induction
motors particularly and quantifies said potential through a methodology based on the real
dimensions of the motors studied, establishing a calculation procedure that allows this potential to
be numerically evaluated.

In this article, chapter 2.1 lists the metallic materials used to manufacture induction motors.
Chapter 2.2 lists some of the recycling methods that can use for these metals. Chapter 3.1 quantifies
the amount of metal used by the power range. Chapter 3.2 quantifies the recycling potential based
on EU market data and construction data provided previously. Regulatory, economical, and
environmental aspects appear in chapter 4, the conclusions derived from the work are listed.
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2. Materials and Methods
2.1 Metals Used in the Manufacture of Induction Motors

Of the different materials necessary for the manufacture of induction motors, in the study carried
out, we will focus only on the recycling potential of the primary metals used, representing
approximately 98% of the total materials that a motor contains [11]. In Figure 1, the parts that make
up the induction motors are indicated, where:

- stator cage: made of aluminum or cast iron.

- stator winding: copper wire or copper plate.

- stator core: ferromagnetic silicon iron sheet.

- rotor shaft: steel.

- rotor winding: aluminum squirrel cage (copper only in some high-efficiency motors). Copper

wire is used in wound rotor motors.

- rotor core: ferromagnetic silicon iron sheet.

Figure 1 Main parts in a three-phase induction motor (photo of a 1.5 kW motor).

At the end of the motor's life cycle, metals such as copper, steel, and aluminum can be recycled
almost entirely and many times. In the case of cores made of ferromagnetic material, since they are
generally iron alloys with a silicon percentage of around 3%, it further complicates their recycling
possibilities.

As the energy required for the reuse of metals from the scrapping of these motors is considerably
less than the energy needed to obtain these from the sources (minerals and concentrates), it is of
great interest both from the economic point of view and environmental recovery and reuse of these
metals [12].
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2.2 Metal Recycling Methods Applicable to Induction Motors

Effective recycling will depend on the high-quality separation of the material fractions that can
be achieved, and it is sometimes necessary to apply a combination of different techniques. The
methods used for recycling electrical machines are disassembling and shredding [13].

2.2.1 Motor Disassembly

The metals that make up the motor's stator are separated relatively quickly using specific
machinery, Figure 2. Generally, the outer parts and accessories can be removed and put aside (2a).
The outer casing is separated and extracted by pressure exerted by a dividing apparatus. The
aluminum or cast iron casing is cut on the opposite sides to be separated from the stator core (2b).
Subsequently, the nucleus splits into two equal pieces (2c). When opened, the copper coils are
exposed and ready for separation. A hydraulic system removes the copper wiring from the
ferromagnetic core. The machine's teeth grab the winding and the rods, and the hydraulic drive
pushes the housing, leaving the copper wiring exposed and loose (2d).

c) Core partition d) Winding extraction

Figure 2 The disassembly process of the stator of the motor for metal recycling.
(courtesy of Bronneberg, recycling machines and services, https://www.bronneberg.es)
[14].

After disassembling the different parts, sometimes some can be reused directly, although, in the
case of metals, they generally have to be re-melted as the same raw material.

Page 4/17


https://www.bronneberg.es/

Adv Environ Eng Res 2023; 4(2), doi:10.21926/aeer.2302032

In the rotor case, if the motor is a wound rotor, proceed as in the stator. For motors with the
squirrel cage winding, used chiefly, recycling is much more complex due to the injection of
aluminum into the ferromagnetic core grooves. The currently used procedure consists of separating
the shaft by pressure, then wholly crushing the ferromagnetic core with the squirrel cage's
aluminum winding to proceed to its separation [15].

2.2.2 Shredded

In the shredded process, metals are crushed into small pieces by manual or automated
procedures, particularly in determining the ground particles' appropriate size, requiring an
exemplary grinding corresponding to a particle size between 1 and 2 mm. This procedure can be
achieved using cutting mills and a preliminary cryogenic treatment that cools the materials with
liquid hydrogen.

2.2.3 Separation

The separation of the different materials is done by gravity or by magnetic methods. By gravity,
it is carried out by applying an airflow that separates the particles according to their density or by
sinking/floating systems. Using permanent magnets or eddy current devices, ferromagnetic
materials are separated from the rest by magnetic methods.

2.2.4 Treatment of Separated Metals
The most common treatments are listed below, depending on the type of metal.

Ferromagnetic Iron Sheet and Steel of Rotor Shaft. Iron and steel are recycled through selective
oxidation [16]. Impurities are oxidized at 1600°C and then removed as gas or foam. This method
does not remove all impurities, but Silicon, the usual impurity in magnetic sheets, can remove
without problems. Once the impurities are eliminated, the iron and steel smelts. In shafts, mainly
carbon steel is used and can also remove carbon impurities without oxidation problems.

Copper. Like iron and steel, copper is recycled through oxidation to remove impurities [17]. The
refining process is carried out by electrolysis. It can enhance this refining electrolysis by combining
a copper sulfate electrolyte of sulfuric acid that provides copper with a purity of 99.98%. Another
possibility of recycling copper is through hydrometallurgy, although this process is more applicable
for electronic equipment with low copper content and mixed with other materials.

Aluminum. When refining aluminum, separating cast and forged alloys is essential to ensure
efficient cleaning (Capuzzini et al., 2018) [18]. Melting occurs typically at temperatures between
700°C and 900°C. In very pure aluminum fractions of generated materials, it is recycled through so-
called recasts. On the contrary, molten alloys with many impurities must be processed by refining,
and adding fusion salts must facilitate the melting processes.
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3. Results
3.1 Raw Materials in Induction Motors

To quantify the recycling potential in induction motors, the objective of the work carried out, a
calculation procedure has been developed for the motor's design and dimensioning that allows the
exact amounts of each metal that make it up to be determined. Due to the variety of construction
types, efficiency classes, etc., that currently exist on the market and that contrast the amounts of
material to be used in each case, it has been necessary to establish common hypotheses to limit the
study's development. The established premises are:

- Low voltage three-phase motors (less than 1000 V).

- Motors with 2 or 4 poles and frequency 50 Hz.

- Motors with aluminum casing and squirrel cage rotors are also made of aluminum.

- Motors of efficiency class IE2.

Regarding the powers concerned, the study has been limited to 75 kW because they cover a very
high percentage of units installed in the industry. Furthermore, it is manufactured mainly with
enameled copper conductors in the stator up to this power. The machines currently used for
recycling the stators can treat motor casing diameters up to this power.

Appendix A shows the primary nominal data of the motors selected in this study, and Table 1
shows the main geometric dimensions of these motors (Boldea et al., 2002) [19].

Table 1 Main dimensions of induction motors.

Outer . Number of
) Outer diameter )
Output Power diameter Axial length stator/rotor conductors
of the rotor
(kW) of the stator (mm) slots per
(mm)
(mm) slot (stator)
0.04 60 30 45 12/15 620
0.25 100.5 55 58 24/17 230
0.75 124.7 70.5 60 30/22 78
1.5 150 88.4 100 36/28 56
5.5 205 115 110 36/28 28
7.5 212 119 125 24/20 48
15 250 150 200 48/44 20
22 290 160 230 48/40 11
30 320 190 250 60/48 12
45 335 220 260 48/38 12
75 400 260 280 48/40 9

With the nominal data and the main dimensions, a calculation and sizing procedure has been
developed to determine the quantities of metals necessary for the motors' manufacture. Table 2
shows the results obtained, where the separation between stator and rotor has been made
(Pyrhonen et al., 2008; Cathey, 2000; Hamdi, 1994; Parasiliti et al., 2013) [20-23]. The calculation
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procedure to obtain the quantities of metals with recycling potential in each motor are shown in

Appendix C.
Table 2 Raw metals of induction motors (in kg).
Stator Rotor

Output Copper Steel Alumini AIun.1|n|um Steel Steel
Power um (squirrel .
(kW) (conductors)  (core) (cage)  cage) (core) (axis)
0.04 0.358 0.514 0.575 0.047 0.145 0.036
0.25 0.83 1.746 1.377 0.172 0.708 0.161
0.75 1.976 3.028 3.147 0.25 1.271 0.267
1.5 2.957 6.379 5.598 0.541 3.311 0.772
5.5 5.722 15.292 9.163 1.026 6.115 1.664
7.5 6.449 19.587 10.397 1.219 7.593 2.229
15 11.202 37.357 17.77 2.337 19.677 5.01
22 12.842 72.534 28.507 2.353 27.176 7.099
30 20.387 81.69 34.394 4.079 41.141 9.337
45 25.712 78.648 37.544 5.77 58.782 11.556
75 35.046 127.666 49.974 8.203 89.89 16.939

The design of new electric motors, considering the aspects of their recycling at the end of their

life cycle, is a very interesting topic. However, it's not addressed in this article [24].

From Table 2, the metals used have been quantified using the weight/power ratio (kg/kW) for
stator and rotor separately, Figure 3. For the study's prospective recycling potential objective, three
categories have been differentiated according to the motor power: small power up to 0.75 kW,
medium power between 0.75 kW-7.5 kW, and high power between 7.5 kW-75 kW. This classification
will allow us to use the market data presented in the next section. The ratios obtained in the three
established categories allow a better mathematical approximation, as Appendix B shows.
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Figure 3 Ratios weight/power (kg/kW) for the different metals.

3.2 Assessment of Recycling Potential in the European Union (EU)

In 2011, the world stock of electric motors installed for industrial applications was approximately
2 billion units below 0.75 kW, 230 million in powers between 0.75 kW-375 kW, and 0.6 million in
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powers above 375 kW. As far as the European Union (EU) is concerned, in this section, the data
indicated in the document [25] have been used, which are data based on the statistical classification
of economic activity in the European Union (provided by
https://ec.europa.eu/eurostat/web/prodcom) [26]. The PRODCOM statistics aim to provide a
complete EU-level picture of industrial production evolution for a given product or the industry.

According to CEMEP (https://cemep.eu/) [27], in 2010, the number of units of three-phase
induction motors sold and the turnover was:

- 7,300,000 units (€580 million) in powers were lower than 0.75 kW.

- 8,100,000 units (€2,700 million), in powers between 0.75 kW-375 kW.

- 135,000 units (€340 million), in powers greater than 375 kW.

In a more specific power classification, extended to all polyphase alternating current motors
(excluding traction motors), according to PRODCOM:

- 11,700,000 units (53.42% of the total), in powers lower than 0.75 kW.

- 8,366,000 units (38.2% of the total), in powers between 0.75 kW-7.5 kW.

- 1,512,000 units (6.9% of the total), in powers between 7.5 kW-37 kW.

- 202,000 units (0.92% of the total), in powers between 37 kW-75 kW.

- 94,000 units (0.43% of the total), in powers between 75 kW-375 kW.

- 21,000 units (0.1% of the total), in powers between 375 kW-750 kW.

- 7,000 units (0.03% of the total), in powers greater than 750 kW.

The estimate made in 2010 on the stock of installed motors, based on the number of motors sold
annually, the estimated life span, and the growth rate established in the EU, provides the following
data:

- 77,355,000 units, in powers lower than 0.75 kW.

- 92,852,000 units, in powers between 0.75 kW-375 kW.

- No data in powers higher than 375 kW.

The sales market trend for three-phase induction motors in the EU has remained relatively stable
in recent years, so it is estimated that the data presented above will tend to vary significantly little
in the short term. In some cases, such as in powers lower than 0.75 kW, the market may increase
its presence in replacing single-phase induction motors due to the introduction of variable-speed
drives. However, the power supply is single-phase, the inverter + three-phase motor set will replace
the single-phase motor. Also, the number of motors can increase at high powers due to traction
motors in electric mobility. In this case, the three-phase induction motor will compete with other
motors that seem better positioned for this application, such as the Brushless or synchronous motor
with permanent magnets.

For the prospective recycling potential, using the stock and sales data presented above has been
considered, establishing an average annual market growth of 2.1%, equivalent to the increase in
electricity consumption in the EU in recent years.

Considering [25]:

- An estimated life span of 10 years for small power motors, 12 years for medium power motors,

and 15 years for high power motors.

- Anannual sales growth rate of 2.1%.

- Annual removal of motors obtained from equation (1):
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_ SMA + MVA — MRA

MR
T

ey
Where:
MR = number of motors retired per year in the new period to be considered.
SMA = stock of motors installed.
MVA = number of motors sold per year considering the annual growth rate.
MRA = number of motors removed annually corresponding to the previous installation period.
T = estimated years of motor life.
For all the above, from (1), the forecast of the number of motors to be removed in the 2021-
2030 period is obtained by the power range considered, forecast shown in Figure 4.

—-<0.75kW  -#-0.75kW-7.5kW 7.5kW-75kW
10

B e o —.———l—_—.—_.-’.—’./.—_—.

n°motors (Millions)
(6]

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
years

Figure 4 Forecast of the number of motors to retire (in millions of units) in the period
2021-2030 by power range.

Based on the distribution of sales by powers in each category (provided by
https://ec.europa.eu/eurostat/web/prodcom) [26], an estimate of the percentage of sales has been
made for each of the standardized powers that manufacturers offer in their catalogs, obtaining the
distributions for each standard category, in%, indicated in Figure 5.
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Figure 5 Percentage of sales forecast (by power standard categories).

The number of motors to be removed is obtained for each normalized power by applying the
above percentages to the forecast shown in Figure 5. Next, using equation (B.1) and the coefficients
in Table B.1, metals' potential to be recycled by motor power and category has been calculated.
Figure 6 shows the final results obtained for metals' expected potential to be recycled for 2021-
2030, differentiated by power category and by motor parts.
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Figure 6 Forecast of the potential of metals to be recycled in the period 2021-2030.
4. Regulatory, Economical, and Environmental Aspects

Although it is not the objective of this work to develop these aspects, we consider it appropriate
to give a few notes on the general context to take into account due to their breadth and complexity
[28]. However, considering that the total quantities potentially to be recycled that have been
obtained in the study carried out are (estimate for the year 2021):

- 46,620 tons of copper.

- 90,513 tons of aluminum.

- 200,350 tons of magnetic sheet.
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- 15,637 tons of steel.
4.1 Regulatory Aspects

It is essential to encourage recycling in general and the metals that make up electric motors,
particularly the development of specific regulations that motivate and regulate their activity. In the
EU, the existing basic reference regulation appears in (https://eur-lex.europa.eu/) [29]:

- Directive 2008/98/EC on waste.

- Directive 2012/19/EU on waste electrical and electronic equipment (WEEE).

- European standard EN 45555/2019: General methods for assessing the recyclability and

recoverability of energy-related products.

- European standard EN 45557/2020: General method for assessing the proportion of recycled

material content in energy-related products.

4.2 Economical Aspects

As a guide, the cost of the metals used in the manufacture of electric motors has been estimated
at approximately [30, 31]:

- 5.5 €/kg for copper.

- 1.7 €/kg for aluminum.

- 2.3 €/kg for the magnetic sheet.

- 0.57 €/kg for steel.

From the potential to recycle obtained, the economic quantities can handle annually by the
recycling industry would amount to (for the year 2021):

- 256.41 M € with copper.

- 153.87 M € with aluminum.

- 460.8 M € with the magnetic sheet.

- 8.91 M € with steel.

These amounts give us an idea of the electric motor recycling industry's economic volume
(around 880 million euros annually). In addition to companies, employment, etc., derived from the
activities necessary for this recycling to be effective, from collecting the metals to developing
specific machinery for their separation and treatment.

4.3 Environmental Aspects

The environmental benefits of metal recycling derive mainly from the savings in the energy
consumption necessary to produce the same amount of metal from material from recycling
concerning the original raw material from mining extractions. As a guide, it has been established
that this energy saving in the metals that make up electric motors can be approximated:

- 80/85% for copper.

- 90/95% for aluminum.

- 70/75% for steel.

Also, as in the aluminum case, the more times it is recycled, the need for energy for its
subsequent treatment to be reused decreases.
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According to the publication presented by the Bureau of International Recycling [32], obtaining
metals from recycling to primary extraction, is estimated that, approximately, can quantify the
savings in:

- Copper: 10.6 MJ/kg in energy savings and 0.81 tCO,/t in equivalent CO; emissions.

- Aluminum: 44.6 MJ/kg in energy savings and 3.54 tCO,/t in equivalent CO; emissions.

- Steel: 2.3 MJ/kg in energy savings and 0.97 tCO,/t in equivalent CO; emissions.

Therefore, the savings potential that can obtain amounts to annually (for the year 2021):

- Copper: 494.18 MJ in energy savings and 207.69 tCO; in equivalent CO, emissions.
Aluminum: 4036.9 MJ in energy savings and 544.71 tCO; in equivalent CO; emissions.
Magnetic sheet: 460.8 MJ in energy savings and 446.98 tCO; in equivalent CO; emissions.

- Steel: 35.96 MJ in energy savings and 8.64 tCO; in equivalent CO, emissions.

Thus, annually energy can save by about 5027.86 MJ and reduce equivalent CO; emissions by
about 1208.03 tCO,. Environmental impact assessment applied to electric motors can be carried out
by life cycle analysis [33] using the MEErP methodology [34].

5. Conclusions

The potential for metal recycling in electric motors in general and in three-phase induction
motors, in particular, is clear. This article has quantified this potential within the European Union
(EU) framework, limiting the study to low voltage motors and for powers up to 75 kW.

Although the amounts of material used to manufacture three-phase induction motors may vary
according to their characteristics, depending on the voltage, the number of poles, performance class,
etc., a calculation methodology has been established. This methodology allows quantifying the
weights of copper, aluminum, magnetic sheet, and steel for the different standard powers that
appear in the manufacturers' catalogs.

The volume of sales in the EU has also been estimated from the available data provided by market
studies, which has made it possible to quantify the needs in industrial applications of these motors
and to carry out a perspective for the next decade.

The metals that make up the stator of three-phase induction motors can be carried out relatively
easily from specific machinery already available on the market. These metals can be reused with the
consequent energy savings and the environmental benefits of this reuse.

More complex is recycling the rotor metals due to the difficulty of separating the squirrel cage
winding from the ferromagnetic core. Even so, utilizing specific machinery for their crushing and
subsequent separation of components, the potential quantified in this work predicts that the
necessary investments in recycling three-phase induction motors have an excellent short-term
present and future.

Besides a rigorous market analysis, a methodology based on the real dimensions of the induction
motors is presented. Together, these two aspects, permit a calculation procedure that allows the
recycling potential in these motors to be numerically evaluated.
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