EasyChair Preprint
Ne 14434

‘j“‘ 220

Motor Design Strategies in View of the EU
Ecodesign Revision

Anibal de Almeida, Bruno De Wachter,
Danilo Ferreira de Souza, Joao Fong and Fernando Nuno

EasyChair preprints are intended for rapid
dissemination of research results and are
integrated with the rest of EasyChair.

August 13, 2024



Motor Design Strategies in View of the EU Ecodesign
Revision

Anibal de Almeida', Bruno De Wachter?, Danilo Ferreira de Souza!, Jodo Fong' and
Fernando Nufio®

'IRS — University of Coimbra, Rua Silvio Lima — Polo II, 3090 290 Coimbra, Portugal
2 Consultant for International Copper Association Europe, Avenue de Tervueren 168, 1150
Woluwe Saint-Pierre, Belgium
3 International Copper Association Europe, Avenue de Tervueren 168, 1150 Woluwe Saint-
Pierre, Belgium

Abstract. The process of revising the EU Ecodesign regulation on motors is on-
going, with stricter energy performance standards and material efficiency re-
quirements on the agenda. How exactly the revised regulation will take shape is
still uncertain, but the upcoming combination of energy efficiency requirements
and material use restrictions are likely to present motor manufacturers with un-
precedented challenges. The precise nature of these challenges will largely de-
pend on the way material efficiency is formulated. Material masses are likely to
be differentiated according to their criticality, while recyclability could also be
regulated. Material use could also be considered in a broader perspective: in-
creasing the energy efficiency of electric motor systems reduces the generation
capacity required to cover the energy losses, leading to an associated reduction
in material use and improving the overall environmental balance. This paper pre-
sents some design options to contend with possible future requirements.
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1 The Upcoming EU Ecodesign Regulation Revision

The process of revising the EU Ecodesign regulation on motors is ongoing, leading to
a proposal for a new regulation to come in 2025. Article 9 of the regulation stipulates
the matters to be addressed, including the introduction of stricter minimum energy per-
formance standards (MEPS), an extension of MEPS to also incorporate permanent mag-
net motors, and the introduction of resource efficiency requirements in accordance with
circular economy principles. The latter issue should be viewed in the context of the
ongoing evolution of the existing Ecodesign Directive to become the Ecodesign for
Sustainable Products Regulation (ESPR), which will take a broader set of environmen-
tal impact categories into account.

How exactly the revised regulation will take shape is still uncertain, but the upcom-
ing restrictions are likely to present motor manufacturers with unprecedented



challenges. The potential introduction of stricter MEPS does not pose major design
problems in itself, since some induction motors available on the market today already
meet [E4 efficiency requirements. Combining increased efficiency levels with a reduc-
tion in material mass, however, is a totally different kind of challenge.

In the next section we discuss the options for further enhancing motor efficiency
while taking account of circular economy principles.

2 Design Options to Improve Energy Efficiency

The most straightforward option improving induction motor efficiency is increasing the
stator windings cross-section. This would also increase the mass of electrical steel and
structural steel. This increased use of material to improve motor efficiency means that
less material will be used for the power generation capacity needed to cover the motor
losses—we discuss this in Section 5.

There are strategies, however, to increase the energy efficiency of induction motors
without increasing their mass. One of the most effectively uses superior electrical steel
and thinner steel laminations for the stator core. Other potential measures include im-
proving the cooling mechanism and reducing bearing friction. Many efforts have been
made already in this respect, which means there is now limited scope for developing
them further. In recent years, alternative winding techniques have emerged as an effec-
tive way to enhance the efficiency of a motor without increasing its size—we discuss
this in Section 3. A totally different kind of strategy is to switch from an aluminium
rotor to a die-cast copper rotor—this is discussed in Section 4.

The efficiency of an electric drive system can also be enhanced by switching to an
alternative motor technology. For fixed speed operation, squirrel-cage induction motors
remain the preferred choice for reasons of cost and reliability, but in cases where a
variable speed drive (VSD) is required, other motor technologies come into the same
price range. Synchronous reluctance motors (SynRM), permanent magnet synchronous
motors (PMSM) and axial flux motors have intrinsically higher efficiency due to their
operation at synchronous speed, almost entirely eliminating rotor losses. Losses are
further reduced because synchronous motors have higher efficiency under partial load.
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Fig. 1. Comparison of motor technologies (Source: [1])

All these motor types come with drawbacks, however. PMSMs are more costly to
manufacture, and axial flux motors cost even more. Both PMSMs and axial flux motors
make use of permanent magnets (PMs) usually fabricated using rare earth metals, which
entails a supply risk and will probably be discouraged in the upcoming regulation (see
Section 6). PMs can also be fabricated using ferrite, but this reduces the flux density,
resulting in a higher motor volume. Synchronous reluctance motors do not use rare
earth metals and are less costly than PMSMs, but always need an electronic drive, mak-
ing them economically attractive only for variable speed applications.

3 Alternative Stator Winding Techniques

Energy efficiency improvement in induction motors can largely be uncoupled from ad-
ditional material use through alternative winding techniques that increase the slot fill
factor in stator windings, defined as follows:

Slot fill factor = A,/As (1)

where Ay, is the area of the wire sections, and A the area of the slot section.
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Fig. 2. Four winding configurations: a) round wires, random, b) round wires, on top of each
other, c¢) round wires, orthocyclic layers, and d) rectangular wires.

Fig. 2 illustrates four different winding configurations with progressively increasing
slot fill factors. Random winding (Fig. 2a) is the most frequent in large-scale motor
production with automated processes, but results in a low slot fill factor, typically below
55%. Placing the windings on top of each other (Fig. 2b) will increase the slot fill factor.
The optimal configuration for round wires is orthocyclic layer winding (Fig. 2c), which
can attain a slot fill factor of up to 75%, but the production process for such a configu-
ration requires special equipment. Even higher slot fill factors can be reached by using
rectangular wire sections. With this technique, the slot can be filled entirely by conduc-
tors and dielectric material, resulting in slot fill factors of up to 85% [2] .

Increasing the slot fill factor has several advantages. It increases the amount of cop-
per in the stator, which reduces the electrical resistance and consequently the energy
losses. This is achieved without the need to increase the frame size, which means that
the amounts of structural steel and electrical steel remain the same. Increasing the slot
fill factor will also optimize the interaction between the conductors and the magnetic
field, maximizing the electromagnetic energy conversion and minimizing the magnetic
losses. Furthermore, it reduces the amount of dielectric material between the conduc-
tors, allowing for more efficient heat transfer. All these elements combined result in an
energy efficiency improvement with a minimum of additional material.

The use of rectangular wires is often combined with hairpin windings [3]. With this
technology, the conductor segments are pre-formed into hairpin-like shapes to fit pre-
cisely within the stator slots. Once inserted, the hairpin ends are bent and the hairpin
segments are connected to each other by welding. By using hairpin windings, more
copper can be fit into the same space, which translates into a reduction of the stator core
length and, therefore, a reduction in electrical steel use. The use of hairpin windings
also reduces the amount of inactive copper extending beyond the stator core, which
means that less material is needed without affecting the energy efficiency.

4 The Die-cast Copper Rotor Motor

Because copper has superior electrical conductivity, switching from aluminium to cop-
per as a conductor in the rotor will reduce losses while maintaining the same motor



size. The die-cast copper rotor first appeared on the market around 25 years ago and
has been perfected in recent years, spurred by the interest of electric vehicle manufac-
turers [4]. The technical challenges that come with die-casting copper have meanwhile
been overcome by a number of companies supplying reliable and high-quality rotors.

Aside from efficiency and compactness, these motors have other advantages, of
which robustness is probably the most important—allowing them to withstand the cen-
trifugal pressure that comes with high-speed applications [5], [6]. This robustness fol-
lows from the higher mechanical strength of copper compared to aluminium and the
higher die-cast temperature, which enhances the mechanical strength of the steel.

Copper has a higher density than aluminium and costs more weight for weight, but
this price premium is partly compensated by savings in other materials, such as electri-
cal and structural steel. These material savings result from the fact that a copper rotor
motor is smaller than its aluminium counterpart if all other parameters (including the
energy efficiency) are kept the same. In certain power ranges and for certain types of
applications, swapping aluminium for copper as a rotor conductor can be a competitive
option to enhance energy efficiency.

5 Material Balance at System Level

When evaluating the trade-off between material use and energy efficiency, it should be
kept in mind that energy losses necessitate additional power generation capacity, which
also comes with material use.

Let us consider swapping an 11 kW IE3 motor (4-pole, 50 Hz) for its [E4 equivalent.
The bills-of-material in the Ecodesign preparatory studies indicate that such an effi-
ciency upgrade would lead to an additional 30 kg of metals being used to manufacture
the motor [7], [8]. The energy efficiency improves from 91.4% to 93.3% [9], resulting
in an energy loss reduction of 245 W, or 0.86 MWh per year when assuming an annual
running time of 3500 hours (full load equivalent). The generation capacity needed to
cover this difference in energy losses implies material use. Assuming the electricity
mix between 2025 and 2045 to evolve as projected in the EU Green Deal Impact As-
sessment [10], it is possible to derive the figures for material use per type of generation
capacity from the US Department of Energy’s ‘Renewable Energy Materials Properties
Database’ [11]. If we further assume an annual productivity of 2076 hours (full load
equivalent) and a lifespan of 20 years for onshore wind turbines, an annual productivity
of 3214 hours (full load equivalent) and a lifespan of 25 years for offshore wind tur-
bines, and an annual productivity of 1200 hours (full load equivalent) and a life span of
25 years for solar PV plants [12], we can calculated that 1 MWh of energy losses per
year corresponds with 150 kg of metals used for generation capacity. Consequently, the
annual energy savings of 0.86 MWh associated with a switch from an IE3 motor to an
IE4 unit saves 129 kg of metals in generation capacity, or more than four times the
additional metal use in the motor itself.


https://www.nrel.gov/wind/materials-database.html
https://www.nrel.gov/wind/materials-database.html

6 Criticality and Recyclability of Motor Materials

6.1  The Criticality and Impact of Rare-earth PMs

The PMs used in some motor technologies, though not ferrite magnets, contain rare
carth elements (REEs), as previously discussed. REE PMs are composed of a neodym-
ium-iron-boron (NdFeB) alloy with the addition of dysprosium (Dy) to increase the
temperature range that avoids demagnetization.

The use of REEs such as neodymium and dysprosium bring with its price volatility
and supply chain risk, since exploitable ore deposits are scarce and geographically con-
centrated [13]. The European Commission formalized these and other concerns in the
Critical Raw Materials Act, which seeks to make the energy transition in the EU less
dependent on using imported critical raw materials. It aims to achieve this by supporting
the development of substitution technologies while, at the same time, stimulating the
extraction, processing, and recycling of materials present in the EU domestically.

The use of neodymium and dysprosium also has a high environmental impact. Their
extraction and processing are energy and carbon intensive [14], while landfilling PMs
poses environmental risks due to the potential leaching of these metals, which are harm-
ful to soil and groundwater ecosystems [15].

Both the criticality and environmental impact of rare-earth PMs could be mitigated
by developing domestic recycling routes. Efficient and integrated recycling routes are
currently lacking, partly because the quantities reaching end-of-life remain small, but
also because of technical barriers [16]. In the future, the need for REEs in the electric
vehicle and renewable energy industries could stimulate the development of recycling
technologies and create a business model for recycling routes [17]. Until recycling
routes are available, EU policies will continue to discourage the use of REEs.

6.2  The Recyclability of Copper, Aluminium and Electrical Steel

Improving the energy efficiency of induction motors usually comes with an increase in
the use of copper, aluminium, and electrical steel.

The copper used in motor windings is highly recyclable. After recovery, the great
majority can be recycled at purity level 1A, which means that it has the same quality as
copper cathodes. It can be melted and used again for electrical applications, including
motor windings, without further purification. This means that it follows a circular route
that is highly efficient in terms of cost, energy use, and environmental impact. Even if
copper windings get mixed with other, less pure recycled copper streams, it is still pos-
sible to achieve purity level 1A by further processing the material in primary or sec-
ondary smelters.

The aluminium used in squirrel-cage rotors can be almost entirely recovered for re-
cycling. In theory, it could be recycled with purity levels of up to 99.7%, which is the
level required for re-use in electrical aluminium. In practice, the fact that aluminium
exists in many different alloy forms constitutes a barrier. The material could be sub-
jected to laboratory analysis to detect the alloy composition and then be recycled for
use only in the same kind of application. Currently, recycling companies consider this



too complicated, with the material downgraded for use in second-life products for
which lower purity is sufficient.

The electrical steel from motors could, in theory, be recycled entirely for use in the
same application, but this is complicated by practical barriers. The main issue is the
presence of silicon, which is added to mitigate hysteresis and eddy current losses in the
motor core [18]. The market for silicon steel is limited to motors, transformers, and
some other electrical equipment. Moreover, motors use non-grain-oriented steel, while
transformers require grain-oriented steel, meaning that these two recycling streams
should be kept separate [19]. For all these reasons, electrical steel is mixed as scrap for
the production of less noble steel. Only small quantities of silicon steel can be added to
each melting batch without compromising the process [20].

7 Conclusions

The process of revising the EU Ecodesign regulation on induction motors is ongoing.
If more stringent MEPS would be adopted, this would lead to substantial electricity
savings in the EU, but also to an increased material use in motor manufacturing. Indeed,
the most straightforward option improving induction motor efficiency is increasing the
stator windings cross-section. Some technology routes could mitigate this trend, includ-
ing alternative winding techniques, a switch from aluminium to copper as a rotor con-
ductor material, and the use of alternative motor technologies.

Apart from that, policy makers also have a reason to be indulgent when it comes to
additional material use in motors if it leads to greater energy efficiency. In the broader
picture, energy losses also entail material use, since they require additional power gen-
eration capacity. This material use at system level is likely to be greater than the addi-
tional material required to enhance motor efficiency, as we demonstrated with an ex-
ample.

Moreover, the goal of the circular economy is not to reduce material mass as such,
but rather to reduce the environmental impact and geopolitical risks that come with
material use. In this respect, the criticality and recyclability of materials used in motor
manufacturing should receive full attention.

We conclude that solutions are available, as long as material mass is not taken as an
absolute criterion.
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