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Abstract

Purpose Geopolitical challenges, coupled with the expected surge in demand for electric vehicles (EVs), may create uncer-
tainties in the supply of rare-earth elements (REEs) used in permanent magnet synchronous machines (PMSMs), the pre-
dominant type of electric traction machine (e-machine) in EVs. This life cycle assessment (LCA) study benchmarks an
REE-free alternative machine type, induction machine (IM), against a classic PMSM with REE magnets for EV application.
Materials and methods Three IM variants are evaluated: one with copper (Cu) stator windings and Cu rotor bars, one with
Cu stator windings and aluminum (Al) rotor bars, and one with Al stator windings and Al rotor bars. Beyond a baseline setup,
the study also explores strategies to reduce GHGs, including using green virgin Al and enhancing the material utilization rate
during the punching process for electrical steel sheets, referred to as a “green manufacturing” route. Furthermore, a sensitiv-
ity analysis of GHGs on magnet production is also conducted.

Results and discussion The results show that the PMSM causes the least greenhouse gas (GHG) emissions due to its higher
power density and efficiency. In contrast, the IMs with Al conductors exhibit lower environmental impacts in the categories
of toxicity and acidification compared to those with (more) copper. The sensitivity analysis shows that IMs have the poten-
tial to display lower carbon footprints than PMSMs under favorable conditions. The research highlights the environmental
trade-offs in e-machine design for EVs.

Conclusions The study underscores the need for a sustainable perspective on e-machine materials and manufacturing pro-
cesses. [t demonstrates that REE-free IMs, particularly when paired with green manufacturing strategies, can be competitive
alternatives to PMSMs in terms of environmental performance, depending on design and production choices.

Highlights

e Compares rare-earth-free induction machines with permanent magnet machines.
Aluminum-based induction machines show lower toxicity and acidification.
Green manufacturing and material choices reduce greenhouse gas emissions.
Sensitivity analysis shows induction machines can have lower carbon footprints.
Highlights environmental trade-offs in electric machine design for vehicles.
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1 Introduction

To ease the situation of greenhouse gas (GHG) emissions
caused by the transportation sector, the electrification of
vehicles is strongly promoted by actors such as IPCC (2023)
and IEA (2023c). In response, given that charging duration
and driving range of electric vehicles (EVs) are key factors
influencing consumer purchase decisions and thus EV adop-
tion (Forsythe et al. 2023), the EV developers have focused
on optimizing key components to ensure high energy effi-
ciency in all drive system components, as well as increas-
ing the overall cost-effectiveness of the powertrain. This
has favored electrical traction machines (e-machines) with
high power density (W/kg and W/L). As a result, synchro-
nous machines with permanent magnets (PMSM) contain-
ing rare-earth elements (REEs), typically neodymium (Nd)
and, to some extent, dysprosium (Dy), stand out as the most
widely used e-machine type in EVs (Cao et al. 2021).

However, when environmental concerns are included
among the trade-offs in designing e-machines for EVs,
greater consideration is required to balance competing
design choices. For instance, high-grade materials used in
windings and electric steel — such as copper (Cu) combined
with hair-pin winding technique and cobalt-containing
electrical steel — can enhance performance but may also
result in higher costs and greater environmental impacts
compared to conventional design choices. Similarly, opti-
mizing e-machines for efficiency can reduce operational
energy demand but may require advanced cooling systems
or specialized materials — adding complexity and cost to
the design, while the overall environmental impacts remain
uncertain. Therefore, quantifying these trade-offs is essen-
tial to ensure both relevant technical performance and envi-
ronmental sustainability throughout the entire lifecycle of
the e-machine.

Life cycle assessment (LCA) is used for quantifying
and evaluating environmental impacts, and it is especially
useful in analyzing trade-offs and hotspots among differ-
ent technical options intended for the same application. In
previous work (Nordelof et al. 2019), performed an LCA
study on three traction machines with different permanent
magnets. One of them was a PMSM with neodymium-dys-
prosium-iron-boron (Nd(Dy)FeB) magnets, and one of the
others was a permanent magnet-assisted (PMa-) synchro-
nous reluctance machine (SynRM) with strontium-ferrite
magnets. The study showed that although the PMSM with
Nd(Dy)FeB-magnets was the lightest and had the highest
power density, its toxicity and climate change impacts were
the highest among the three options. The main contribu-
tor to climate change impacts was the drive-cycle losses.
In contrast, the PMa-SynRM traded a lower power density
for a higher drive-cycle efficiency, yielding a better overall
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environmental performance. The study also concluded that
the production of Cu windings, aluminum (Al) housing,
and electrical steel sheets indicates a more significant envi-
ronmental impact than the REE-magnets. The main envi-
ronmental hotspot for Cu windings was attributed to the
extraction of virgin metal, while for electrical steel sheets,
they were greatly enhanced by the high material loss rate
during e-machine production.

However, global availability of REE materials is uncer-
tain due to geopolitical constraints in combination with the
expected rapid demand growth for EVs (IEA 2023a). Thus,
this makes it meaningful and obliging to also assess the
environmental impact of e-machine alternatives without any
magnets. One popular design is the induction machine (IM),
which has been used in the Tesla Model S and Audi e-Tron
as the main propulsion e-machine (Thomas et al. 2021).
These IMs have worse performance in terms of weight and
efficiency compared to the REE-equipped PMSMs on the
market (Han et al. 2009; Pellegrino et al. 2012). Neverthe-
less, this performance reduction can be kept to an accept-
able level if the IM is allowed to become larger than its
PMSM alternative.

Only a few LCA studies on IMs are available in the
literature. For example, Schillingmann et al. (2021) com-
pared the environmental impact of manufacturing four types
of e-machines with a 100kW output: a PMSM, an IM, a
SynRM, and an electrically excited synchronous machine
(EESM). They concluded that the SynRM was the most sus-
tainable option due to its minimal use of Cu and REE mag-
nets, based on midpoint results for climate change impacts,
as well as endpoint results in ecosystem quality, human
health, and resource availability. However, the use phase
was not considered in the study, which limits the overall
applicability of the results. Additionally, the study lacks a
detailed comparison of the mechanical performance of the
three e-machines. Unfortunately, relatively few technical
details of the studied machines are publicly available, mak-
ing it difficult for the reader to link them with the result-
ing environmental impact. Cassoret et al. (2019) conducted
a comparative LCA on an Al-rotor IM and a Cu-rotor IM,
revealing that despite the Al-rotor IM having lower manu-
facturing impacts, the use phase significantly affected the
environmental burden, making it a worse option in the end.
Similarly, Rassolkin et al. (2020) compared an Al-rotor
IM, a SynRM, and a PMa-SynRM with REE magnets,
concluding that despite the highest economic cost for the
PMa-SynRM, it remained the most energy-efficient option
overall, leading to the lowest environmental impact. How-
ever, both Cassoret et al. (2019) and Rassolkin et al. (2020)
focused on industrial e-machine applications with narrower
speed and torque operating ranges than automotive appli-
cations. Furthermore, there is a lack of details regarding
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the designs and the inventory data in the abovementioned
studies, which hinders other studies from developing these
scopes further in future studies.

The specific contribution of the work presented in this
article is that it expands the scope of LCA investigation
to cover three previously unexplored IM variants, each
featuring different combinations of stator and rotor wind-
ings: an IM with distributed Cu stator windings and Cu
rotor bars, an IM with distributed Cu stator windings and
Al rotor bars, and an IM with distributed Al stator wind-
ings and Al rotor bars. For all IM options, the main geo-
metrical and dimensional data are provided, and so are their
speed-torque efficiency and performance maps. By apply-
ing the same LCA methodology as Nordelof et al. (2019),
this study maintains consistent performance targets, includ-
ing current density, maximum torque, and maximum speed,
while allowing other parameters, such as high-speed per-
formance and axial length, to vary. This focused approach
helps narrow the design-variable space, facilitating a more
well-defined assessment of environmental impacts. Further-
more, this research introduces new inventory data for LCA
modelling of rotor manufacturing, specifically addressing
Al and Cu rotors in IMs, and accounts for additional opera-
tional energy consumption due to an increased rotor cooling
demand in IMs compared to PMSMs. By offering a detailed
LCA comparison of the reference PMSM from the Nordelof
et al. (2019) study and three newly designed IMs, the study
aims to provide new insights about the environmental trade-
offs involved in e-machine design for EVs. Additionally, in
response to questions raised in Nordeldf et al. (2019), this
work also explores the climate change impacts of sourcing
virgin Al from different origins and the benefits of reduc-
ing electrical steel sheet scrap rates during core lamination
punching, referred to as a “green manufacturing” scenario.

A supplementary report (SR) provides additional details
about the basic principles of IMs, manufacturing pro-
cedures, design options, the use phase evaluation, and
complete impact assessment results. This information is
provided with a high level of transparency in order to make
the research reproducible and enable quality assessment.
Any figures and tables labelled with an “S” correspond to
those found in the SR.

Table 1 Performance parameters of EV

Parameters Value Unit
Curb and driver weight 1,575 kg
Top speed 145 km/h
Total driven distance 200,000 km

2 Methods, goal and scope
2.1 Goal definition

The goal of this LCA study is to investigate how the choices
of stator winding materials and rotor configuration affect the
environmental impact of EV propulsion e-machines. A main
objective is to support the development and manufacturing
of vehicular electric traction systems, or those companies
interested in purchasing such ones. This information can aid
in balancing requirements at the component level and guide
the selection of EM type for the powertrain level. Addition-
ally, the study is relevant to government agencies and aca-
demic researchers interested in the environmental impact of
automotive technology.

2.2 Objects of study and functional unit

In this study, four e-machine options are compared: (1) a
PMSM equipped with distributed Cu stator windings and
Nd(Dy)FeB magnets (Ref. PMSM), as described in the pre-
vious study (Nordeldf et al. 2019); (2) an IM equipped with
distributed Cu stator windings and Cu rotor bars (IM1); (3)
an IM equipped with distributed Cu stator windings and Al
rotor bars (IM2); and (4) an IM equipped with distributed Al
stator windings and Al rotor bars (IM3).

The e-machines were evaluated as single traction
machines in the same vehicle, where the main vehicle per-
formance requirements, stated in Table 1, were met with all
compared e-machine alternatives.

The “Worldwide harmonized light-duty driving test
cycle” (WLTC) is used for the energy consumption evalu-
ation during the use phase. All e-machines are thought of
as being equipped with a cooling circuit in their housing
and liquid coolant for thermal management. However, the
power consumption for the stator cooling is neglected since
it is assumed to make the same contribution for all stud-
ied machine options. In contrast, the IMs are additionally
equipped with a rotor cooling for which the power con-
sumption is estimated and added to the use phase consump-
tion. Moreover, the four traction e-machines were designed
to provide the same low-speed maximum torque up to base
speed, whereas the maximum torque above base speed con-
sequently differs, resulting in different vehicle high speed
acceleration performance. The e-machines have slight
variations in their peak power ratings, with the Nd(Dy)FeB
PMSM and IM2 having a rating of 100kW, and two IMs
having somewhat higher peak torques, 101 kW for both
IM1 and IM3, respectively. The functional unit is set to one
driven kilometer, matching common assumptions made in
LCA studies of EVs (Nordelof et al. 2014).
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2.3 Type of LCA and system boundaries

This work was conducted using an attributional LCA
approach, in line with previous work (Nordeldf et al. 2019).
It is a cradle-to-grave study, covering all life cycle stages
from mineral extraction to the e-machine end-of-life (EoL).
For the EoL stage, the study applied the cut-off approach
(Nordelof et al. 2019), meaning that waste separation and
treatment steps were fully accounted for, for all materials
disposed of, but recycling flows were only followed to the
point where they harmonize with upstream input of second-
ary recycled raw materials.

Regarding the use phase, each e-machine was examined
and compared for one type of vehicle and one representative
drive cycle (the WLTC, as stated above). For the background
system, i.e. the technical system context of the options stud-
ied, version 3.11 of the Ecoinvent database (Weidema et
al. 2013, Wernet et al. 2016) was employed, e.g., to model
inputs to the e-machine factory, magnet supply chain, use
phase, and EoL. For materials, ready-made sub-compo-
nents, and processing chemicals, global averages were used
when available; otherwise, European averages were used.
For the energy supply to the magnet supply chain, national
Chinese data was used, because, in line with Nordelof et
al. (2019), the magnet production chain is located in China,
where over 95% of rare-earth elements are produced (Gro-
hol and Veeh 2023). Additionally, to examine the sensitivity
of results on the carbon footprint of the magnet production,
a sensitivity analysis is performed.

Two distinct electricity scenarios—the current supply
mix in Norway and the European supply mix average—
were considered for all electricity supply to the foreground
system, i.e., e-machine production, EV charging, and the
initial post-used separation process in EoL. Given that the
GHG intensity of electricity is decreasing globally (IEA
2024), the idea is that these two scenarios represent a low
and a high GHG-intense electricity mix, respectively. Con-
sequently, additional changes in the GHG intensity for the
electricity supply over time were then not considered, as
it can be argued to already be captured by these two sce-
narios, despite them originating from different geographical
scopes rather than time. Combined with the four technical
e-machine options, the two electricity scenarios give eight
studied options in total, in the baseline study, i.e., before
exploration of green manufacturing, and how sensitive
results are to the selection of the magnet supply chain data.

Input data for designs and inventory data unit processes,
underpinning the results and conclusions, are expected to
be relevant for at least another 10years. This is estimated
despite the fact that Nordelof et al. (2019) states a 5—7-year
validity for the reference PMSM from a 2019 starting point.
In fact, the observed continued relevance of the PMSM
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reference option indicates that it is established as a domi-
nant design solution that appears to persist over a longer
period of time. The same time scope is also deemed valid for
the EoL modelling, which corresponds to the current domi-
nant regime where e-machines for passenger cars are typi-
cally shredded along with the vehicle, or in specific motor
shredders, and where the magnets are lost into other mate-
rial streams and not recovered. This means that advance-
ments in circular strategies, e.g., such that prolong motor
life beyond our assumed lifetime driven distance, or such
that lead to more precise EoL disassembly and improved
material recovery, could alter our results.

The latest version of ReCiPe 2016 v1.03 package (Hui-
jbregts et al. 2017), the most widely used life cycle impact
assessment (LCIA) method (Dong et al. 2021), with both
the endpoint and midpoint methods, were used. The end-
point methods were used to identify which midpoint impact
categories are most important from an e-machine life cycle
perspective. Additionally, to include the most updated char-
acterization factors for global warming potentials, the mid-
point method IPCC 2021 (Arias et al. 2021) was applied.
Furthermore, the crustal scarcity indicator 2020 (Arvidsson
et al. 2020) midpoint method was used to estimate resource
use impacts instead of the shorter-term mineral resource use
indicator incorporated in ReCiPe 2016 v1.03 package, with
the argument that long-term mineral resource availability is
an important factor for consideration (Chordia 2022).

The SR, Chapters B—G, contains detailed information
on modelling electricity supply and transportation, and the
complete results of LCIA methods.

3 Inventory analysis
3.1 E-machine design description

In this work, three newly designed IMs were modelled
and analysed by the same finite element software, ANSYS
Maxwell version 2023, but with a later version compared
to the previous study (Nordelof et al. 2019). The resulting
essential quantities are given in Table 2 for all four techni-
cal options sharing the same maximum torque of 239 Nm
and an outer diameter of 200mm. It is expected that the
Ref. PMSM has the lowest weight and smallest volume and
causes the lowest use-phase internal energy losses, i.e., the
highest operational efficiency.

Effective e-machine design involves minimizing energy
loss while simultaneously maximizing power and torque
density, amongst other design aspects. In order to reach
these objectives, a careful design must be made, with a
proper amount of materials and a suitable cooling strategy.
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Table 2 Design summary of investigated electric machines

E-machines Ref. IM1 M2 M3
PMSM

Conductors or magnets in Stator/Rotor Cu/Nd(Dy)FeB Cu/Cu Cu/Al Al/Al

General data

Maximum torque [Nm] 239

Maximum power [kW] 100 101 100 101

Weight [kg] 44.9 59.5 62.9 71.2
100% 133% 140% 159%

Power density [kW/kg] 2.2 1.7 1.6 1.4
100% 77% 73% 64%

Stator outer diameter [mm] 200

Stack length [mm] 127 158 178 218
100% 124% 140% 172%

Drive cycle energy losses due to electric machines

Loss per km [Wh/km] 12.9 14.2 14.4 16.3

Life cycle loss [kWh] 2576 2921 3161 3354

For an IM, the magnetic fields of both the stator and the
rotor are generated by current-carrying conductors. Hence,
a conductor material of higher electric conductivity reduces
energy loss and gives a higher margin to increase the cur-
rent, which in turn enhances the magnetic flux density. This
enables a more compact IM to achieve the same torque and
power with the same cooling method compared to a lower-
conductivity conductor. For a PMSM, its rotor magnetic
field comes from Nd(Dy)FeB magnets, resulting in much
lower energy losses than the rotor bars in the IM for the
same power level. Consequently, the Ref. PMSM is the
most compact and has the highest power density among all
studied technical options, and IM1 with full Cu conductors
performs the best among the three IM variants in terms of
size and power density.

As Table 2 states, IM1 is 24% longer and 33% heavier
compared to the Ref. PMSM, whereas IM2 and IM3 are 40
and 72% longer, as well as 40 and 59% heavier. Further-
more, IM1 has 23% lower power volumetric density than
the PMSM, whereas IM2 and IM3 have 27 and 36% lower,
respectively.

In Fig. 1, the primary subparts of IMs are depicted
together with the different cross-sections for Cu-bar and
Al-bar rotors. Most subparts of the studied e-machines are
unchanged from previous work and have been described in
detail in Nordelof et al. (2019) and Nordelof et al. (2018),
including bearings, the housing body with cooling channels,
the resolver, the housing endbell with the cover plate for
the resolver, the stator with distributed windings, and the
terminal block. The subparts that are new in the studied IMs
and the design for the hollow-shaft rotor cooling system,
include a housing endbell with a coolant collector, the water
inner lance, the splined hollow-shaft, and the die-cast rotor
subpart, all reported in detail in the SR (Chapter B).

3.2 Manufacturing

Upstream raw material data, including virgin and recycled
resources, was sourced from Ecoinvent 3.11 Weidema et al.
(2013), Wernet et al. (2016). The e-machine production data
was taken from the inventory data model presented in previ-
ous studies Nordelof et al. (2019) and Nordel6f and Tillman
(2018), but with updates made for the IM versions using
information gathered from literature, technical reports, and
instructional films, as detailed in SR Sect. B. 2.

Recyclable scrap generated during various processes was
modelled to be transported to a recycling center, and it is
then cut off from the life cycle as burden-free, in line with
the overall modelling approach for EoL. This means that
all studied e-machine options draw the benefit of having
various recycled content brought into the upstream material
processing, but then, on the other hand, carry the burdens
of producing and processing all extra material lost as scrap
during production. The inclusion of recycled content in the
upstream material processing helps reduce the environmen-
tal impact and the cost of raw materials. However, use of
excess material is still burdensome, and the largest source of
steel scrap in the manufacturing step is the one-piece punch-
ing process, which punches out the desired pattern from the
same steel sheet in one stroke (Nordel6f and Tillman 2018).
The masses of scraps within the e-machine factory for the
four different e-machines are listed in Table 3, shown in kg,
and the percentage of the weight of material input to the
e-machine factory. It can be seen that the amount of scrap
from steel sheet punching increases with the machine vol-
ume, and around 30% of the total sheet mass is wasted. For
the Cu scrap, IM1 has the highest amount due to the Cu
rotor die-casting process (Schiesser et al. 2010).

The SR further explains the different manufacturing steps
and detailed schematics illustrating the manufacturing life
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Fig. 1 Exploded view of the primary design common for all three IM
options, including how the rotor laminates differ in their cross sections,
with the layout of the IM options — IM1 with Cu conductors in both

Table 3 Mass of main scraps from the e-machine factory

E-machines Scraps of steel sheet Scraps of Al and
Cu
[kg] [%] [ke] [%]
Ref. PMSM 19.7 30% 0.92 1%
M1 23.7 28% 3.28 4%
M2 26.2 30% 1.23 1%
IM3 324 32% 1.33 1%

cycle for each of the three IM options can be found in Figs.
S2 and S3.

3.3 Use phase

To ensure comparability between the IM options and the
Ref. PMSM, all energy consumption that is caused by the
e-machine, i.e., the energy to overcome e-machine-related
losses, including those coupled to its mass contribution in
terms of rolling resistance, during the use phase was esti-
mated using the same schematic as in the prior work by
Nordelof et al. (2019). This approach involved applying the
standard drive cycle to the efficiency maps of the technical
options. Only the surplus energy consumption caused by the
losses of e-machines is counted and listed in Table 2. The
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stator and rotor, IM2 with Cu stator winding and Al rotor bars, and IM3
with Al conductors in both stator and rotor

same passenger car and powertrain model reported in the
SR of Nordeldf et al. (2019) was utilized in this study.

The key update in this work compared to earlier is the
inclusion of additional energy consumption due to the rotor
hollow-shaft cooling system. This extra consumption is
attributed to (1) the extra power required for the cooling
pump due to the hollow-shaft cooling path and (2) friction
losses from seals designed to prevent coolant leakage into
the stator windings. Further details on the additional energy
consumption caused by the rotor hollow-shaft cooling sys-
tem are provided in SR Sect. D.

4 Results and discussion
4.1 GHG intensity of electricity scenarios

First, as the two electricity scenarios are applied to assess
how the GHG intensities of the electricity mixes influence
the LCA results, it is relevant to report quantified results for
the electricity input in the two scenarios. Both are presented
as the average output from the low-voltage grid, including
the losses in the charging equipment: the high GHG inten-
sity scenario results in 377 g CO2-Eq/kWh (representing the
average for European countries) and the low GHG intensity
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scenario results in 34g CO5-Eq/kWh (based on Norway’s
electricity mix).

4.2 Endpoint results for ecosystem quality and
human health

According to the endpoint indicator results (presented in the
SR Chapter G1), climate change and terrestrial acidifica-
tion are the two midpoint impact categories that contribute
most to the total results for ecosystem quality. Eutrophica-
tion, water use, land use, terrestrial ecotoxicity, freshwater
ecotoxicity, marine ecotoxicity, and photochemical oxidant
formation all make minor contributions to the ecosystem
quality measure, with variations depending on the electric-
ity scenario. For example, eutrophication gives a notable
contribution under the high GHG intensity electricity sce-
nario due to the relatively high reliance on fossil fuels. In
contrast, it becomes negligible in the low GHG intensity
scenario, attributed to the significant share of hydropower in
the electricity mix used in this study. For the human health
endpoint impact indicator, the primary contributors are cli-
mate change, non-carcinogenic human toxicity, and particu-
late matter formation.

The key midpoint indicator results are presented in
Fig.2(a)—(e). Figures 2(a)—(c) depict the indicators for non-
carcinogenic human toxicity potential, particulate matter
formation potential, and terrestrial acidification potential,
respectively. Figure 2(d) represents crustal scarcity poten-
tial, while Fig. 2(e) illustrates global warming potential.
These results are presented with contributions from six dif-
ferent stages in the life cycles of the e-machine options: (1)
use phase, (2) Al housing production, (3) electrical steel
sheet production, (4) conductor production, (5) the rest of
the productions, transport, and EoL and (6) magnet produc-
tion (only in Ref. PMSM).

The use phase includes the electricity needed to compen-
sate for the losses of each e-machine option during operation,
considering their mass and efficiency. The grouped results
for the production of the Al housing, electrical steel sheets,
and conductors account for all emissions and resource use
from the raw material extraction to the factory gate of man-
ufacturing in Europe. Magnet production encompasses the
fabrication of magnets in China and their transportation to
Europe. The remaining group covers all other components’
production, the e-machine assembly factory, EoL activities,
and all remaining transports taking place within Europe.

Modified life cycle results for the e-machine options with
improved outcomes when applying the two proposed strate-
gies to reduce GHG emissions, using green Al undergone
smelting with renewable energy sources or an improved
laminate punching, are depicted in Figs.2(f) and 3.

4.3 Results for local and regional impacts, and
resource depletion

As shown in Fig. 2(a)—(d), the production of Cu conductors
causes substantial impacts across both electricity scenarios
on several indicators: non-carcinogenic human toxicity, par-
ticulate matter formation, terrestrial acidification, and metal
and mineral use in terms of crustal scarcity. This activity
and its upstream supply chain release sulfur dioxide, thereby
contributing to particulate matter and acidification, and also
generate sulfidic tailings containing heavy metals like arse-
nic, zinc, and Cu, increasing the risk of non-carcinogenic
human health issues (Samecka-Cymerman and Kempers
2004). Furthermore, Fig. 2(d) highlights that increased Cu
usage significantly elevates the scarcity potential of materi-
als for the e-machine. As a result, the IM1 e-machine design,
which utilizes Cu conductors both in the stator and rotor, is
identified as the least favorable option in terms of carcino-
genic human toxicity, particulate matter formation, terres-
trial acidification, and crustal scarcity. It is also worth noting
that the risk for crustal scarcity varies significantly between
the two electricity scenarios for the use phase, in terms of
fossil resources, due to the use of lignite and hard coal in
thermal power electricity generation in European countries.

4.4 Results for contributions to climate change

In the results for potential climate change impacts, shown
in Fig. 2(e), IM3 exhibits the highest contributions in both
electricity scenarios. Under the high GHG-intensity elec-
tricity scenario, the use phase is the dominant contributor
to emissions. However, in the low GHG intensity scenario,
emissions are more significantly influenced by the produc-
tion of Al housing and the electrical steel sheets due to their
substantial mass shares in the e-machines, 30%-36% for
the former, and 45%-52% for the latter (SR Chapter C2).
In contrast, the Nd(Dy)FeB magnets are not identified as a
significant contributor to GHG emissions due to their rela-
tively small mass share around 3%, in line with (Nordelof
et al. 2019).

The main source of emissions in the supply chain of the
Al housing is the production of primary Al from alumina,
which is an electricity-based process that, at some pro-
duction sites, generates this electricity locally using large
amounts of fossil fuels. In the current European market
mix for primary Al ingots, such fossil-based routes push up
average GHG emission levels. For electrical steel sheets,
the main contributor of GHG emissions is primary steel
production, which is carried out using blast furnace ovens.
These ovens operate around 1500°C' to convert iron ore into
steel and can release up to three tons of CO4 per ton of steel
produced (IEA 2023b). Additionally, the punching process
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required to produce the sheets for the stator and rotor core
stacks contributes significantly to amplifying these emis-
sions. This process has a material loss rate of 48% of input
electrical steel (Nordelof et al. 2019), resulting in substan-
tial scrap generation, as detailed in Table 3. Consequently,
around 2kg of electrical steel sheet is needed to produce
1 kg of machine iron core.

4.5 Results for approaches to reduce climate
change impacts

Two major hotspots for GHG emissions in the manufactur-
ing stage were identified: the production and supply chains
of the Al housing and electrical steel sheets. This study pro-
poses two strategies to mitigate the emissions associated
with these hotspots.

The GHG emissions caused by the Al housing are primar-
ily due to the use of fossil-based electricity when producing
virgin Al ingots, even though these, on average, only make
up 26% of the raw material input for the Al housing, and
most of the input comes from recycled content. To address
this, it is recommended to switch this input stream to one
relying on less GHG-intensive processing, for instance,
using local hydropower-based electricity for virgin Al ingot
production. As shown in Fig. 2(f), a change like this could
result in a reduction of more than 50% in GHG emissions
from the Al housing production.

As highlighted in the previous section, the laminate
punching process results in significant amounts of scrap.
To address this issue, the second GHG reduction strat-
egy involves improving the punching process through the
usage of segmented electrical steel sheet laminations in the
e-machine construction. This technique shifts the punching
pattern from one complete cross-section into smaller sec-
tions, thereby reducing the material loss rate of electrical
steel sheets. In Fig. 3, the x-axis shows the material loss
rate, and the y-axis shows the normalised global warming
potential of e-machine production in relation to the GHG
emissions of the Ref. PMSM has approximately 1.35g CO,
-Eq/km at a 48% material loss rate. As shown in Fig. 3, a
lowered material loss rate can lead to a notable reduction
in GHG emissions from the e-machine production. It is

|+ Ref. PMSM —B- IM1 --@- IM2 —¥ IM3

T S i S S
B S, G *o )
e ——
+ ..... +
= > 56 20 15 10 5 0

Material loss rate [%]

particularly noteworthy that when the material loss rate is
reduced to below 40%, the GHG emissions across all tech-
nical options are potentially lower than those of the original
Ref. PMSM. In practice, the use of segmented laminations
implies that sets of smaller sections are first stacked sepa-
rately and joined by welding, and then also assembled by
welding to complete rotor and stator cores. This is differ-
ent from the original model, which accounts for the assem-
bly welding of stator cores and the pressing of rotor cores
onto the shaft. However, even if we assume that the total
length of welding joints becomes fifty times longer for seg-
mented laminates, this change has a negligible effect on
total e-machine results.

As shown in Fig. 2(f), combining the use of green Al and
improving the loss rate down to 25% through segmented
lamination could result in a reduction of 24%-44% in GHG
emissions from total e-machine production. Furthermore,
in such a scenario, the differences in total life-cycle GHG
emissions are around 0.1g COz-Eq/km for the three IM
options from the Ref. PMSM, when all are charged with
low GHG intensity electricity.

4.6 Sensitivity to the magnet supply chain data for
the reference machine

The magnet supply chain LCI model in this study is based
on Nordeldf et al. (2019), which originally relied on Eco-
invent data for rare-earth oxide (REO) concentrate (70%
purity), and included updates for energy use and economic
allocation of burdens to Nd and Dy based on REE price data
from 2014 to 2016. Since the 3.11 version of Ecoinvent is
used in this study, rather than the 3.3 version in Nordelof et
al. (2019), there is a notable increase in emissions from 64
to 72kg CO3-eq per motor. In addition, Nordelof and Bon-
gards (2025) applied economic allocation on REE price data
from 2021 to 2024 to two REO supply routes in a cradle-to-
gate LCA of PMSMs in EVs, where the choice of supply
route accounted for approximately 90—-170 kg COy-eq per
motor (22—-35% of total motor production emissions). These
findings highlight the significant uncertainty associated with
magnet production.
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Furthermore, a review study by Schreiber et al. (2021)
identifies that several LCA studies covering the extrac-
tion and production of REOs from raw ore were published
between 2016 and 2020, and that these studies display large
discrepancies in terms of greenhouse gas intensity per kg of
pure REO produced. Across different ore types, the varia-
tion is almost a factor of five, and the studies underpinning
the Ecoinvent datasets for REEs are generally at the lower
end (Schreiber et al. 2021). Allocation based on economic
value then further amplifies these differences (Nordelof et
al. 2019), but as other constituents than REEs are also pres-
ent in the magnets, this is to some degree balanced back on
the magnet level. Nevertheless, this calls for an investiga-
tion of how sensitive the results are to the selection of mag-
net supply chain data.

To investigate what effect the variation pointed out by
Schreiber et al. (2021) would have on the results of this
study, a sensitivity analysis was conducted using the origi-
nal dataset as a baseline and increasing the GHG emissions
from the magnet supply chain by 100 and 200%, respec-
tively. Detailed outcomes are presented in SR Chapter G
and visualized as whisker plots for the 200% increase in Fig.
2(e) and (f). The results indicate that the Ref. PMSM con-
tinues to exhibit the lowest global warming potential when
the EV is charged using electricity with high GHG intensity,
even under the most extreme emission scenario for the mag-
net supply chain. In contrast, under conditions of low GHG
intensity electricity, and the application of green manufac-
turing practices, all IM alternatives become comparable to
the Ref. PMSM in terms of global warming potential.

5 Concluding implications for e-machine
design and material usage

Given its high efficiency across a broad operating range and
excellent power density, the Ref. PMSM with Nd(Dy)FeB
magnets causes the lowest GHG emissions among the four
e-machine options, regardless of the electricity mix. How-
ever, if the improvement approach to select green virgin Al
is applied, all four e-machine options become roughly com-
parable in terms of GHG emission in the low GHG intensity
electricity scenario. When the broader range of impact cat-
egories is considered, IM3 with full Al conductors emerges
as the best-performing option. This configuration delivers
favorable results across several categories, including non-
carcinogenic human toxicity, particulate matter formation,
and resource scarcity.

Consistent with the findings from previous studies (Nor-
delof et al. 2019), the baseline results indicate that the mag-
net production and its supply chain are not a significant
source of GHG emissions for the PMSM e-machine option,
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but this is due to its relatively low mass share, and not
because of low emission intensity. However, the sensitivity
analysis shows that other, more emission intensive data for
the magnet supply chain could subvert this observation, at
least in a low carbon intensity setting as regards the charging
electricity. Still, the energy losses of the e-machines during
operation remain a primary contributor to GHG emissions
and the climate change impact category, particularly when
they are powered by high GHG intensity electricity. For
the low GHG scenario, it is the production of Al housings
and electrical steel sheets that becomes most important for
all IM options and the baseline version of the reference
PMSM. Choosing Al produced using renewable electricity,
or increasing the share of recycled Al, could significantly
reduce the emissions linked to the Al housing production.
By decreasing the material loss rate in the LCA study for the
steel sheet punching, the results indicate a potential reduc-
tion in the climate change impact. Given the observed vari-
ability and the influence of the chosen REE supply route, we
recommend that sensitivity analysis be conducted in studies
of EV traction e-machine LCA when REE magnets are used.
This practice would ensure that conclusions remain robust
under different assumptions and data sources.

For human toxicity impacts and long-term resource scar-
city, the production of Cu conductors is the main source of
impact. To address this, it is recommended to increase the use
of secondary Cu and explore alternative conductor materials
or techniques that minimize Cu usage. For instance, Al hair-
pin windings could compensate for the efficiency loss that
occurs when switching to Al, while reducing the need for
Cu (Cutuli et al. 2022). Otherwise, given that the demand
for virgin Cu is expected to continue to increase (Schipper
et al. 2018), it is also important to improve current Cu min-
ing processing, and specifically, the mining waste handling.

6 Future work

To further advance knowledge regarding the environmental
impact of the life cycle of the studied electric machines, sev-
eral areas for future research have been identified.

It would be valuable to evaluate the use-phase energy
consumption during different operating temperatures, such
as driving in cold and warm climates. In this study, thermal
aspects are considered in terms of a set (and relatively high)
operating temperature for both the conductor and magnet. In
an extended study of the impact of operating temperature,
higher-order thermal models are recommended, e.g., conju-
gate heat transfer models. Such models can also capture the
effect of internal thermal gradients during operation as well
as the impact of the cooling system and its contribution to
total energy consumption.
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Additionally, a more detailed loss model that accounts
for the different topologies of segmented laminations and
their impact on iron loss would also be a highly valuable
subject for further research.

Furthermore, the current modelling of rotor cooling in
IMs includes only pump power and seal friction losses.
A more comprehensive treatment should account for sys-
tem complexity, leakage risks, and maintenance demands
to avoid underestimating environmental and operational
impacts.

Extending this study by incorporating differentiated
durability assumptions based on empirical reliability data
would be highly valuable. In particular, IMs with Al wind-
ings or bars may exhibit shorter lifetimes due to thermal and
mechanical stress, such as joint integrity, thermal expan-
sion, and vibration resistance (Hodowanec and Finley 2002;
Knych et al. 2025), which could significantly affect life
cycle outcomes. It would be beneficial to reflect on the per-
formance and durability in the real world to integrate these
factors.

Finally, expanding the life cycle scope to include more
advanced EoL scenarios, such as component re-use or
remanufacturing, or more detailed modeling of recycling,
would bring valuable new insights regarding the environ-
mental impact of e-machines.
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