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ABSTRACT Nowadays, the application of Life Cycle Assessment (LCA) methodologies to vehicles and
automotive components like electric motors is a cutting-edge research field. The goal of this paper is to
gain a better understanding of how electric motors affect the environment and to shed light on the effects
of certain assumptions on the LCA results. The LCA methodology was used to assess a wide range of
environmental impacts in a cradle-to-use perspective and compare several electric motors designed for
passenger cars. First, a baseline motor was identified and assessed. Then, a comparative LCAwas conducted
based on a novel scenario analysis framework. This framework ensures consistency in location settings,
vehicle parameter settings, and scenario considerations so that all the comparisons are conducted on a like-to-
like basis. The study examined two alternative scenarios to investigate the effect of geographical boundaries
and vehicle applications. The methodological choices, including the specific modelling of environmental
impacts, scenario modelling, and dataset selection are transparent and based on existing scientific literature
or industrial publicly available data sources. The findings of this study provide indications on the relative
life-cycle performance of the different scenarios considered and good evidence on how intended application
and geographical factors influence life-cycle performance of electric motors. Moreover, while the use
phase resulted as the main driver of the emissions in climate change and use of fossil resources, the other
environmental categories resulted in a more balanced contribution between manufacturing and use phases,
highlighting the importance of eco-design choices.

INDEX TERMS Electric motors, electric vehicles, LCA, life cycle assessment, transport.

I. INTRODUCTION
Nowadays, increasing emphasis is being placed on the envi-
ronmental sustainability of commercial products. This trend
can be attributed to government regulations aimed at reduc-
ing greenhouse gas (GHG) emissions, as well as market
strategies in which product sustainability is increasingly
becoming a qualification for companies [1]. In this context,
significant interest is rising in the electric motor sector, esti-
mated to consume 7200 TWh per year (46.2% of global
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end-use electricity consumption) in 2011 and expected to
consume 13360 TWh per year by 2030 if comprehensive and
effective energy–efficiency policy measures are not imple-
mented [2]. In terms of GHG emissions, the electric motor
sector was estimated to emit 6040Mt of CO2 per year in 2011,
a value that is expected to rise to 8570 Mt CO2 per year
in 2030 [2]. Focusing on the transport sector, in 2022, [3] fore-
casted that the electricity usage would grow from 658 TWh
in 2011 to 2859 TWh in 2030 in the net zero scenario. In terms
of GHG emissions, the transport sector was estimated to
emit 7171Mt of CO2 per year in 2011, a value that is expected
to rise to 7465–8947 Mt of CO2 per year in 2030 [3].
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In the European context, a number of policies have been
implemented in the transportation sector to address sectoral
environmental impacts and support the transition to a low-
carbon, circular economy [4]. At the product level, the Life
Cycle Assessment (LCA) approach is being increasingly used
to evaluate products’ environmental impacts. However, not
so many life cycle studies exist in the literature in the field of
electric motors, which are often treated as a subsystem within
vehicle LCA studies. A literature search was conducted in
Scopus adopting ‘‘LCA’’, ‘‘life cycle assessment’’ and ‘‘elec-
tric motor’’ as research keywords. The search was stopped
in December 2023. To the best of our knowledge, for the
LCA of electric motors, 17 papers have been published in
the past [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15],
[16], [17], [18], [19], [20], [21], varying in terms of motor
technology and market application considered. Among these,
9 papers are focused on electric motors for transportation.
In all of them, the main scope is a comparison of environmen-
tal impacts in terms of motor technology, size, or end-of-life
disposal. Technology comparison entails Permanent Magnet
Synchronous Motors (PMSMs), Permanent Magnet Assisted
Synchronous Reluctance Motor (PMaSynRM), Induction
Motor (IM), Synchronous Reluctance Motor (SynRM) and
Externally Exited Synchronous Motor (EEsynM).

In [13], different motor technologies (i.e., PMSM, ferrite-
based PMSM, ferrite-based PMaSynRM and SynRM) are
compared in terms of performance, weight and carbon foot-
print adopting a cradle-to-grave approach. In [14], a cradle-
to-use LCA of six different electric motors is performed,
varying both technologies (i.e., Nd(Dy)FeB PMSM, SmCo
PMSM, Sr-ferrite PMaSynRM) and production and use coun-
tries (i.e., Sweden, USA). In [15] four different electric
motors are compared (i.e., IM, PMSM, EEsynM and SynRM)
in terms of mass and GHG emissions, and adopting a cradle-
to-gate approach. In [16] and [17] a scalable life cycle
inventory model for designing and manufacturing PMSMs is
developed. In [18] three examples of circular economy loops
(reclaim, recycle and reuse) for an electric motor and inverter
are evaluated in terms of carbon footprint. In [19] and [20]
the environmental impacts of magnet production for a PMSM
compared with a SynRM are evaluated adopting a cradle-to-
gate approach. In [21] the environmental impact of a high
speed PMSM and the environmental saving associated to
eco-design strategies are evaluated.

In terms of motor technology, this research does not entail
a technology comparison, but it is focused on PMSMs, that
currently represent the predominant technology in the trans-
portationmarket. In terms of vehicle application, this research
focuses on passenger cars.

The present paper presents a consistent LCA scenario
analysis framework that considers two alternative scenarios,
namely geographical and application scenarios. The aim is
to investigate the effect of different geographical boundaries
and vehicle applications on the environmental impacts of
PMSMs. In the geographical scenario, four alternative coun-
tries are investigated for motor production and use to evaluate

the extent to which each country’s electricitymix affects envi-
ronmental impacts. In the application scenario, four different
vehicles were considered to investigate the effect of vehicle
type on environmental impacts. An ad-hoc integrated vehi-
cle simulation model was developed to ensure consistency.
Lastly, this paper gives fundamental understanding on what
are the main drivers that affect the environmental impacts of
electric motors both in terms of components and life cycle
phases.

The present paper presents novelty in the LCA field
because, even though certain researchers worked on the LCA
of electricmotors, often conducting comparative studies, very
few researchers were found to have discussed the compara-
bility issue. The framework includes explicit consideration of
the differences related to vehicle application and geographic
location, with the aim to systematically evaluate the associ-
ated environmental impacts.

The paper is organized as follows: the methodology is
described in section II, the results are shown in section III
and the conclusion is provided in section IV. Section II is
divided into sub-sections A and B. In sub-section A, the
vehicle model developed for the estimation of the energy con-
sumption during operation is described. In sub-section B, the
adopted scenarios are explained with the following sequence:
paragraph 0 presents the baseline, paragraph II) discusses the
geographical scenario and paragraph III) explains the appli-
cation scenario. Section III is divided into three sub-sections
that show the results obtained for each of the previously listed
scenarios.

II. METHODOLOGY
Evaluating the environmental burdens associated with elec-
tric motors requires consideration of their complete life
cycles, since substantial burdens can be generated not only
in use, but also in their production and in energy supply
chains. The distribution of these burdens will be very differ-
ent depending on the powertrain architecture and electricity
production pathways. A balanced comparison requires a con-
sistent modelling framework for all parts of the life cycle
of electric motors and boundary conditions appropriately
reflecting realistic technological advancement.

LCA includes compiling the so-called Life Cycle Invento-
ries (LCIs) of the environmentally relevant flows (i.e., direct
emissions in air, water, and/or soil, material and energy
input/output flows, and waste flows) related to all processes
involved in the production, use, and end-of-life (EoL) of a
product and, based on these, quantifying the associated life
cycle burdens [22]. The LCA methodology applied in this
study follows the international standards [23], [24].

The goal of this study is to provide a methodology for
conducting LCAs of electric motors designed for passenger
cars. The results of this paper are supposed to answer the
question, ‘‘What are the environmental burdens of travelling
one kilometre with a certain electric motor manufactured
in a specific country for a specific vehicle application, and
where do they come from?’’. A better understanding of the
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FIGURE 1. System boundary.

environmental impacts of electric motors is provided by
investigating a wide range of scenarios. The scope of this
analysis represents an attributional process-based cradle-
to-use LCA, as shown in Fig. 1. The figure also shows
interaction between the adopted scenarios and the system
boundary. The system boundary includes the raw material
acquisition and pre-processing, manufacturing, distribution,
and use stages, grouped into two macro-phases. The first
macro-phase is called cradle-to-gate (C2G), and contribu-
tions are divided between electric motor (in orange) and
magnets (in blue), while the second phase is related to use
stage. The use stage covers both the Well-to-Tank (WTT)
and the Tank-to-Wheel (TTW) stages. In other words, it com-
prises all the life cycle stages that span from energy resource
extraction to energy conversion in the vehicle, i.e., cradle-
to-use (C2U). The EoL phase is excluded and the reason
for this assumption is reported hereafter. Despite electric
motors are currently dismantled from vehicles, they are sub-
sequently shredded. The shredding process causes the loss of
the permanent magnets, that are currently not recovered [21].
Some research initiatives are currently in place in Europe
to develop high technology readiness level dismantling pro-
cedures and novel permanent magnet recycling processes
to enhance the recoverability of rare earth elements, but
they are not commercialized yet [21]. Adding a hypothetical
process for the EoL phase would significantly affect the
results potentially conveying wrong/uncertain conclusions
and decrease the quality of this study [14]. The func-
tional unit is one kilometre (km) driven along the entire

lifespan of the vehicle (i.e., 200,000 km) in compliance
with [14].

The LCA database Ecoinvent v3.8 [25] was used as back-
ground database while the LCA model was carried out using
the LCA software SimaPro [26]. Environmental burdens
were calculated through midpoint Life Cycle Impact Assess-
ment (LCIA) indicators of the EF3.0 method, in conformity
with [27]. To identify the most relevant impact categories, the
normalized and weighted results were used according to [28].
Regarding the LCAmodel of the electric motor that served as
the baseline for all the scenarios, the LCI data of the processes
involved in the motor’s production (i.e., raw material acquisi-
tion, pre-processing, and motor assembly) are representative
of an industrial scale motor production process occurring in
2019 based on [14]. To consider the different design features
of the electric motors, the scaling approach described in [16]
was used. All details related to LCI are reported in the Sup-
plementary material in order to provide useful information
for LCA practitioners aiming to build a model on electric
motors. Referring to the supplementary material the Baseline
Bill of Material (BOM) is reported in Table S1 while detailed
inventory related to the samemotor, including all material and
energy input as well as emissions, is summarized in Table S2.
Instead, the procedure for relevant impact categories selec-
tion is reported in Table S3. Results are reported for all the
investigated scenarios in Table S4.1 and S4.2. Furthermore,
a comparison of the obtained results against the literature is
reported in Fig. S5. The factors contributing to the observed
differences are highlighted.
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A. VEHICLE MODELING AND SIMULATION
The use phase varies according to the mechanical energy
demand of a specific type of vehicle, including its propul-
sion line and driving cycle. Therefore, an ad-hoc model was
developed to take into account the longitudinal dynamics of
the vehicles under study. The model is fed with vehicle and
propulsion line characteristics and speed profiles. By means
of dynamics equations, the use phase energy required for
each vehicle under study is obtained. Each vehicle is defined
by its mass m, frontal area A, aerodynamic drag cx , and
rolling resistance fr coefficients, while the propulsion line is
characterized by the efficiencies of the various components η

and gear ratio kgear . Regarding speed profiles, the Worldwide
harmonized Light Duty vehicles Test Cycle (WLTC) is used
as the reference driving cycle for the evaluation of energy
request for motion.

In compliance with [14] and [21], not all the energy
requested by the vehicle is allocated to the electric motor.
Instead, only the energy required by the electric motor con-
version losses and its mass-related effects on WLTC were
considered.

The energy allocated to the electric motor, Edue to EM ,
is determined based on [14] as the difference between the net
energy provided by the battery, including motor losses and
motor mass, Enet with EM , and excluding them, Enet without EM
as shown in (1).

The net energy provided by the battery over the driving
cycle is determined by subtraction of the energy recov-
ered through regenerative braking Erec from the energy
required to drive the vehicle, Ereq. These are respectively the
energy at the wheels during braking, Ewheel(BR) and during
acceleration Ewheel(p), increased of the powertrain losses dur-
ing braking ElossesPT (BR)

and acceleration ElossesPT (P)
(2). The

energy required to drive the vehicle,Ereq, is determined divid-
ing the energy at the wheels during acceleration, Ewheel(p),
by powertrain efficiencies (2). The energy recovered through
regenerative braking, Erec, is determined multiplying the
energy at the wheels during braking,Ewheel(BR), by powertrain
efficiencies (2).
Based on [29], the energy available at wheels is determined

in (3) as time integral over the WLTC cycle of the power
at wheels, which is the product of the vehicle speed and the
force, required to overcome inertia, aerodynamic and rolling
resistance. The first term related to inertia is of a conservative
type (positive during acceleration and negative during brak-
ing with same absolute value) and in battery electric vehicle
is equal to zero, considering that 100% of the energy due to
inertia braking is recovered. Second and third terms instead
are always resistant to motion, and so not recoverable during
braking. For what concerns efficiencies of the driveline, fixed
values have been considered, except for the electric motor for
which an efficiency map function of motor speed and torque
has been considered. The motor speed, and consequently
motor torque to be used as input for the motor efficiency
calculation, are determined according to (4), (5) and (6).

Edue to EM = Enet with EM − Enet without EM (1)

where:
Edue to EM : energy allocated to the electricmotor;Enet with EM :
net energy including the motor; Enet without EM : net energy
excluding the motor.

Enet
= Ereq − Erec =

= Ewheel(p) + ElossesPT (P)
− Ewheel(BR) + ElossesPT (BR)

=

=Ewheel(P)
/
ηbattηinvηmotηred

− Ewheel(BR) (ηbattηinvηmotηred)

(2)

where:
ηbatt : battery efficiency; ηinv: inverter efficiency; ηmot : elec-
tric motor efficiency; ηred : transmission efficiency
Enet : net energy; Ereq: energy required to drive the vehi-
cle; Erec: energy recovered through regenerative braking;
Ewheel(p): wheel energy over acceleration phase;ElossesPT (P)

:
powertrain energy losses over acceleration phase;Ewheel(BR):
wheel energy over braking phase;ElossesPT (BR)

: Powertrain
energy losses over braking phase.

Ewheel = Einertia+ + Eaero + Erolling =

=

∫ cycle

0
Pinertiadt +

∫ cycle

0
Paerodt

+

∫ cycle

0
Prollingdt =

=

∫ cycle

0
VFinertiadt +

∫ cycle

0
VFaerodt

+

∫ cycle

0
VFrollingdt =

= m
∫ cycle

0
V
dV
dt
dt +

1
2
cxAρair

∫ cycle

0
V 3dt

+ mfrg
∫ cycle

0
Vdt (3)

where:
Ewheel : wheel energy over cycle; Einertia,Pinertia,F inertia:
energy, power, force request to oppose inertia resistance;
Eaero,Paero,Faero: energy, power, force request to oppose
aerodynamic resistance; Erolling,Prolling,Frolling: energy,
power, force request to oppose rolling resistance caused by
the deformability of tires and road; m: vehicle mass; cycle:
WLTC cycle test duration; V : vehicle speed; cx : aerodynamic
drag coefficient of the vehicle; A: projection of the transversal
surface of the vehicle according to the motion direction; ρair :
air density assumed as 1,225 kg/m3; fr : rolling resistance
coefficient; g: gravitational force

nmot =
60 · kgear · V

π ·Dtyre
(4)

where:
kgear : gear ratio;Dtyre: wheel rim diameter; nmot : motor angu-
lar speed expressed in rpm.

Tmot =
Pmot
nmot π

30
(5)
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Pmot =

Pwheelηred , Pwheel< 0
Pwheel
ηred

, Pwheel≥ 0
(6)

where:
Tmot : Motor torque; Pmot : Motor power; Pwheel : Wheel power

B. SCENARIO SETTING
Once the baseline model of the electric motor has been
setup basing on the literature, a scenario analysis framework
has been developed aiming at providing useful indication
for Original Equipment Manufacturers (OEMs) and electric
motor’s manufacturers. According to [30], during the LCA
modelling of any system the appropriateness of the used
background processes is checked in terms of geographical,
and technological representativeness. Accordingly, two alter-
native scenarios in addition to baseline case study, were
modelled named: geographical and application scenarios
(Table 1).

TABLE 1. Scenario setting.

1) BASELINE
The motor equipped in the 2013 Nissan Leaf was identi-
fied as the baseline motor. This was widely analysed by the
Oak Ridge National Laboratory, for the U.S. Department of
Energy in 2013 and from the available reports both BOM
and efficiency map have been retrieved [31], [32], in order
to perform the LCA. All vehicle data for the calculation of
the energy consumed in the use phase have been derived
from [33], [34], and [35] and are the same used in the Seg-
ment C application considered in the application scenario
(Table 1). Because of lack of data, the vehicle considered
for the baseline analysis is not the original Leaf on which
the motor was installed, but it is representative of the same
vehicle segment. Lastly, for motor manufacturing, this work
based on data from [14]. To validate and give consistency
to the model developed by the authors, the results obtained
have been compared with results obtained in the literature.
Although the comparison is affected by time-related shift and
potential different choices in terms of datasets, the model
revealed to be robust. The results of this comparison are
reported in the supplementary material (Fig. S5).

2) GEOGRAPHICAL SCENARIO
The geographical scenario gives indications for OEMs and
companies interested in the production and commercializa-
tion of electric vehicles and motors, providing hints related
to geographical boundaries and showing also influence of
each life cycle phase in all the relevant impact categories,
suggesting different conclusions depending on the considered
country. To evaluate the effect of geographical boundaries,
the baseline model was retrofitted to different production and
use countries. Four different countries (i.e., Sweden, Italy,
USA, and China) were investigated in this scenario, varying
the electricity mixes of production and use, as well as the
transport distances during acquisition of raw materials and
the raw materials, ancillaries and processes considered in
the manufacturing stage. These variations affect the entire
life cycle including, raw material acquisition and prepro-
cessing, production, and use stages. Sweden was selected
because characterized by a green energy mix and huge pene-
tration of electric vehicles, being the second for sales share
of electric car in 2022 [36]. Italy, instead, was considered
because more representative of an average European scenario
for what concerns the share of fossil resources, despite the
absence of nuclear sources in the electricity mix [37]. China
and USA were chosen because are two largest economies
and two of the most influential and powerful countries in
the world representing also largest polluters. China has also
a relevant role in the electric motor sector and, more in
general, in electric vehicle field accounting for half of the
world’s electric cars on its roads [36] thanks both to the rare
earth availability on its territory and consequent technological
leadership on manufacturing. According to [38], China is
dominating all the supply chain stages of the NdFeB magnets
accounting for the 58% share of annual global rare earth
mining in 2020 and for the 92% share of annual global
magnet production. In Fig. 2 the electricity mixes of the four
selected countries are represented considering the 2012-2022
timeframe. Fig. 2 shows the trend in reducing fossil sources
in favour of renewable sources in the last decade. The figure
also highlights the difference between the countries, showing
how Sweden is already independent from fossil sources with
a contribution lower than 1%, while the other countries are
accounting for a 65% of electricity production from fossil
sources.

3) APPLICATION SCENARIO
This study aims at providing indications on the environmen-
tal impacts of electric motors varying vehicular application.
Vehicle features and desired performance level, in fact, deter-
mine motor selection. After an extensive benchmark analysis
of the European battery electric vehicle market based on
publicly available data [33], [34], [35], four different vehicles,
including the baseline one, known to mount PMSMs were
chosen for this scenario and their environmental impacts were
assessed. The four vehicles differ in terms of vehicle seg-
ment, peculiar road load and performance. Because both the
use and manufacturing phases are entailed by the vehicular
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FIGURE 2. Country energy mix a) Sweden b) Italy c) USA d) China.

FIGURE 3. Electric motors sold in the European BEV market classified by a) system power as a function of the vehicle’s curb weight, b) highest motor
power as a function of the vehicle’s curb weight, c) vehicle acceleration as a function of vehicle top speed d) battery capacity as a function of vehicle’s
curb weight.
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application, for each vehicle, a dedicated BOM of the electric
motor has been derived as a function of the power and torque
level based on [17]. Rolling resistance coefficient is the sole
vehicle parameter not retrieved by abovementioned reference
but assumed on the base of vehicle segment as in [39]. Fig. 3
shows the results of the benchmark analysis. Fig. 3a shows
the system power (i.e., equivalent to the motor power in the
case of a single motor or to the sum of two motor powers in
the case of two motor architectures) as a function of vehicle’s
curb weight. The vehicle’s curb weight ranges from 1.2 to
2.7 tons, while system power ranges from 60 to 484 kW.
Furthermore, the single motor cluster (green dots) has its
highest values at 2.6 tons and 335 kW suggesting that the
single motor cluster may be representative of almost all motor
variants available on the market. Fig. 3b shows the highest
motor power (i.e., equivalent to the peak power in the case
of a single motor architecture or to the highest peak power in
the case of two motors architecture) as a function of vehicle’s
curb weight.

The single motor cluster (green dots) has its highest values
at 2.5 tons and 245 kW suggesting, also in this case, that
the single motor cluster may be representative of almost all
motor variants available on the market. For this reason, the
single motor cluster was considered in this study and four
applications segments were chosen, i.e., City car, B, C and
Sport Utility Vehicle (SUV). Figures 3c and 3d show vehicle
acceleration as a function of vehicle maximum speed and bat-
tery capacity as a function of the vehicle weight. Figures 3c
and 3d confirm that also in terms of maximum vehicle per-
formances and available energy, the single motor cluster may
be considered as representative of the whole market. Data
related to the selected vehicles and main parameters of their
scaled motors are reported in Table 2. The selected vehicles
are characterized by different road load, leading to a different
electric motor operating point, and by different power and
torque levels, leading to different electricmotorweights. Both
these aspects are shown in Fig. 4, where energy adsorption
during WLTC is evaluated. The Baseline motor efficiency
map has been considered for all four scenarios assuming
that differences in the considered performance ranges are not
significant in terms of efficiency.

III. RESULTS
A. BASELINE
In this section, the LCA results related to the baseline motor
are presented, highlighting both the influence of the life cycle
phases on the overall environmental impact and the contribu-
tion deriving from the production of each component.

The first portion of results is reported in Table 3 where
absolute values of the life cycle phases for the six most
relevant categories are summarized, according to the calcu-
lation procedure mentioned in section II and more accurately
described in the Supplementary Material.

The use phase is predominant in all the considered cate-
gories, accounting at minimum for 50% of the overall impact.
Magnet manufacturing within the considered scenario has

TABLE 2. Vehicle and motor data used in the application scenario.

FIGURE 4. Energy used in WLTC for selected applications.

TABLE 3. Life cycle assessment results.

maximum influence, reaching 10% of total burden in the
particulate matter category. Moreover, considering the evo-
lution of the energy mix towards renewable sources, the
manufacturing phase will be evenmore relevant on the overall
environmental burden. This reason drove the analysis of the
motor focusing on the C2G boundary, dividing the results by
subsystems as shown in Fig. 5.
Indeed, the exclusion of the use phase provides useful

information on the most impacting components, suggest-
ing priority for environmental design interventions. Each
bar represents the impact deriving from material extraction,

VOLUME 12, 2024 156843
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FIGURE 5. C2G phase breakdown by subsystems.

preprocessing, manufacturing, and assembly necessary to
arrive at the final component production. The blue bar rep-
resents the stator contribution, the yellow bar represents
the winding contribution, the pink bar represents the rotor
contribution, the grey bar represents the shaft contribution,
the orange bar represents the magnet contribution, the green
bar represents the housing contribution, and the black bar
represents the final assembly and painting, including the bear-
ings contribution. The windings (yellow bars) resulted in the
highest contribution in all the categories except for particulate
matter.Windings portion accounts for approximately 30-35%
in climate change and fossil resource use, 40-47% in ecotoxi-
city and eutrophication of freshwater and 82% in mineral and
metal resource use, due to the extraction and preprocessing
of copper. The second major contributor to the environ-
mental impacts is the housing (green bars) which ranges
between 20 and 30% in all categories except for mineral and
metal resource use. This is mainly due to the extraction and
preprocessing of aluminum and manufacturing of aluminum
parts. The stator (blue bars) and rotor (pink bars), consti-
tuted by electrical steel, range between 6% and 17% in all
categories with exception of mineral and metal resource use,
where electrical steel extraction, preprocessing and manufac-
turing has a non-significant influence. Permanent magnets
(orange bars) account for 20% of the overall impact in partic-
ulate matter, where they are the second contributor, following
the housing. In the other categories, permanent magnets con-
tribute between 6 and 11%. Lastly, results related to final
assembly and painting, including bearing (black bars) are
below 3% in all categories.

B. GEOGRAPHICAL SCENARIO
Geographical scenario analysis aims at evaluating the effect
of the geographical area where an electric motor is produced

and used on the environmental impacts. Direct correlation
with country electricity mix and material availability and
process used on the base of selected countries is shown.
In Fig. 6 the results for the six most relevant impact categories
are shown in order of relevance, highlighting influence of the
life cycle phases.

Climate change is driven by the use phase and differences
between countries are mainly due to the electricity mix.
As shown in Fig. 6, in those countries (i.e., Sweden) where
the electricity mix is not dominated by fossil sources, the pro-
duction phase, includingmagnet manufacturing, significantly
contribute to the overall impact. For example, the magnet
production phase in Sweden accounts for 10% of the overall
climate change. The overall climate change impact calculated
in the Sweden scenario constitutes 10% of the emission found
in the China scenario.

Similarly, fossil resource use is mainly driven by the
use phase and consequently by the country electricity mix.
With respect to this category, a gradual increase is visible
going from Sweden to China scenarios, where the hard coal
mine operation and preparation have strong influence on the
Chinese electricity mix. In this category, the Sweden scenario
has a slightly higher result than in Italy scenario, that revealed
to be the best because there is no nuclear share of electricity
production in the Italian electricity mix. In the Italy scenario,
fossil resource use is 36% less than in the China scenario.

Concerning the use of mineral and metal resources, the
contribution of the manufacturing phase to the overall impact
resulted almost constant in all countries except for China
where a step increase is noticeable. This is due to copper mine
operations, which are more impactful on this category with
respect to Europe or US, resulting in a 70% higher usage of
mineral resources.

Similarly, particulate matter presents a flat trend except for
Chinawhere the electricity production for usage in coal mines
has a huge impact with values that are between 78% and 87%
higher in comparison with the other scenarios.

Freshwater ecotoxicity has an increasing trend going from
Sweden to China with an 80% difference between the two
scenarios. This category is driven by blasting processes
in all scenarios, but the main difference noticeable in the
Chinese scenario is due to the impact of the hard coal mine
operation.

Lastly, freshwater eutrophication is the sole category pre-
senting a peak in the US scenario and not in China, mainly
due to the spoil from lignite mining treatment in surface
landfill. In this case, the best country, Sweden, has an impact
approximately 87% lower in comparison to the US scenario.

C. APPLICATION SCENARIO
Fig. 7 illustrates the results of the application scenario analy-
sis. It is shown that varying the vehicle, affects both use and
manufacturing phases.

In the application scenario, the two extreme scenarios for
all categories resulted to always be city car and SUV, resulting
in approximately 25% difference in all categories.

156844 VOLUME 12, 2024



S. Mafrici et al.: Novel Scenario Analysis Framework for the LCA of PMSMs for Electric Vehicles

FIGURE 6. Results of the geographical scenario.

Focusing on the contribution of the different life cycle
stages, all have comparable influence on the total environ-
mental impact of each application scenario.

For the manufacturing phase, the BOM varies on the
base of the required performances. The contribution of the
manufacturing stage increases linearly with the required
power, as the BOMs have been scaled accordingly. All cat-
egories are characterized by an increase of the manufacturing
impacts passing from the city car to segment C scenario,
with a slight reduction of the SUV scenario, with respect
to segment C scenario, due to its lower power and torque.

Instead, for the use phase, the energy required for operation
is a function of the vehicle type that leads to a different
efficiency map usage as shown in Fig. 4.The SUV scenario
is characterized by an increase in all impact categories due
to the higher energy absorbed over the use, given as the
combination of efficiency and motor mass increase. For the
other vehicles the trend is flatter because the motor mass
increase from segment A to segment C is compensated by
the higher efficiency of the latest, both thanks to the longer
gear ratio and higher road load, that make the operating
points shift towards higher iso-efficiency areas of the map.
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FIGURE 7. Results of the application scenario.

However, it is important to state that efficiency over the
considered cycle is also due to the matching between motor
and vehicle and so strongly impacted by transmission ratio.
In this perspective the segment C that is also correspondent
to the considered baseline is favourite as it takes advantage
of a transmission ratio and motor size, properly sized for the
vehicle.

IV. CONCLUSION
Despite they are more and more important, considered
as relevant as performance and cost studies, LCA studies

are affected by numerous assumptions. This paper can be
regarded as a benchmark LCA study for permanent magnet
electric motors suitable for passenger cars. It demonstrates
the relevance of consistent geographical boundary setting.
Moreover, it presents a step forward with respect to the
literature in terms of consistency concerning comparative
LCA studies, especially when different vehicle applications
are considered. The proposed scenario analysis framework
focuses on crucial key aspects influencing all the relevant
phases of the electric motor life cycle, aiming at ensuring
comparability.
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First, a reference motor was identified as representative of
the baseline. Results revealed that, in climate change and use
of fossil resources, the use phase is predominant, confirming
importance of both motor efficiency and electricity mix. The
other categories resulted in a more balanced contribution of
the manufacturing and use phases to the total. This will be
even more true from now onwards if we look at the electric-
ity mix trends, already showing reduction of fossil sources
in all considered countries in the timeframe 2012-2022.
Considering the baseline and excluding the use phase, copper
windings resulted in the highest contribution in almost all
categories, followed by the aluminium parts comprised in the
housing, electrical steel in the stator, and permanent magnets.

In the geographical scenario, differences are mainly due
to different electricity mixes in almost all impact categories
and copper mine operations in resource use of minerals and
metals. Moreover, in those countries (i.e., Sweden) where
the electricity mix is not dominated by fossil sources, the
production phase, including magnet manufacturing, not only
resulted in a significant contribution to the overall climate
change impact but it also gained relevance against the other
life cycle phases. This highlights the importance of research
focused on motor sustainable design and production.

In the application scenario, the environmental impacts
are investigated for four vehicle applications, selected bas-
ing on the European BEV market. It is shown that, as the
vehicle varies, both use and manufacturing phases are
affected. Vehicle performance requirements and character-
istics (e.g., weight, aerodynamic and rolling resistance)
influence motor design and operating points and conse-
quently manufacturing and use contributions, respectively.
The contribution of the manufacturing stage resulted in grow-
ing linearly with the required power. All categories are
characterized by an increase of the manufacturing impacts
passing from city car to segment C, with a slight reduction
for the SUV scenario against segment C scenario, due to its
lower power. The SUV scenario resulted as the worst in all
impact categories due to the higher energy consumption over
use, given as the combination of efficiency and motor mass
increase.

In the application scenario, the chosen case studies all
fall into the passenger car category. It should be pointed out
that, major differences are to be expected if the assessment
is extended to 2-wheelers and/or medium- and heavy-duty
vehicles.

Future work will extend the scenario analysis frame-
work to other vehicle applications and motor technologies.
Lastly, estimation of the impact of alternative design strate-
gies on sustainability both from an environmental and
economic standpoint will be provided in dedicated future
works.
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