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ARTICLE INFO ABSTRACT

Editor: Jacopo Bacenetti Road transport significantly contributes to climate change and air pollution. Efforts to reduce transport sector
emissions include deploying battery electric vehicles and designing their powertrains for improved performance.
The European H2020 funded Functionally Integrated E-axle Ready for Mass Market Third GENeration Electric
Vehicles (FITGEN) developed a novel functionally integrated e-axle (the FITGEN e-axle) for electric vehicles. This
paper presents the environmental performance of the FITGEN e-axle. Using the Life Cycle Assessment (LCA)
methodology, the study compares the FITGEN e-axle to the 2018 State-of-the-Art (SotA) e-drive, besides diesel
and petrol-fuelled powertrains. The FITGEN powertrain reduces climate impacts by 10 % and energy
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consumption by 17 %, compared with the 2018 SotA e-drive due to the efficiency improvements and components
integration. It also outperforms the 2018 SotA e-drive in several other impact categories, such as human toxicity

(4-10 %), land use (19 %), and mineral depletion (8 %). However, the FITGEN powertrain only outperforms
diesel and petrol powertrains in climate change and fossil resource scarcity impact categories. These findings
imply that more efforts are required to improve the environmental profile of electric powertrains. Metal mining
and production, especially for copper and aluminium, are critical for toxicity impacts. The sensitivity analysis
demonstrates the robustness of the results, with no significant shift in their ranking order. The following aspects
should be considered to improve the performance of electric powertrains from a life cycle perspective:
improvement of components efficiency, reduced use of electronics and component integration, and use of low-
carbon energy mix from their metal mining sites to production and use.

1. Introduction

The transport sector accounts for 57 % of global oil demand and 28 %
of total energy consumption, producing approximately 25 % of
anthropogenic greenhouse gas (GHG) emissions (UN, 2021). In that
context, the environmental performance of automotive technologies has
raised concerns, motivating the role of low-carbon technologies in
reducing transport emissions. Governments worldwide are setting tar-
gets to ban the sale of fossil-fuel cars and accelerate the deployment of
battery electric vehicles (BEVs) (Cui and Wappelhorst, 2020; Wappel-
horst, 2021). Vehicle electrification is crucial to reduce anthropogenic
GHG emissions, air pollutants, and the transport sector dependence on
fossil fuels. However, technologies such as hybrid and plug-in hybrid
electric vehicles (EVs) could still be in use in 2050, motivating the need
for renewable petrol blends to reduce fossil oil consumption and trans-
port emissions (Puricelli et al., 2022; Puricelli et al., 2021; Ricardo,
2020). In particular, biofuels and e-fuels are feasible. Biofuels are fuels
produced from biomass that are already industrially established. Even
though the carbon dioxide (CO3) released from the combustion of bio-
fuels is biogenic and climate-neutral, the production of their feedstocks
might drive deforestation and compete with food crops (Puricelli, 2021;
Puricelli et al., 2020). E-fuels are fuels produced using electricity-based
hydrogen and captured CO,. E-fuels could be economically sustainable
when managing peaks of renewable electricity. However, compared to
the direct use of electricity in EVs, they present higher energy losses
during their production chain.

BEVs, on the other hand, do not release exhaust emissions, and their
use stage impacts can be drastically reduced when charged with elec-
tricity from Renewable Energy Sources (RES) or a low-carbon electricity
mix (Koroma et al., 2022; Koroma et al., 2020; Marmiroli et al., 2018).
Additionally, the efficiency and performance of their electric drivetrain
(e-drive) components can be improved to reduce energy consumption
and climate change (CC) impacts (Hernandez et al., 2015; Nordelof
et al., 2019b). The modularisation of components has enabled Original
Equipment Manufacturers (OEMs) to optimise the ICEVs and reduce
production impacts and costs (Christensen, 2011; Tatikonda and Stock,
2003). However, the mass production of BEV powertrains still involves
non-established processes, as those from ICEVs cannot be easily adapted.
With that in mind, OEMs are adopting modular production and inte-
grating electric drivetrain (e-drive) components (Erriquez et al., 2020;
Luccarelli et al., 2015; Sako and Murray, 1999).

The e-drive consists of three main components, i.e., the electric
motor, the power electronics, and the transmission/gearbox. These
components propel BEVs by delivering power from their battery to the
wheels. The electric motor converts the electric energy into work used to
propel the car and is coupled to the drive shafts connected to the wheels.
The transmission system supports the motor by regulating its speed and
torque while keeping the motor operating at its most efficient speed.
Combining the electric motor, power electronics, and transmission sys-
tem as a compact modular unit is referred to as an e-axle. The e-axle,
when supplied with electricity, directly drives the BEV, reduces
manufacturing costs, makes the BEV less complex, and improves overall
efficiency and performance (Erriquez et al., 2020). In that context, the
European H2020 funded Functionally Integrated E-axle Ready for Mass

Market Third GENeration Electric Vehicles (FITGEN) project delivered a
fully functionally integrated e-axle for electric vehicles (Gennaro et al.,
2020) - (hereafter FITGEN e-axle). The FITGEN e-axle was designed to
deliver significant advances over the 2018 State of the Art (SotA) e-drive
(Gennaro et al., 2020). The technologies are organised into power
electronics and chargers, electric motor and transmission systems, and
cooling and control systems. Combining the e-drive/e-axle and the
battery pack creates the electric powertrain (e-powertrain) system that
powers BEVs and removes the need for an internal combustion engine
powertrain.

1.1. Related research activity

The trade-off between the advantages and challenges of producing
and deploying transport technologies can be assessed using the life cycle
assessment (LCA) methodology (Marmiroli et al., 2018; Nordelof et al.,
2014; Peters et al., 2017). The scientific literature reveals that BEVs
exhibit a higher potential to reduce transport emissions, specifically CC
impacts, compared to ICEVs (EEA, 2016; Nordelof et al., 2014; Ricardo,
2020). The electricity source for charging BEVs is the leading cause of
their CC impacts. As a result, the scientific literature concludes BEVs can
only reach their full potential to mitigate CC if the charging electricity
mix is highly renewable with very low carbon emissions (Koroma et al.,
2022; Koroma et al., 2020; Marmiroli et al., 2018).

The majority of LCA studies on BEVs focused on either the charging
electricity source (Marmiroli et al., 2018), the traction batteries (Peters
etal., 2017), or the complete vehicle (Nordelof et al., 2014). Few studies
have assessed the environmental performance of passenger BEVs pow-
ertrain components. Among the available studies, Hernandez et al.
(2015) compared the life cycle environmental impacts of a permanent
magnet-assisted synchronous reluctance motor equipped with neo-
dymium-iron-boron or manganese-zinc ferrite magnets under different
efficiency scenarios. The authors identified motor efficiency as the most
critical parameter for environmental impacts in the use phase. In a later
study, Hernandez et al. (2017) specifically assessed the resource
depletion potential of the same motor and a power inverter, finding that
energy resource depletion potential was the most significant, followed
by metals and mineral resources. Nordelof et al. (2019a, b) compared
the life cycle environmental impacts of a permanent magnet synchro-
nous machine for electric vehicles considering three different core de-
signs: (1) neodymium-dysprosium-iron-boron = magnet;  (2)
samarium-cobalt magnet; and (3) a permanent magnet-assisted syn-
chronous reluctance motor with a strontium-ferrite magnet. The authors
found global warming and human toxicity impacts as critical categories.
Auer and Meincke (2018) did a comparative life cycle assessment of
electric motors to understand the trade-offs between energy-efficient
motors and the added efforts required to produce them. The authors
found that increasing the efficiency of the motor pays off the extra
environmental burden of production within the first few months of
operation for energy-related indicators. However, there is a high pos-
sibility for environmental burden shifting between the use, production,
and end-of-life stages.

For ICEVs, direct exhaust emissions from fossil fuel combustion are
the dominant contributors to global warming or CC impacts (Ricardo,
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2020). However, recent advances in ICEVs, especially their capacity to
use partially renewable fuel blends, have shown promising results
(Puricelli et al., 2022; Puricelli et al., 2021). In that regard, systematic
comparisons between low-carbon powertrain technologies and con-
ventional ones are necessary to inform decision-making within the
transport sector.

1.2. Research contribution and novelty

The findings from related research suggest that the powertrain pro-
duction and use phases are crucial for improving the life cycle envi-
ronmental impacts of vehicles since the powertrain provides power to
drive the vehicle and the average lifespan of cars can last from 8 to 35
years (Held et al., 2021) or from 150,000 to 300,000 km (Weymar and
Finkbeiner, 2016). Besides, the performance of powertrain technologies
significantly influences the environmental performance of a vehicle
during its use phase (Auer and Meincke, 2018; Hernandez et al., 2015;
Nordelof et al., 2019c¢). However, as shown in Section 1.1, few studies
have assessed the environmental impacts of the different passenger car
powertrain components. To the authors' knowledge, only (Hernandez
et al., 2017; Hernandez et al., 2015; Nordelof et al., 2019¢c; Auer and
Meincke, 2018) have studied the environmental performance of pas-
senger BEVs powertrain components. Moreover, all the studies
mentioned above have focused mostly on the electric motor and inverter
units or power electronics and none assessed the full powertrain com-
ponents. The lack of sufficient studies assessing the environmental im-
pacts of e-drive components demonstrates a need for such studies in the
scientific literature. In addition, the studies described above are rela-
tively old, and their inventory data may not represent current advances
in e-drive/e-axle SotA.

In that context, comparative LCA studies on the performance of
alternative powertrain components for passenger cars have not yet been
explored, let alone referencing a novel functionally integrated e-axle.
Therefore, the present study is the first comparative LCA focused
entirely on alternative passenger car powertrain components, giving
precedence to the novel FITGEN e-axle. In that light, this paper aims to
study the environmental performance of the novel FITGEN e-axle and
compare its environmental impacts and trade-offs with its 2018 state-of-
the-art counterpart (hereafter, the 2018 SotA e-drive) and the diesel-
fuelled and petrol-fuelled ICEV powertrains. The findings can inform
decision-makers in the transport sector before the novel FITGEN e-axle is
widely adopted.

2. Materials and methods

This study assessed the life-cycle environmental impacts based on
ISO 14040 and 14044 (ISO, 2020a, b) of the FITGEN e-axle to its 2018
counterpart and two ICEVs powertrains for passenger cars (described in
Section 2.1). The LCA phases are described in Sections 2.2 to 2.4.

2.1. Passenger car powertrains components

A powertrain includes all the components that propel a car. The
engine/e-motor, transmission, driveshaft, axles, differential, traction
battery; basically, everything from the engine to the rotating wheels is
part of the powertrain. A powertrain generates and transfers power from
the engine/electric machine to the wheels. This study compares two e-
drives (the FITGEN e-axle and the 2018 SotA) and two ICEV powertrains
(diesel-fuelled and petrol-fuelled) for passenger cars. The diesel-fuelled
and petrol-fuelled powertrain components consisted of an internal
combustion engine (ICE), gearbox, cooling system, fuel system, starting
system, exhaust system, and lubrication (Althaus and Gauch, 2010).

The FITGEN e-axle comprises a latest-generation buried-permanent-
magnet synchronous machine driven by a silicon carbide inverter and a
high-speed transmission system. A DC/DC converter complements it for
high voltage motor operation in traction and enables super-fast charging
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of the traction battery (120 kW-peak) plus an integrated AC/DC on-
board charger. The FITGEN e-axle also includes a breakthrough cool-
ing system that combines the water motor/inverter circuit with trans-
mission oil. A simplified scheme of the FITGEN e-axle components is
shown in Fig. 1.

The 2018 SotA e-drive is based on the performance of similar com-
ponents from BRUSA, a provider of development services for all elec-
tronic and mechanical components of e-drives (BRUSA, 2019). The 2018
SotA e-drive includes a transmission system, converter, on-board
charger, electric motor, inverter, and a power distribution unit (PDU).

To support a consistent comparison with the ICEV powertrains in this
study, a lithium-ion battery pack is included in the system boundaries of
the e-axle and the e-drive. The two electric powertrains differ in per-
formance (see their relative mass and efficiency in Table 1) but also in
integrating the PDU as part of the power electronics in the FITGEN
motor-inverter-converter unit (see Fig. 1).

2.2. Goal and scope definition

An attributional and process-based LCA was performed. The goal was
to assess the life cycle environmental impacts of the FITGEN e-axle for
passenger cars compared to the 2018 SotA e-drive and ICEVs power-
trains. The functional unit covers the primary function of the passenger
car powertrains, i.e., to propel the cars over a defined distance. The
functional unit is 1 vehicle-kilometre driven by a C-segment European
Union (EU) passenger car. The C-segment was chosen as lower medium
cars represented a significant share (18 %) of total EU car sales in 2020
(ACEA, 2022). It is assumed the vehicle mileage is 200,000 km over 12
years. The lifespan follows the average values for the EU fleet (ACEA,
2022), and the lifetime mileage follows Weymar and Finkbeiner (2016).
The LCA follows a cradle-to-grave perspective, covering the production,
use, and End-of-Life (EoL) phases of the powertrain options, including
the distribution to the user and the collection at the EoL stage (Fig. 2).

2.3. Life cycle inventory analysis

The life cycle inventory (LCI) of the different powertrain technolo-
gies in this study was compiled based on the Nissan Leaf (for the BEVs in
this study) and Ford Focus (for both the petrol and diesel ICEVs in this
study) as exemplary cars of this segment (Ford, 2017; Nissan, 2015).
Primary data for the foreground system and secondary data from mul-
tiple sources were obtained from the project partners. Background sys-
tem data was retrieved from the ecoinvent v3.6 database (ecoinvent,
2019; Wernet et al., 2016). Tables 1 and 2 show the characteristics and
weights of the representative vehicles in this study. The relevant
ecoinvent datasets for components manufacture were based on the
average European markets where available; otherwise, equivalent pro-
cesses for global markets were used. An exception was made for per-
manent magnets (an alloy of neodymium, iron, and boron), for which
average Chinese conditions were used as China has the largest reserves
of rare-earths elements and is globally the leading supplier of rare-earths

e-motor-inverter \\. e-motor-inverter cooling

transmission .
|~ power electronics

e-motor: active

i

i~/

O,
2
.\ transmission housing

Fig. 1. Concept of the motor-inverter unit and the transmission (active parts for
reference only, not to scale) (Fiumara and Primon, 2019).
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Table 1
Key vehicle parameters used in this study.

Powertrain type ICEV - Petrol ICEV - Diesel BEV

Energy carrier Petrol Diesel Electricity

Type of drive Front Front Front

Number of cylinders 4 4 -

Emissions standard Euro 6 Euro 6 -

Transmission type Manual Manual Single speed

Number of gears 6 6 -

Engine capacity (cm®) 1499 1997 -

Max power 110 kW @ 6000 110 kW @ 3750 110 kW @

rpm rpm 6000 rpm
Max torque 240 Nm @ 370 Nm @ 310 Nm
1600-4000 rpm 2000-3250 rpm

Kerb weight (kg) 1350 1433 1580

Gross vehicle weight 1900 2050 1995
(kg)

Li-ion battery energy - - 40
capacity (kWh)

Frontal area (m?) 2.3 2.3 2.3

Rolling resistance 0.009 0.009 0.009
coefficient

Aerodynamic drag 0.29 0.29 0.29
coefficient

magnets (Schreiber et al., 2021).

2.3.1. Production phase

The detailed bill of materials to produce the FITGEN e-axle is
confidential due to legal agreements among project partners. However,
a simplified list of principal components and their efficiencies are shown
in Table 3 and compared to the 2018 SotA. The total energy required to
manufacture the main components of the FITGEN e-axle is shown in
Table 4, calculated for their respective weights. These values were
derived from the scientific literature (Nordelof, 2019; Nordelof et al.,
2019a; Nordelof and Tillman, 2018; Nordelof et al.,, 2018) and the
ecoinvent database.

A lithium-ion battery (LIB) pack is added to the e-drive/e-axle
components to carry out a consistent comparative LCA among the
electric and conventional powertrains. A 40 kWh LIB is chosen to match
the performance of the 2018 Nissan Leaf, an exemplary BEV of the C-
segment. The battery pack contains Nickel Manganese Cobalt (NMC)111
cells based on Dai et al. (2018) and Winjobi et al. (2020), with battery
pack components based on Ellingsen et al. (2014). Detailed inventory
data are shown in the Supplementary Material (SM) (Table S1). The
inventory data for manufacturing the diesel-fuelled and petrol-fuelled
drivetrain components were derived from Althaus and Gauch (2010),
as modelled in the ecoinvent v3.6 database. The characteristics of the
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ICEV drivetrains are shown in Table 5.

2.3.2. Use phase

The electricity supply to charge e-powertrains is based on the
average low-voltage mix for 2020 according to the “Stated Policies
Scenario” for the EU (IEA, 2019). The conversion from high-voltage to
medium- and low-voltage electricity accounted for associated losses and

Table 2

Mass of the different powertrain components in this study.
Components Mass (kg) Reference
Petrol-fuelled powertrain 331.5 ecoinvent (2019); Ford (2017)
Diesel-fuelled powertrain 407.4 ecoinvent (2019); Ford (2017)
2018 SotA e-drive 100.9 ecoinvent (2019); BRUSA (2019)
FITGEN e-axle 109.8 FITGEN (2020)
Traction battery pack 239.0 Dai et al. (2018); Winjobi et al. (2020)

Table 3
Weights and efficiencies of the e-drive components in this study.

Components 2018 SotA e-drive ° FITGEN e-axle ?
Mass Efficiency ~ Mass Efficiency
(kg) (kg)

Transmission 23.8 0.97 20.2 0.98

Motor-inverter unit - 58.0 0.95

Converter 4.5 0.97 -

Cooling system-DC/DC - 25.4 0.99

converter unit

On-board charger 6.2 0.95 6.2 0.95

Motor 53 0.95 -

Inverter 9.5 0.97 -

Power distribution unit 3.9 - -

Sources: ?(Fiumara and Primon, 2019); b(BRUSA, 2019; ecoinvent, 2019).

Table 4
Energy requirement for FITGEN e-axle components manufacture.
Components Energy carrier Value
Transmission Electricity (kWh) 15.5
Heat (MJ) 164
Motor-inverter Electricity (kWh) 24.7
Heat (MJ) 337.5
Neodymium permanent magnet Electricity (kWh) 21.1
Heat (MJ) 0.24
DC-DC converter Electricity (kWh) 0.11
Heat (MJ) 293.4

Well-to-wheel

Energy resource
extraction

=P = Transport

il
»

Electricity/fuel

Production phase
(Powertrain components)

Use phase
(Powertrain components)

\
I 1
1 1
1 1
1 1
1 1
1 y
1 1
1 1
1 1
I 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
; production [
1 1
1 1
1 1
1 1
1 1
1 1
4+ -
1 1
1 1
1 1
1 1
| 1
T 1
1 1
\ 1

End-of-life phase
(Powertrain components)

Fig. 2. System Boundary.
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Table 5
Characteristics of the internal combustion engines vehicles drivetrains.
Type 1.5-L EcoBoost 2.0 L TDCi diesel Reference
petrol engine engine
Inline three-cylinder Inline four-cylinder
turbo petrol direct turbocharged diesel,
fuel injection and Ti-  transverse
VCT, transverse
Engine efficiency 0.3 0.4 Ben-Chaim
et al. (2013)
Displacement 1499 1997 Ford (2017)
(cm®)
Bore (mm) 79.02 85
Stroke (mm) 76.4 88
Compression 10:01 16:01
ratio
Max power (kW) 110 110
Max torque 6000 3750
(rpm)
Max torque (Nm 170 At 1600 370 at 2000
@ rpm) - 4000 - 3250
Transmission Durashift 6-speed Manual 6-speed
(B6G5d) manual (MMT6)
Transmission 0.95 0.95 Ben-Chaim
efficiency et al. (2013)
Gear ratios 6th 0.690 6th 0.790 Ford (2017)
5th 0.821 5th 0.970
4th 1.032 4th 0.870
3rd 1.357 3rd 1.240
2nd 2.048 2nd 1.290
Ist 3.727 Ist 3.580
Reverse 3.820 Reverse 1.420
Final 4.070 Final 3.933
drive drive
Emission level Euro 6 Euro 6

emissions based on European conditions as modelled in the ecoinvent
database. As a result, the carbon intensity of the charging electricity mix
was estimated as 346 g CO2.q/kWh. Likewise, inventory data for petrol
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and diesel to conventional power powertrains were derived from the
ecoinvent database.

The BEV electricity consumption was calculated using the driving
cycle defined by the Worldwide Harmonised Light Vehicle Test Pro-
cedure (WLTP) (EC, 2017). The use phase follows a similar approach to
Nordelof et al. (2019a, b). The energy consumed in the e-powertrain
lifetime was estimated by considering the vehicle dynamics, the average
efficiencies of the powertrain components (Table 1), and the WLTP drive
cycle parameters (EC, 2017).

To account for the variable efficiency of the electric motor at
different operating (due to changes in traffic conditions) points in the
driving cycle, the efficiency maps of the FITGEN e-axle without the
transmission system were used in the model (see Fig. 3); whereas, the
efficiency map of the neodymium-dysprosium-iron-boron permanent
magnet synchronous machine in Nordelof et al. (2019a, b) was used as a
proxy for the 2018 SotA e-drive. As a result, the study considered the
expected variations in BEVs efficiency as traffic conditions change while
driving in real-life environment (Jonas et al., 2022).

The vehicle mass, rolling resistance, aerodynamic drag, speed, and
acceleration were used to calculate the mechanical energy at the wheels
required to follow the WLTP cycle (see Table 2 and Table 3). This
assessment focuses on the electricity needed to overcome the e-power-
trains losses and energy required to carry their weights. This electricity
was estimated by subtracting the BEV energy consumption when
including the e-powertrains' weights and losses from the same con-
sumption when excluding their weights and losses. The equations
applied in the consumption model are described in an earlier study
(Koroma et al., 2022).

The same approach in Nordelof et al. (2019a, b) was used to model
the use phase of the ICEV powertrains since the focus was on the fuel
needed to overcome energy losses due to the inefficiency of the ICEV
powertrain and that required to carry its weight. Thus, the energy for
each ICEV powertrain was estimated by deducting the ICEV fuel con-
sumption when including the powertrain weight and energy losses (due
to engine and transmission system inefficiencies) and the same

Torque [Nm]

BRERBEBLES

Efficiency [%]
3

Torque [Nm]

Efficiency [%]

Fig. 3. Efficiency map of the FITGEN e-axle without transmission in Quadrant one (Q1) (top) and Quadrant two (Q2) (bottom). Q1 is measured in acceleration mode
and Q2 is in recuperation mode. The highest measured efficiency was 94,89 % at 8400 rpm and 56 Nm (Sierra et al., 2022).
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consumption when excluding the powertrain weight and energy losses.
Using the WLTP driving profile, Egs. (1) and (2) adopted from Ben-
Chaim et al. (2013) were used to calculate the energy required by an
ICEV to overcome the forces of resistance (E, in [J/100 km]) and the
kinetic energy needed for intermittent accelerations (Ex in [J/100 km]).

1 & 1 vi(f) u(t) )’
E =— — [ mrgC L £ 0.5%p C A di Q1
nT;/m(PmJ) (mg A Y W
T

i

_m*A L a;(1)
B=7 ;/f(P7n7t)dt @

T;

The engine efficiency (1(P,n)) varies during the ICEV operation and
depends on the maximum efficiency of the engine at optimal mode (),
the power utilisation coefficient (y,), and the engine speed mode coef-
ficient (u,,), as shown in Eq. (3) (see Table 5 for the relevant data). The
relationship for estimating the coefficients (4, and ,,) is reported in Ben-
Chaim et al. (2013). The coefficient values and their share in the WLTP
drive cycle are shown in Table 6 — adapted from Ben-Chaim et al. (2013)
and Kneba et al. (2021). Lastly, the fuel consumption (L/100 km) is
given by Eq. (4).

n(P,n) = n,*u,*u, 3

where: P; = the instantaneous engine power; P. = the maximum engine
power; n; = the instantaneous engine speed; n, = the speed corre-
sponding to engine-rated power; pp = the degree of power utilisation
coefficient; and p, = the engine speed mode coefficient.

Lastly, the fuel consumption (L/100 km) is given by Eq. (4):

FC:Er+Ek+Pmu “
H,

Where: H; = the lower calorific value of one litre of fuel (J/L); T; = the
acceleration subinterval duration (s); A= the mass factor of the ICEV;
a;(t) = the instantaneous vehicle acceleration (m/s%); y(t) = the
instantaneous vehicle speed (km/h); m = vehicle mass (kg); g = gravi-
tational acceleration (m/! sZ); C,= coefficient of rolling resistance; p = air
density (kg/m>); C4 = aerodynamic drag coefficient; and Ay = vehicle
frontal area (mz).

2.3.3. End-of-life phase

The EoL stage was modelled considering the treatment and disposal
of the powertrain components. EoL treatment and disposal include
several steps: collection, decontamination, dismantling, shredding, and
recycling (Edwards et al., 2006). However, recycling was excluded even
though most materials (such as aluminium, steel, and copper) used to
manufacture the different drivetrains are recyclable. The decision to
exclude recycling from the scope of the study was based on the uncer-
tainty of data and the variability of recycling e-drive components in
practice (Andersson et al., 2017). Nevertheless, the benefits of material
recycling were accounted for by utilising a share of recycled materials

Table 6
Proposed operation points and coefficient of the engine speed mode (Ben-Chaim
et al., 2013).

Operation Share in test Pi/Pe, ni/ny, e, Yp, Hn
point (%)* (%) Petrol Diesel

P1 20.54 0.2 0.47 0.54 0.87
P2 22.28 0.3 0.59 0.68 0.92
P3 20.50 0.4 0.71 0.75 0.96
P4 15.03 0.5 0.82 0.86 0.98
P5 10.74 0.6 0.9 0.92 0.99
P6 6.74 0.7 0.97 0.97 1
pP7 4.17 0.8 1 1 0.99

# Authors estimate adapted from Kneba et al. (2021).
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burden-free following the cut-off system approach adopted in the
ecoinvent database (Wernet et al., 2016).

2.4. Life cycle impact assessment and sensitivity analysis

The ReCiPe 2016 life cycle impact assessment (LCIA) method was
used in this study (Huijbregts et al., 2016). The midpoint environmental
impact categories for global warming potential (GWP), mineral resource
scarcity (MRS), fossil resource scarcity (FRS), fine particulate matter
formation (FPMF), water consumption (WC), land use (LU), human non-
carcinogenic toxicity (HnCT), and human carcinogenic toxicity (HCT)
are discussed in detail in Section 3. These impact categories are
considered by the authors the most critical for vehicles. Results for other
impact categories (stratospheric ozone depletion, ionising radiation,
ozone formation, acidification, eutrophication, and ecotoxicity) are re-
ported in the SM (see Tables S2). In addition, a sensitivity analysis of
selected parameters was conducted to test their impact on the reliability
of the LCIA results. Table 7 shows the variation of selected parameters
for the sensitivity analysis.

Biofuels and electrofuels (e-fuels) have shown promising results in
reducing the carbon emissions of passenger cars (Puricelli et al., 2022;
Puricelli et al., 2021). With that in mind, three innovative fuels blended
with petrol streams (fuel B, C and D) were used for a sensitivity test on
the petrol-fuelled powertrain. Fuel B contains 7 % v/v bionaphtha, 8 %
v/v bioethanol, and 85 % v/v petrol; fuel C contains 21.8 % v/v bio-
ETBE and 78.2 % v/v petrol; and fuel D contains 4.8 % v/v bio-
ethanol, 2.7 % v/v of either methanol, biomethanol or e-methanol, and
92.5 % v/v petrol. The detailed inventories for modelling the production
and use phases of these innovative fuels were derived from Puricelli
et al. (2022).

3. Results and discussion
3.1. Use phase energy demand of the powertrain options

Fig. 4 shows the total use phase energy demand specified over the
lifetime mileage for all powertrain options (see Section 2.3.2 for the
calculation method). In Fig. 4a, the 2018 SotA e-drive consumed more
electricity (97,154 kWh) than the FITGEN e-axle (7172 kWh); this dif-
ference is linked to the FITGEN e-axle efficiency improvements. This
finding is consistent with the literature shown by Auer and Meincke
(2018) and Hernandez et al. (2015) for energy-efficient traction motors.
The total contributions of the charger (1112 kWh) and battery pack
(4474 kWh) are the same for both the e-powertrains. For the FITGEN e-
axle, the charging losses (9 %) and the battery pack (35 %) accounted for
almost half (45 %) of the total electricity demand. Thus, the efficiencies
of the various e-powertrain components are critical in improving the
energy demand for BEVs.

In comparison, the energy demand for conventional powertrains is
driven by the engine and transmission efficiencies (Fig. 4b). Fig. 4b also
shows that the diesel-fuelled powertrain is more efficient (consuming

Table 7
Selected parameters for sensitivity analysis.

Parameter Sensitivity scenario

Electricity source High share of RES High share of fossil -
(Norwegian electricity fuel (Polish electricity
mix) mix)

Partially-renewable Fuel B Fuel C Fuel
petrol blends for D
ICEV

Lifetime mileage —-25% +25 % -
(km)

Efficiency of -1% +1% -
powertrain
components

Powertrain mass —-10 % +10 % -
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Fig. 4. Use phase energy demand for e-powertrains (a) and conventional powertrains (b).

about 28 % less fossil fuel) than its petrol-fuelled counterpart. These
results suggest that increasing the energy efficiency of powertrain
components will continue to be an important ecodesign lever since it can
reduce fuel/energy consumption, emissions, and resource use, among
others. This improvement could make BEVs more practical and directly
translate to the increased driving range and optimised performance
while achieving regulatory compliance, boosting economic benefits, and
fostering technological progress in the transportation sector.

3.2. Environmental and human health impacts of the powertrain options

Overall, conventional powertrains emitted a larger share of lifetime
GHG emissions than the e-powertrain (Fig. 5a). The FITGEN powertrain
generated the lowest CC impact at 10 %, 163 %, and 222 % less than the
2018 SotA, the diesel-fuelled, and the petrol-fuelled powertrains,
respectively. The e-powertrains production phase contributed to higher
CC impacts (around 44 % of their total) than the conventional power-
trains (ranging from the total contribution from 20 to 30 %). The results
are consistent with the scientific literature and are mainly explained by
the added burden of producing the traction battery (Peters et al., 2017).
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The results also show that the CC impacts of LIB production are signif-
icant (around 27 % - 30 %) of the e-powertrain total compared to around
17 %-18 % for producing the other e-powertrain components. The
manufacturing of metals and electronics mainly drove the e-powertrain
production phase CC impacts. A detailed process contribution analysis
found that using fossil fuels at mine sites and in materials/components
manufacturing factories accounted for a significant share of production
phase CC impacts. The battery production phase is also critical; the
energy source and the total electricity consumed for manufacturing the
battery cell are also significant contributors. Thus, the energy source and
efficiency of the manufacturing plants are critical to improving the im-
pacts of e-powertrain technologies on CC. Decision-makers should pri-
oritise renewable energy sources and efficiency improvement along the
supply chain to minimise the carbon footprint of powertrain
technologies.

The FITGEN e-axle production CC impact is 2 % lower than the 2018
SotA e-drive, although the FITGEN e-axle is 9 kg heavier. Fewer elec-
tronics usage by functionally integrating the PDU in the power elec-
tronics and integrating the inverter and e-motor in one housing drives its
lower production phase CC impact than the 2018 SotA e-drive. The
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Fig. 5. Life cycle impact assessment results for the impact categories climate change (CC) (a) and fine particulate matter formation (FPMF) (b), specified per kil-

ometre driven.
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impact on CC of the FITGEN e-axle converter is about two times higher
than the 2018 SotA converter. This increase is linked to the integrated
housing of the cooling system. However, introducing the cooling system
enables a higher motor-inverter efficiency in the FITGEN than in the
2018 SotA. As a result, the added burden of producing the cooling sys-
tem is made up for during the use stage of the energy-efficient FITGEN e-
axle.

The use phase electricity/fuel consumption contributed significantly
to the total GHG emissions from each powertrain option. The most
significant impacts on CC were associated with the conventional pow-
ertrains (corresponding to 85 % of their total) due to their dependence
on fossil fuel and relatively low efficiencies. The relative share of use
phase CC impacts is lower in the e-powertrains due to their relatively
higher efficiency and the lower carbon content of their use phase energy.
Similarly, this confirms the findings of Hernandez et al. (2015) that the
efficiencies of powertrain components are critical for reducing use phase
energy consumption and, consequently, the environmental damage
from e-drive technologies.

Fig. 5b shows that the FITGEN powertrain emitted 3 % fewer FPM
pollutants than the 2018 SotA powertrain, and emitted around 3 % and
31 % more than diesel and petrol-fuelled powertrains. Although it is
worth stating the +3 % difference between the FITGEN and the diesel
and 2018 SotA powertrains, it can be considered negligible in this study
due to the inherent uncertainty associated with the inventory data and
the LCA modelling database. The production phase FPM is mainly due to
coal- and lignite-based energy for battery cell manufacture and metal
production, specifically copper, aluminium, electronics, and iron. The
share of the production phase of FPM impact was higher for the e-
powertrains than for the conventional powertrains. The production
phase contributed over 85 % of the e-powertrains total FPM compared to
around 35 % in the conventional powertrains. However, the e-power-
trains share of use phase FPM is lower than their conventional alterna-
tive due to the source of the charging electricity mix. This reduction is
driven by the use of renewable electricity in the EU mix, which has a
lower share of FPM pollutants than the production and burning of fossil
fuel to propel conventional powertrains.

Fig. 6 shows that the production phase of the powertrains drives the
human toxicity impact categories. This phase contributed over 74 %
across all powertrain options for both human carcinogenic toxicity
(HCT) (Fig. 6a) and human non-carcinogenic toxicity (HnCT) (Fig. 6b).
Overall, the FITGEN powertrain outperformed the 2018 SotA power-
train by 4 % in HCT (which can be considered negligible) and 10 % in
HnCT but underperformed in both HCT and HnCT compared to the
conventional powertrains. The contribution analysis showed that the
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toxicity of the FITGEN e-axle production primarily comes from treating
sulfidic mine tailings related to metals, specifically from copper and
aluminium production chains. These findings agree with the literature
(Hernandez et al., 2015; Nordelof et al., 2019b). Spoils disposing from
hard coal and lignite mining for fossil-based electricity production
(primarily used in mines and metal processing factories) also contribute
to human toxicity. The extra consumption of copper, aluminium, and
other precious metals like gold for electronics and e-powertrain pro-
duction accounted for higher non-carcinogenic toxicity than their con-
ventional counterpart.

3.3. Impact on resource depletion

Life cycle impacts on MRS (Fig. 7a) and FRS (Fig. 7b) are shown in
Fig. 7. The production phase dominated the MRS impact category,
contributing over 85 % across all powertrain options. The contribution
of the production phase is explained by the need for metals (such as gold,
silver, aluminium, copper, and steel) for manufacturing powertrain
components and electronics. The FITGEN powertrain outperformed the
2018 SotA by using 8 % fewer minerals (i.e., scarce minerals) despite
being 9 kg heavier. Compared to the ICEV powertrains, the FITGEN e-
axle consumed 12 % and 24 % more scarce minerals than the diesel- and
petrol-fuelled powertrains.

The use phase impacts dominate fossil resource scarcity, primarily
driven by using fossil fuels for ICEVs and in electricity generation for
BEVs. As expected, the potential of FRS is significant for the conven-
tional powertrains use phase due to their dependence on fossil fuels for
energy. Overall, the FITGEN powertrain used the smallest amount of
fossil fuel, consuming 11 %, 191 %, and 225 % less than the 2018 SotA,
the diesel-fuelled, and the petrol-fuelled powertrains, respectively. The
impacts on land use (LU) and water consumption (WC) are shown in
Fig. 8. The e-powertrains have the most impact on LU and WC. The LU
impact of the FITGEN powertrain is over 80 % more than the conven-
tional powertrains but 17 % less than the 2018 SotA.

The e-powertrains use phase dominated the LU impact category,
primarily driven by land use for installing renewable electricity-
producing technologies such as onshore wind and photovoltaic sys-
tems. The transformation of land into mining sites for mineral and fossil
resource extraction also drove the impacts of LU. Water use for nuclear
power, combined heat and power plants, and hydroelectricity produc-
tion dominated the impacts of the e-powertrains use phase for the WC
impact category. Likewise, WC for material processing is responsible for
the production phase impact of all powertrain options.
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Fig. 8. Life cycle impact assessment results for land use (a) and water consumption (b), specified per kilometre driven.

3.4. Sensitivity analysis

A sensitivity analysis of the selected parameters in Table 7 was
conducted to test the robustness of the LCIA results (Table S3 in the SM
shows the sensitivity analysis results). Overall, the results were robust
and showed no significant shifts in ranking order for all the impact
categories discussed relative to the main study, except for PMF when the
lifetime mileage was varied by +25 % (see the red cells in Table S3). The
sensitivity analysis on lifetime mileage showed that increasing the life-
time mileage of passenger cars benefits all powertrain options and all
impact categories discussed. Varying the efficiency of the powertrain
components by +1 % showed no change in the ranking order of the
impact categories discussed relative to the main study. Increasing the
powertrain efficiency by +1 % indicated significant reductions in
environmental burden for e-powertrains in impact categories driven by
use phase electricity consumption.

Likewise, varying the powertrain mass by +10 % showed no change
in the ranking order of the impacts. Reducing the powertrain mass by 10
% showed a reduction across all impact categories. However, improving
the powertrain efficiency showed more significant potential for reducing
the environmental burden of passenger car powertrains relative to
reducing the powertrain mass. A sensitivity analysis on the use phase
electricity mix confirmed that e-powertrains could significantly reduce

CC impacts when charged with a high share of the renewable electricity
mix, such as the Norwegian electricity mix. Similarly, the use of inno-
vative fuels to power the petrol-fuelled powertrain showed a reduction
in several impact categories. Their impact and ranking order vary across
the impact categories considered, with fuel B (containing bionaphtha
and bioethanol) the most beneficial for reducing CC. However, their
impacts on land use and water consumption were significantly higher
than in the referenced results (see Table S3).

4. Final remarks

The results of this study highlight vital conclusions. Firstly, the
FITGEN e-axle powertrain, characterised by its high level of component
integration, shows a notable decrease in the environmental impacts of
BEVs compared to the 2018 state-of-the-art e-drive. It is anticipated that
future vehicles equipped with the FITGEN e-axle would exhibit a
reduction of roughly 17 % in energy consumption during the use phase,
as well as a decrease of 10 % in climate change impact over their life-
time, compared to vehicles equipped with the 2018 state-of-the-art e-
drive. These results could be improved further if the performance of the
traction battery is improved, considering the climate change impact
associated with the production and use of BEVs' traction batteries is
significant. Therefore, improving the battery manufacturing process by
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integrating more renewable or low-carbon energy sources during pro-
duction is imperative. Likewise, continuous efforts to optimise the en-
ergy efficiency of traction batteries to significantly reduce losses during
the use phase are necessary to enhance the total environmental efficacy
of electric powertrains.

The study also demonstrates that the FITGEN powertrain exhibits
superior performance compared to the 2018 state-of-the-art powertrain
across multiple impact categories, including freshwater ecotoxicity,
human carcinogenic toxicity, marine ecotoxicity, freshwater eutrophi-
cation, land usage, and water consumption. This highlights the potential
of energy-efficient powertrain technologies to improve the life cycle
environmental performance of BEVs. The results further demonstrate
that integrating electric powertrain components into a compact unit can
reduce the use of scarce metals and minerals, potentially enhancing
resource efficiency and mitigating extra environmental impacts along
the material supply chain.

However, added efforts to reach higher efficiency shifted the envi-
ronmental burden from energy-related indicators to toxicity and mineral
resource depletion indicators, i.e., from use to the manufacturing stage.
Likewise, despite the advances made regarding the FITGEN e-axle effi-
ciency and compact size, the conventional powertrains outperformed
the e-powertrains in all the impact categories discussed, except for
climate change and fossil resource scarcity. These results imply that
more efforts are required to improve the total environmental profile of e-
powertrains. For instance, as most toxicity-related impacts are linked to
the metal mining supply chain, practical strategies to improve waste
management in mines could reduce the unwanted effect of BEVs and
renewable energy technologies on toxicity-related indicators. Addi-
tionally, improving recycling rates and recycling facilities for car ma-
terials can minimise metal mining activities. Therefore, manufacturers,
decision-makers and policymakers should adopt life cycle approaches to
inform and outline clear directions towards efficient, compact, and fully
integrated e-drives to reduce further BEVs life cycle impacts.
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