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Abstract

A product carbon footprint of BorgWarners' eXD (developed for BEVS) was es-
tablished by a cradle-to-grave life cycle assessment based on secondary data.
The use phase emissions were simulated using a detailed vehicle driveline
model, analyzing the status quo electricity mixes and a future projection of a
fully renewable grid mix. The product carbon footprint ranged from 60-108 kg
CO2equivalents (CO2e) depending on the electricity grid mix. The production
phase emissions of 55 kg CO2e dominated the total product carbon footprint
regardless of the grid mix used for the use phase. The hotspot analysis revealed
that aluminum and steel were the major contributors, both by weight and climate
impact. The scenario analysis of the four top components in these materials
showed that the climate impact could be significantly mitigated by increasing
the recycled portion of aluminum and steel, while the use phase emissions are
only reduced (with the chosen allocation method) by light-weighting.

In summary, the total carbon footprint may be reduced by up to 31% (production
phase -46%, use phase -10%, EOL +4%) by increasing the recycled content and
changing the design of four components. To further reduce the product's carbon
footprint, a higher degree of renewable energy will need to be investigated. The
cradle-to-grave approach of the product carbon footprint used in this evaluation
process of the eXD ensures that the climate impact is not avoided by a shift from
one life stage to another but instead managed throughout the product lifecycle.
This aligns with BorgWarner's CO2 targets, demonstrating our commitment to
mitigating the upstream and downstream emissions of our value chain.
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1 Introduction

Sustainability has become a pivotal focus in the automotive industry, driven by regula-
tory pressures and the sector's ambitious efforts to align with the Paris Agreement's
objective of capping global warming at 1.5°C. The transportation sector is responsible
for approximately 20% of direct greenhouse gas (GHG) emissions, with road transpor-
tation accounting for 70% of this figure [1]. To mitigate these emissions and meet the
climate goals, a systemic shift in the transportation sector is needed towards lower-
emission vehicles powered by batteries or renewable fuels. The transition is underway,
evidenced by the move from a market dominated by internal combustion engines (ICE)
to one with a growing presence of hybrid and battery-electric vehicles (BEVs). Hache
et al. (2019) suggest that to maintain a 2°C warming scenario by 2050, 75% of road
transport must be electrified [2]. This transition also shifts the primary source of a ve-
hicle's CO2 emissions from the use phase—where fossil fuels are burned in combus-
tion engines—to the production phase for BEVs, which includes emissions from raw
material extraction, processing, and manufacturing. Substituting high-emitting materi-
als to alternatives with lower CO2 equivalents (CO2e), or lightweight to reduce the use
phase emissions, will have a significant impact on future BEV emissions [3]. In this
context, every component of a BEV contributes to emission mitigation, necessitating a
CO2-reduced and sustainable design approach. Our study focuses on the potential for
reducing the product carbon footprint of BorgWarner's electric cross drive (eXD).

BorgWarner's eXD is a torque management system that provides improved traction,
energy recuperation and safety, and is designed for electrical drivetrains. It uses an
electro-hydraulically controlled clutch pack to limit slip over the differential in BEVS.
This allows the system to transition between an open differential and a fully locked
state, controlling slip and redistributing torque as needed. The eXD system is inserted
between the differential housing and one of the half shafts and can be placed on either
the front or rear axle.

We conducted a cradle-to-grave life cycle analysis (LCA) (Fig. 1), to assess and miti-
gate the climate impact associated with the eXD. Life cycle assessments are increas-
ingly used across various sectors to communicate the carbon footprint of products to
consumers and enable developers and decision-makers to pinpoint emission hotspots.
However, many analyses focus on only the first part of the product's life, the upstream
emissions cradle-to-gate (hereafter referred to as the production phase). The assump-
tions made during the production phase, use phase, and end-of-life stages of a
product's lifecycle can significantly influence the outcome of its environmental impact
assessment. Such insights enable informed decisions that enhance design and pro-
curement processes. Using the LCA methodology, we explored solutions for CO2 re-
duction for selected components, aiming to devise re-design strategies that could cut
scope 3 emissions linked to the product by 25%. Our approach is in harmony with
BorgWarner's Science Based Targets initiative (SbTi) objectives set for 2030 [4], un-
derscoring our commitment to our environmental goals.
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Fig. 1 An overview of the emissions throughout the value chain included in the
product carbon footprint performed in this study.

2 LCA Method
2.1 Goal and scope

The study's primary goal was to quantify the impact on climate change associated with
BorgWarner’s eXD product designed for BEV. A hotspot analysis at material and com-
ponent levels was included to identify the significant contributors to CO2e emissions
for the product. The second objective was to conduct a scenario analysis on a compo-
nent level to explore potential improvements to reduce the overall climate impact of the
product.

Declared unit

The declared unit of this study is the eXD product with a weight of 7.7 kg, designed for
use on the front axle of a BEV.

System studied and boundaries

The study was performed as a life cycle assessment (LCA) to evaluate greenhouse
gas emissions, specifically calculating the carbon footprint following the major guide-
lines of the ISO 14044 standards.

The eXD product was evaluated using a cradle-to-grave approach. The production
phase covers cradle-to-gate. The use phase emissions are simulated over a vehicle
lifetime of 200 000 km, and the method for the use phase allocation is described in
Section 2.2.

Assumptions and limitations

The eXD design analyzed was in the serial intent stage, but no supplier data were
available. Following this, the study employs conservative assumptions to avoid under-
estimating uncertain data. This includes choosing global alternatives for material and
production energy.

The use-phase emissions depend, among other variables, on user behavior. The BEV
driver influences vehicle efficiency by driving style, the choice of charging hardware,
and the electricity source to recharge the battery. Therefore, specific driving, charging,
and grid mix scenarios have been defined to be able to make reasonable predictions.
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The inventory does not include:

e Maintenance

¢ Non-production processes at BorgWarner, such as business travels, R&D ac-
tivities, or other indirect emissions

e BorgWarner infrastructure, e.g. the production and maintenance of buildings,
inventories, or other equipment used in the production

e Packaging used for the components or finished unit

Allocation

The simple cut-off approach has been used to model the EOL, which follows the "pol-
luters pay principle" according to the EPD14 system [14]. This means that the products
generating the waste carry the burden. If the material isn't used in a new system the
final disposal is included in the life cycle. No system expansion has been included in
this system.

The scrap generated in the processes for aluminum and steel parts in the eXD is in-
cluded in the carbon footprint. Since a cut-off is applied at the point of scrap being
generated in the factory, the total footprint of generating the scrap is allocated to the
eXD even though the aluminum and steel scrap is sent to recycling and used in other
products.

Impact categories

The study focuses on the climate impact of the eXD and the impact assessment
method is "CML2001 - Aug. 2016, Global Warming Potential (GWP 100 years), excl
biogenic carbon”

2.2 Inventory

This section provides an overview of the data collection process, data and information
collected and used in the analysis. The modelling was performed in LCA For Experts
(LCA FE) from Sphera, Database version 2024.1 [13].

Material production

All data for the eXD is based on the bill of material (BOM) which contains all compo-
nents and their respective material and weight. The baseline was created using gen-
eral dataset values for each material including the recycled content, except for
aluminum. For the comparison of steel (virgin vs recycled) two different datasets, one
representing traditional steel production using low recycled input and one representing
high recycled input, have been used without changing any input on production method
or energy/electricity.

Based on a supplier questionary of BorgWarner's top suppliers, an average recycled
content of aluminum around 60% was estimated. However, to be conservative as no
supplier was yet selected for the eXD, an average value of recycled content baselines
were set at 50% for aluminum.
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The materials inventory is presented in Fig. 3.
Manufacturing, assembly, and logistics

All components in the eXD are assumed to be produced at global generic suppliers
and shipped to a BorgWarner plant for assembly. The transport from the suppliers were
conservatively estimated by assuming the same transportation route for all compo-
nents. The route included transport from China to Sweden by 800 km road transport in
China, 18 000 km transport by ship, and 600 km by road transport in Europe. No sub-
assembly process is included.

The assembly of all components to a final product was assumed to be at BorgWarner
Sweden. The energy consumption was modelled based on current similar processes
production facility at BorgWarner Sweden.

Use phase

A vehicle efficiency simulation was performed to assess the CO2e emissions attributed
to the eXD during the use phase. BorgWarner uses an internal tool in a co-simulation
of GT Suite and MATLAB Simulink that allows to model different vehicles and drive
cycles and accounts for the eXD's impact on efficiency [5].

A generic electric mid-size SUV (Sport Utility Vehicle) with a base weight of 2500 kg is
chosen as the target vehicle for this study. As the eXD is replacing the conventional
differential the weight addition is only 4kg and has an insignificant impact on the power-
to-weight ratio. The main vehicle parameters like wheel size, rolling resistance, frontal
area, and drag coefficient are shown in Tab. 1.

Tab. 1 Vehicle parameters for efficiency simulation.

Vehicle SuUvV
Torque vectoring yes
EM-Power Front [kW] 167
EM-Torque Front [N] 345
EM-Power Rear [kW] 167
EM-Torque Rear [N] 345
Frontal Area x drag coefficient [m?] 0.584
Weight [kg] 2504
eXD-weight [kg] 7.7
Power to weight ratio [kW/kg] 0.13
Tire radius rdyn [m] 0.347
Battery capacity [KWh] 82
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The modeled vehicle is all-wheel drive and uses permanent magnet electric motors
(EM) with same power levels on front and rear for propulsion. For the efficiency simu-
lation, it is assumed that (like on a test bed) there is no road curvature, and the torque
management between the left and right wheels is not actively used. These input pa-
rameters lead to an energy consumption (Ey, 1) of 17,4kWh/100km in the Worldwide
Harmonized Light-Duty Vehicles Test Cycle (WLTC) cycle [6].

The vehicle CO2e over vehicle lifetime or driven kilometers (C02,,..) is calculated
with Eq.1, where the simulated energy consumption over the WLTC (Ey 1rc) IS multi-
plied with the expected driving distance (d), and the emission factor of the electric
energy used to charge the battery (EF,.icity) divided by an average battery charging
efficiency (ncnarging)- The charging efficiency vary depending on charging rate, charger
hardware, battery type, and temperature. For this study it was assumed that the BEV
will be charged at home or a fleet depot via an 11kW wall box (overnight charging). A
study by Preul3 et al [10] at Fraunhofer institute indicates that home charging is the
dominant location for BEV charging processes. At this scenario the C-Rate (Charging
Rate) is well below 0,2. This leads to a battery efficiency of 99.5% for Lithium-lon Bat-
teries [11]. Considering the wall box efficiency as well [12] this leads to a total charging
efficiency of ncnarging =91,8%

€02y e (d) = Eyyppe * d x —— Eq. 1
77charging

The vehicle lifetime was assumed to be 200 000 km and the respective use phase
emissions at that point were used for the allocated use phase emissions per compo-
nent.

To calculate the use phase emissions of the eXD, a weight-based allocation method
was used. The component emissions will be calculated as stated in Eqg.2, where the
vehicle CO2 emission is multiplied by the weight fraction of eXD. This is broken down
on a component level for the scenario analysis, and the same equation is used to allo-
cate emissions based on the specific component weight.

EFelecticity " masscomponent

COzcomponent,use (d) = Eyprc x d * Eq. 2

77charging masSyenicie

As can be seen in Eq. 2 the use phase emissions are dependent on the electricity
source, eXD weight, and vehicle energy consumption.

A changing grid mix has not been considered in the use phase CO2 calculation. To
account for increased usage of renewable energy sources as well as legislative initia-
tives (like the EU climate law [8]) that target net zero CO2 emissions and the possibility
to contract electricity from renewable sources different static scenarios have been eval-
uated with constant emission factors for electricity. The three scenarios have been
evaluated and includes: i) using a global average energy mix with 442g CO2/kWh, ii)
a European average with 314g CO2/kWh [9] and a iii) a future global renewable sce-
nario with around 30g CO2/kWh [13]. The latter grid mix is one possible scenario for



8 33rd Aachen Colloquium Sustainable Mobility 2024

2050 using 100% renewable energy, mainly using wind (19.9%) and photovoltaic
(76.2%).

End-Of-Life

The end-of-life was modelled by estimating the transport to the recycling facility for all
components and included incineration for all combustible materials. In this study it's
assumed that all metallic parts are 100% recycled while all other parts are incinerated.

3 Result and Discussion

The comparison of the cradle-to-grave carbon footprint of the eXD shows that the pro-
duction phase emissions range from 51 to 91% depending on which electricity mix is
used (Fig. 2a) for battery charging. The production phase footprint was 55 kg CO2e,
and the EOL was 1.9 COz2e.

The use phase emissions increase per driven distance, as shown in Fig. 2b. After an
assumed lifetime of 200 000 km driven, the use phase CO2e accumulates to 51.5 kg
CO2e for the global grid mix, 36.6 kg for a European average mix, and 3.3 kg if the
future global projection of renewable energy is used. This shows the significant influ-
ence of the electricity source.
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Fig. 2 a) The total carbon footprint of the eXD, including the production phase,
EOL, and the allocated use phase after 200 000 driven km, depending on
the grid mix. In b) the use phase emissions are shown depending on mile-
age and grid mix.

The grid mix is not static and varies over time and geography, influenced by policy
decisions, market dynamics, and technological advancements. As the grid becomes
greener, with increased penetration of low-carbon energy sources, the lifetime emis-
sions of BEVs decrease correspondingly. This dynamic nature of the grid mix means
that the environmental impact of BEVs can improve over the vehicle's lifespan as the
electricity generation becomes cleaner. In addition, research by the Fraunhofer insti-
tute shows that in 2020, 63% of BEV drivers and fleet managers in Europe are already
actively choosing renewable electricity to reduce their CO2 footprint [10]. Using more
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electricity from renewable sources will make improvements in the production stages
even more important as these emissions are not only driven by the electricity mix.
While use phase emissions are highly influenced by the decisions of the vehicle end-
user, the production CO2 emissions can be significantly mitigated by design and pro-
cess choices.

Given this study's defined driving and charging scenario, the component weight is the
only remaining variable impacting the use phase emission calculation. As use phase
emissions are weight allocated, reducing the eXDs weight will proportionally reduce
the allocated use phase emissions.

3.1 Production phase
3.1.1 Hot spot analysis

A hotspot analysis of the production phase footprint identified the key contributors to
the product's weight and CO2e emissions, as detailed in Fig. 3.

The composition of the eXD is predominantly steel and aluminum, accounting for 64%
and 27% of its 7.7 kg total weight, respectively (Fig. 3a). Analyzing the climate impact
per material category, we can see a similar trend but now aluminum is responsible for
41% of the climate impact and steel for 43% (Fig. 3b). Despite the assumed 50% re-
cycled aluminum, its extraction remains electricity-intensive in relation to steel, leading
to a significantly larger CO2e and thus larger climate impact.

In contrast, electronic components and magnets, which together represent less than
1% of the total weight, are responsible for 5% and 3% of the total climate impact, re-
spectively (Fig. 3). These components have a high climate change impact in relation
to their weight as they use precious metals and rare-earth minerals and have energy-
intensive production processes.

Polymer

Polymer
a b o
) 1% Other ) Transport % Other
Magnet 8% 3% 4%
0.2%
Electronics %
0.1% Electronics
O
5% Steel (15% recycled)
43%
Aluminium H
(50% recycled) Weight CO.e
27% [% of total] [% of total]
Steel (15% recycled) Aluminium
64% (50% recycled)

1%

Fig. 3 The figures show the material distribution of the eXD based on a) the weight
and b) the climate impact expressed as CO2e from the production phase.
The total weight of the eXD is 7.7kg, and the total COZ2e (production phase)
is 55 kg CO2e.
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Out of around 100 components, 8 components were responsible for 80% of the emis-
sions related to the production phase (Fig. 4). For example, the aluminum housing
contributed with 32%, the drive shaft with 21%, and the drum assembly in steel with
9% to the climate impact. A scenario analysis of potential CO2-reducing solutions for
the top components was performed, including the allocated use phase and end-of-life
emissions. Two approaches were undertaken, discussed in Section 3.2: i) increase of
recycled content and ii) material substitution or re-design options.

a) b) AIuminurT] housing 1[19%]
|
’ | Drum assembly [9%]
% | /
Aluminum C f
Housing . { Magnets [3%] and ECU [5%]
Piston 32% k J e S e
3% ; . & / Af
' Lo / 7 g

M
Ma;;et’ [% of total] @
3%
Qil Cover
4%

ks, RS L%
Qil cover [4%] , RN 29 0¥,
Drive shaft [21%] | %

\
Piston [3%)]

|
Hub [3%]

Fig. 4 The figures show the components with the highest carbon footprint, in rela-
tion [%)] to the total production phase of 55 kg CO2e. The components are
marked in the exploded view of BorgWarner's eXD. Note that the aluminum
housings are shown as two parts in the illustration (b) but as one data post
in the chart (a).

3.1.2 Aluminum sensitivity analysis

Primary aluminum production is a particularly electricity extensive process, and esti-
mations from 1Al show that using 100% recycled aluminum can save up to 95% of the
energy and thus similarly reduce the GHG potential [7]. The impact of recycled content
and grid mix on high-pressure die-casting aluminum is shown in Fig. 5 based on sec-
ondary data. The largest relative impact on reducing the CO2 is to increase the recy-
cled content regardless of the type of grid mix. Increasing the recycled content from
0% to 50% or 100% decreases the CO2e by 44% and 88%, respectively. Changing
the production location, in this case from global averages to European averages de-
creases the emissions by around 60%, independent of the amount of recycled content.
This is because the European grid mix contains a higher amount of fossil-free electric-
ity than the global average. Changing to an electricity mix with an even higher degree
of renewable or fossil-free energy will decrease the CO2e of the aluminum further.
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Fig. 5 The CO2e (kg) for global and European grid mix are shown as a function of
the amount of recycled Aluminum. All values are based on generic database
data for Aluminum high-pressure die casting.

3.2 Scenario analysis: Re-design of components
3.2.1  Aluminum housings

Three alternative designs for the aluminum housing were evaluated compared to the
baseline of 50% recycled aluminum and are shown in Fig. 6. These alternatives in-
cluded: i) a weight-optimized design achieved by topology optimization, ii) an increase
in the use of recycled content, and iii) a substitution of materials, replacing aluminum
with plastic.

The aluminum housing manufactured with high-pressure die casting consists of two
interconnected parts. Topology optimization was applied on the high-pressure exposed
part (‘'Aluminum housing 2' in Fig. 4) to evaluate possible weight-reducing design
changes. This process revealed that the existing housing design was already near-
optimal, and thus only minor modifications were possible to maintain manufacturability.
Subsequent simulations confirmed that the new design maintained or improved struc-
tural integrity. The changes reduced the component weight by almost 20 g, corre-
sponding to a component weight reduction of almost 3%. Combined with the mating
unaltered part of the housing, the weight reduction was approximately 1.2%. Follow-
ingly, the housings' allocated use phase emissions decreased by 1.2%.

Given that aluminum production is a significant source of CO2 emissions, increasing
the recycled content is an effective strategy for CO2 mitigation (see also Fig. 5) if post-
consumer waste is used. A transition to 100% recycled aluminum is possible for the
aluminum housing, resulting in a reduction of production phase emissions by 78% rel-
ative to the baseline. If the production location was changed to Europe and thus using
the European grid mix, the CO2e reduction would be 91% compared to the baseline.
It is important to note that this modification does not alter the weight or design of the
component; therefore, the emissions during the use phase remain consistent with the
original design.
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For the third approach, we considered substituting traditional materials with a light-
weight alternative. We identified Grivory GV-5H, a thermoplastic reinforced with 50%
glass fiber, as a viable alternative that meets the necessary temperature and force
requirements. Although a comprehensive redesign and technical evaluation were not
conducted, we estimated the environmental impact using the current aluminum hous-
ing design as a reference. Grivory GV-5H, being less dense than aluminum, contrib-
uted to a significant reduction in the overall weight of the component by 37%. Based
on the supplier LCA, the material has a lower declared CO2e than the baseline alumi-
num but a higher CO2e than the 100% recycled aluminum. Consequently, the produc-
tion phase emissions were reduced relative to the baseline by 76%, but are higher than
the emissions from 100% recycled aluminum.

The weight reduction from the plastic substitution led to substantially lower use phase
emissions. This option is comparable to the 100% recycled aluminum (European grid
mix) alternative when considering the production and use phase. Considering a more
conservative re-design where we only can reduce the weight by half of what we as-
sumed in the original evaluation (i.e. -18%) the plastic alternative is now comparable
to the 100% recycled aluminum using global grid mix instead.

However, it is important to note that aluminum offers greater recyclability than the plas-
tic composite. Plastic with high glass fiber content is normally incinerated at the end-
of-life, and we estimated the EOL emissions for the plastic to be 1.6 kg CO2e per kg
of material. Considering the EOL estimation, the total climate change impact of the
more conservative plastic option is not as favorable as the 100% recycled aluminum.
This scenario analysis underscores the complexities in selecting effective CO2 reduc-
tion strategies. The option with the lowest climate impact depends on the scope of the
analysis and available data, illustrating that not evaluating all stages of the lifecycle will
not adequately capture the full climate impact.

100%

80% -

60% A

40% A
o .
0% T T T T

Relative GHG emissions (%)

Baseline Weight Increased recycled Increased recycled Material Material
50% recycled Al optimization content content replacement replacement
100% recycled Al 100% recycled Al Grivory GV-5H, Grivory GV-5H,
(European grid mix) -37% weight -18% weight
(Supplier data) (Supplier data)

OCradle-to-gate B Allocated use-phase emissions EOL

Fig. 6 The relative GHG emissions (%) for the CO2 reduction alternatives for the
aluminum housing, compared to the baseline of using 50% recycled alumi-
num (global grid mix).
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3.2.2 Drive shaft

Two options for the drive shaft were considered compared to baseline: i) increase in
recycled content, and ii) decreased material utilization by re-designing to a hollow tube
forging design (Fig. 7). Based on manufacturer input, the cradle-to-gate CO2e emis-
sions are divided into the raw material production and manufacturing process. For the
solid shaft, approximately 95% of emissions are linked to raw material production, with
the remaining 5% arising from manufacturing (e.g., forging, hardening, etc.). The hol-
low shaft—realizable through tube forging— requires a more energy-intensive manu-
facturing process, with an estimated 26% of emissions stemming from this. Note that
these figures might vary among manufacturers but are considered representative of
the respective manufacturing methods.

The recycled content may be increased to up to 80%, reducing production phase CO2e
emissions by 33% without impacting the emissions during the use phase. A hollow
shaft option was established, reducing the weight by 0.6 kg (-38%) compared to the
solid design. The use phase emissions are reduced proportionally with the weight (-
38%). The design was structurally validated with finite element analysis simulations.
This hollow shaft design, produced by tube forging, resulted in a 53% decrease in pro-
duction phase CO2e emissions compared to the baseline. Compared to the 80% recy-
cled steel option, the production phase climate impact was reduced by 30%. Utilizing
the same high degree of recycled content, the hollow shaft can mitigate the drive shaft
production phase emissions by 68%.

Evaluating the total carbon footprint, the reduced use phase emissions of the hollow
design reduce the total carbon footprint by 56%. Moreover, the tube forging technique
offers improved material utilization, thereby reducing both the gross and net weight of
the shaft.

100% -

80% A

60% -

40% -
20% 4

0%

Relative GHG emissions (%)

T T T

Baseline Increased recycled Hollow design Hollow design

15% recycled content 15% recycled 80% recycled
80% recycled

OManufacturing process ORaw material production mAllocated use-phase emissions EOL

Fig. 7 The relative reduction in GHG emissions (%) for the different CO2-reduced
alternatives of the drive shaft, compared to baseline. All alternatives are
evaluated with manufacturing using a global grid mix, and the cradle-to-gate
climate impact is divided to show the impact of the manufacturing process
versus the raw material production.
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3.2.3 Drum assembly

The steel drum assembly makes up 9% of the total production phase footprint. Due to
the complex design, no alternative manufacturing methods or designs were pursued.
Instead, we evaluated the relative impact of using a higher degree of recycled material
(Fig. 8), in comparison to the baseline of 15% recycled steel. The production phase
footprint can be reduced by up to 36% by increasing the recycled content to 80%.
However, the use phase emissions and EOL remain unchanged. Increasing the recy-
cled material in steel production has a smaller impact on the CO2e compared to in-
creasing the recycled content of aluminum components, as the traditional primary steel
production process is less electricity intensive. This highlights that while using a high
recycled content of aluminum can be enough to meet CO2 targets, steel components,
such as the drum shaft and drive shaft, to a higher degree may need re-design and
material optimization to reach similar reduction potentials.

100% -

80% A

60% -

40% A

20% A

Relative GHG emissions (%)

0%

Baseline 80% recycled steel
15% recycled steel

OCradle-to-gate mAllocated use-phase emissions EOL

Fig. 8 The decrease in relative GHG emissions (%) for the drum assembly using
80% recycled steel, compared to the baseline.

3.2.4 Oil cover

In the evaluation of alternative materials for the oil cover, three scenarios were com-
pared against the baseline of 50% recycled aluminum: i) increasing the recycled con-
tent, ii) substituting with stamped steel, and iii) substituting with plastic (Fig. 9).
Increasing the recycled aluminum content to 100% is technically feasible and could
potentially reduce production phase emissions by 78% or 91%, depending on the pro-
duction using either the global or European energy grid mix, respectively. This reduc-
tion is the same as the comparison for the aluminum housing, as we are using the
same dataset. The use phase emissions remain unchanged as no design alterations
for increased recycled content are needed.

The second option was to re-design for stamped steel. The re-design gave a weight
reduction of 25% despite the higher density of steel, as the wall thickness could be
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decreased. This change resulted in a production phase CO2e reduction of 82% com-
pared to the baseline when using the global grid mix. Using the European grid mix, and
a slightly increased recycled content due to the availability of datasets (18% compared
to 15%), instead gave an 84% reduction compared to baseline. However, both steel
options have a higher production phase carbon footprint than the European 100% re-
cycled aluminum. The weight reduction led to a corresponding decrease in use phase
emissions, which led to a total carbon footprint reduction compared to the aluminum
alternatives.

The third option were a re-design for material substitution to plastic. The weight reduc-
tion for the plastic alternative was 60% compared to the baseline, primarily due to the
lower density compared to aluminum. Using a Swedish supplier's LCA based CO2e
for a 50% recycled PA6 (Polyamide6) with 30% glass fibers, the production phase
carbon footprint was reduced by 89% compared to baseline. Using a database value
for a similar plastic material (European grid mix), the production phase emissions be-
come higher than the steel and 100% recycled European aluminum. The weight re-
duction led to a noticeable decrease in use phase emissions, and even with adding the
EOL emissions to the plastic covers, both plastic alternatives have in total a lower car-
bon footprint. Consequently, the plastic oil cover emerges as the most favorable option
from a cradle-to-grave standpoint.

100%

80% A
60% A

40% A

20% A H I H H i
0%

Relative GHG emissions (%)

Baseline Increased Increased Stamped steel Stamped steel 50% recycled PAG with 30%
50% recycled Al recycled content recycled content  (15% recycled) (18% recycled, PAG with 30% glass fiber
100% recycled Al 100% recycled Al Europe grid mix) glass fiber (database)
(Europe grid mix) (supplier)

OCradle-to-gate B Allocated use-phase emissions EOL

Fig. 9 The relative GHG emissions (%) for the CO2 reduction alternatives for the
oil cover, compared to the baseline of using 50% recycled aluminum (global
grid mix).

3.3 Summary of component scenarios

Fig. 10 summarizes the potential reduction in relative climate impact by changing our
baseline components to the CO2-reduced alternatives presented in this paper. We se-
lected the changes keeping the global energy grid mix, however, for the oil cover the
Swedish supplier-based CO2eq was used. Over cradle-to-grave, the product's carbon
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footprint could be reduced by 31%. The production phase emissions were reduced by
46%, and the allocated use phase emissions by 10% (following the 10% weight reduc-
tions from the hollow drive shaft and the plastic oil cover). The EOL increased from 2%
to 2.1% (+4%). The changes are deemed feasible from a technical perspective, and
materials and production processes are commercially available.

100%

EOL: -0.06%
-15% ’
-3%
9\3 80% - 9% EOL+0.14%
9] T 1 -1%
c s A
o 2% -2% 21%
‘= 60% A
£
)
Q
T
QO 40% A
]
2
E 59%
& 20% -
31%
0% T T T T T
Baseline Housing - 100% Drive shaft - Drum assembly -  Oil cover - 50% New baseline
recycled Hollow, 80% 80% recycled recycled PAG GF30
recycled (Swedish supplier)

OCradle-to-gate M Allocated use phase EOL

Fig. 10  The relative reduction in climate impact for selected CO2e mitigation solu-
tions compared to the baseline. The new baseline is reduced by 31% com-
pared to the baseline.

4 Conclusion

From the hotspot analysis of the LCA, we found that steel and aluminum contributed
to most CO2 emissions and weight. The main components made of these materials
were aluminum housings, the drive shaft, the drum assembly, and the oil cover. In-
creasing the recycled content in these components, as well as changing the grid mix
to a European alternative, showed a high potential for reducing the impact on climate
change. Reducing the component weight by redesigning or changing to lightweight
material also has an effect, mainly on the use phase. The product's carbon footprint
can be reduced by 31% without changing the electricity grid mix. This included the
reduction of 46% in the production phase, the reduction of allocated use phase emis-
sions by 10%, and an increase in EOL by 4%.

The assumptions made during the different stages of a product's lifecycle can signifi-
cantly influence the outcome of its environmental impact assessment. Excluding any
of these posts would have changed the evaluation of each component presented in
this paper. For example, the plastic alternative for the oil cover increased the produc-
tion phase emissions and EOL but decreased the total cradle-to-grave impact. This
highlights that such boundaries may change material or design selection during prod-
uct development. In addition, the evaluations are made with today's global and Euro-
pean grid mix, meaning that greening the grid will change the outcome of a future LCA
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with similar materials and vehicles. It's crucial to recognize that LCA or Product Carbon
Footprint (PCF) is a dynamic model that gives a value that will vary with parameter
changes like the electricity grid mix.

Furthermore, the projected lifespan of the product influences the emissions during the
use phase. An extended use phase leads to greater allocated CO2e with our method
used. While a longer use phase aligns with sustainability and circularity principles, it
paradoxically results in higher total use phase emissions from the vehicle, presenting
a challenge in visualizing the trade-offs.

In conclusion, a lifecycle assessment encompassing all stages from cradle-to-grave is
vital, along with understanding how these stages can shift the final results and the
ultimate objectives. This holistic approach ensures that the climate impacts are not
moved from one life stage to another but are managed throughout the product's lifecy-
cle, leading to more sustainable practices and products. BorgWarner's CO2 targets
encompass the entire lifecycle, aiming to mitigate both upstream and downstream CO2
emissions. This study covered a specific product's carbon footprint, enabling us to
make informed design choices concerning reducing our CO2 emissions. However, a
detailed LCA of all impact categories will be needed to make informed choices regard-
ing full environmental sustainability.

5 Abbreviations

BEV Battery electric vehicle
BOM Bill of Materials
CO2 Carbon dioxide
d driven distance

EFelectricity

Emission factor of the electricity grid mix

EM Electric Motor

EOL End of Life

EPD Environmental Product Declaration
EU European Union

eXD electric cross drive

Ewirc Energy consumption in the WLTC
Neharging Total charging efficiency

GHG Greenhouse gas
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GWP Global warming potential

IAl International Aluminium Institute

ICE Internal combustion engine

ISO International Organisation for Standardization
LCA Lifecycle assessment

PAG6 Polyamide6

PCF Product Carbon Footprint

R&D Research and Development

SbTi Science based Target initiative

SuUV Sport Utility Vehicle

WLTC Worldwide harmonized Light vehicles Test Cycle
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