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Abstract

Having in mind the preponderance of the transport sector in the energy consumption and emission
of pollutants, this study proposes to evaluate the environmental impacts of alternative scenarios in the
introduction of alternative materials for lightweighting and to quantify the respective environmental
impacts for conventional and alternative passenger vehicles, considering different alternative scenarios:
weight reduction; material substitution of the glider; change of battery chemistry in electric vehicles
and different end-of-life scenarios and energy mixes.

The glider’s conventional materials were replaced by lightweight materials, such as aluminium and
carbon fiber, reaching weight reductions from 30% to 40%. For the electric vehicles, it was also consid-
ered the replacement of the electrochemical type of the battery, from LMO to NMC622 and NMC811.
When it comes to the energy mix, it was considered the current value in Portugal for the foreseen value
of 2050, according to the Roadmap for Carbon Neutrality 2050, obtaining in-use energy savings of up
to 70%. The software used to perform the LCA was Simapro and the database Ecoinvent.

The scenario that had the best performance in terms of climate change corresponds to the lightweight-
ing scenario through the use of carbon fiber, originating a decrease of up to 32% on in-use energy and
up to 44% on fuel consumption, representing on average, 58% of the environmental impacts in EVs and
81% in ICEVs. It was also concluded that, for EVs, it’s crucial to implement reuse in batteries, as up

to 166% of climate change impacts can be mitigated.
Keywords: Life-Cycle Assessment, Sustainability, Lightweighting, Electric Vehicles.

1. Introduction

In 2018, Europe (EU-28) had a final energy con-
sumption of around 1124 Mtoe where 37% were oil
products [I]. The transport sector was the most
demanding, accounting for 33.9% of the final en-
ergy consumption [I]. Road transport is, by far, the
most demanding in terms of final energy consump-
tion, representing 80.4%, while the second most
demanding transport mode, international aviation,
accounted for 13.9% [I]. Diesel represented 55.1%
of the energy use in road transport, followed by
gasoline, accounting for 20.4% [I]. The latest data,
from 2017, shows that, in that year, passenger cars
accounted for 56.1% of the energy consumption in
road transport, followed by trucks and light duty
vehicles (39.2%) [1].

According to the European Environment Agency
(EEA), in the EU-28, in 2018, the transport sector
was responsible for 13% of the emission of partic-
ulate matter, the most harmful to human health,
11% of which due to road transport [2]. The trans-
port sector emitted about 47% of NO., 39% due
to road transport [2]. EEA’s latest report on GHG

emissions [3] states that the EU-28 plus Iceland pro-
duced, in 2018, a total of 4234 MtCOzeq [3]. The
transport sector was responsible for the emission of
946.9 MtCOseq, 21.9% of the total GHG emissions
[B]. Road transport is responsible for around 93.6%
of the transport GHG emissions.

This set the tone for the relevance of this study, as
it’s imperative that the automotive industry creates
changes that lead to a reduction on such consump-
tion and pollutant emission.

1.1. Legislative Framework

In order to do so, policies are being applied at a
world, European and country-level. The most rele-
vant worldwide directive is the Paris Agreement, a
part of the United Nations Framework Convention
for Climate Change (UNFCCC), the result of the
COP21 [4.

At the European level, the White Paper, re-
leased in 2011 presents 40 concrete initiatives to
increase mobility and several key goals by 2050
such as cutting carbon emissions by 60%, no more
conventionally-fuelled cars in cities, 40% use of sus-



tainable low carbon fuels in aviation and at least
40% cut in shipping emission and 50% shift of
medium distance intercity passenger and freight
journeys from road to rail and waterborne transport
[B]. The European Green Deal, released in 2020,
states a set of measures to make Europe climate
neutral in 2050 and to further reduce net green-
house gas emissions by at least 55% by 2030 [6].

At the country level, Portugal’s Sustainable
Cities 2020 strategy, approved in July of 2015,
aims to prompt local, regional and national offi-
cials to implement policies in order to make cities
more prosper, more connected, healthier and fairer
[7]. The approval of Decree-Law n.° 86-D/2016, in
November of 2016, also emphasizes the need to pro-
mote environmentally sustainable policies and to re-
duce pollutants’ emissions [4]. Portugal’s Roadmap
to Carbon Neutrality 2050 (RNC2050), submitted
to the United Nations within the Scope of the Cli-
mate Change Summit, establishes the long-term
strategy for carbon neutrality of the Portuguese
economy by 2050, setting the path to carbon neu-
trality in a sustained manner [g].

1.2. Objectives

In this context, the goal of this study is to under-
stand the potential environmental benefits of the
use of alternative materials in a vehicle lightweight-
ing perspective and is relevant for everyone involved
in the transports sector. From manufacturers want-
ing to improve their vehicles’ environmental per-
formance to consumers who would like to make
a more informed choice when buying a car, this
study presents several alternative scenarios for ve-
hicle lightweighting that translate into lower envi-
ronmental impacts.

2. State of the Art
2.1. Improvement of environmental performance

The United States’ Argonne National Labora-
tory has developed a vehicle-cycle module for the
Greenhouse gases, Regulated Emissions, and En-
ergy use in Transportation (GREET) model, which
evaluates the energy and emission effects associated
with vehicle material recovery and production, ve-
hicle component manufacturing, vehicle assembly,
and vehicle disposal/recycling [9]. The latest ver-
sion of the Series 2 GREET vehicle-cycle model
includes three different vehicle types, five differ-
ent types of propulsion and a vast variety of data
sources in order to include a more inclusive char-
acterization of the vehicle systems [10]. A collabo-
rative Research & Development co-funded by the
European Commission, the SUPERLIGHT-CAR,
reported the benefits in terms of weight saving of
using cast and wrought aluminium in various chas-
sis’ parts [11]. Raugei et al. [12] presented an
LCA-based comparison of a range of lightweight-

ing options for compact passenger vehicles, using
advanced lightweight materials such as Al, Mg and
carbon fibre composites. Mayyas et al. [I3] imple-
mented an LCA based design approach to assess the
performance of vehicular Body-In-White’s (BIW)
through its complete life cycle, in order to aid in
the early design stages, serving as an eco-design
decision-making support tool. Delogu et al. [14] il-
lustrates the combination of the LCA methodology
with the traditional design procedure at two differ-
ent levels of the component design phase, material
choice and concept design, discussing the main bar-
riers for modelling and integrating the environmen-
tal performances in the automotive concept design.
Witik et al. [I5] used an LCA and a manufactur-
ing focused life-cycle costing to evaluate the poten-
tial advantages in automotive applications of sev-
eral suitable lightweight polymer composites, which
were later quantified and compared against magne-
sium and steel for a representative component.

Regarding EoL studies, Tapper et al. [16] eval-
uated the LCA framework and its ability to accu-
rately determine the benefits of closed-loop com-
posite recycling, with the aim of aiding future ma-
terial selection for recycled carbon fibre reinforced
polymer (CRFP). Duval et al. [I7] assessed fi-
nancially and through an LCA the current and
proposed recycling business operations of a Cana-
dian automotive dismantling company, concluding
that the proposed recycling network would reduce
greenhouse gas emissions and energy requirements
by nearly 50% but would result in an unprofitable
value proposition for the company. Zhu et al. [I8]
analysed the timing, scale, and composition of U.S.
aluminium automotive body sheet (ABS) scrap gen-
erated from the aluminium ABS intensive vehicles
with the highest U.S. sales through a dynamic flow
analysis (2015-2050).

2.2. Evaluation of a vehicle’s environmental perfor-
mance

In order to protect the environment and human
health, it’s essential to have coherent information
at the consumer level about the environmental im-
pacts of vehicles, as it can influence its choices and,
therefore, influence technology development. Thus,
environmental ranking methodologies have been de-
veloped and applied at a country level, ranking
road vehicles by some specific environmental im-
pacts. These methodologies are based on a life-
cycle analysis, yielding different results according
to the boundaries and damage categories consid-
ered. The USA’s Green Score considers three
life cycle stages: Fuel supply cycle (WTT); vehi-
cle in-use tailpipe emissions (TTW); vehicle em-
bodied emissions regarding vehicle manufacture, as-
sembly and end-of-life treatment [I9]. It accounts
for all types of technologies, even though BEVs,



PHEVs, HEVs and FCEVs use a slightly different
embodied emissions model, accounting for the spe-
cific battery weight and composition and assesses
emissions of COy, CHy, N2O, CO, hydrocarbons
(HC), NO, and PMjy. BE’s Ecoscore considers
a partial life-cycle: fuel supply cycle (WTW); ve-
hicle in-use exhaust emissions (WTT+TTW) and
assesses the emissions of CO,, CHy, N2O, CO,
HC, NO,, PMo and SO, [20]. Ecoscore allows
the user to obtain results using the NEDC or the
WLTP and can be applied to ICEV, BEV, HEV and
PHEYV technologies. Ecoscore uses weight indexing
and external costing [20]. As for the UK’s Next
Green Car UK’s Next Green Car, it assesses
the same three life-cycle stages: fuel supply cycle
(WTT); vehicle in-use tailpipe emissions (TTW)
and vehicle embodied emissions regarding manufac-
turing and assembly, not accounting for the end-of-
life treatment [21]. It can be applied to all conven-
tional and alternative technologies, even though its
database doesn’t present any FCEVs and assesses
the emissions of CO, NO,, NMOG, PMiq, SOs,
CO5, N2O and CH,4, measured through the out-
dated NEDC. UK’s NGC is based on weight index-

ing and environmental economics.

3. Methodology

Figure [1] presents the flowchart of the method-
ology used and the LCA phases considered in this
study. This study uses the LCA as its main tool,
mainly on a craddle-to-grave approach [22].

This methodology is based on an extensive litera-
ture review with the goal of developing solutions on
the implementation of alternative scenarios for ve-
hicle lightweighting of conventional and alternative
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Figure 1: Methodology flowchart and LCA stages
considered

The software used to model and perform the Life

Cycle Analysis was SimaPro, the databases were
provided by ecoinvent and the impact assessment
was performed with ILCD 2011 Midpoint+ . The
first step was to characterize both Simapro’s con-
ventional and electrical base vehicles in terms of
materials and weight.

3.1. Case Study Description
3.1.1 Manufacturing

The baseline conventional vehicle considered was
a small sized, Euro 4, petrol-powered with an en-
gine of up to 1.4 liters and optimized for a vehicle
of 1234 kg. SimaPro splits this vehicle in two mod-
ules: the glider and the internal combustion vehicle.
The glider, weighting 913 kg, includes: the body of
the car, the steering, braking and suspension sys-
tem, tyres, cockpit equipment (seats, belts, etc.)
and non propulsion related electronics. The inter-
nal combustion engine data, weighting 321 kg, is
based on a Volkswagen Golf A4, a C-segment pas-
senger car.

The electric vehicle (EV) has a weight of about
918 kg without battery and a 262 kg battery. The
energy density of the battery was 114 Wh/kg, cor-
responding to about 120 km of driving range. The
car and all its subassemblies (glider, powertrain and
battery) had a life expectancy of 150.000 km. This
data was obtained via Simapro’s specifications. The
glider, with the same proportional material compo-
sition of the ICEV’s, weighted 838 kg, the power-
train 77 kg and the battery pack 262 kg.The power-
train, suitable for a system of about 100 kW maxi-
mum power, is split into five components: a 6.2 kg
charger, a 4.5 kg converter, a 53 kg electric motor,
a 9.5 kg inverter and a 3.9 kg power distribution
unit. The battery is composed by the battery pack,
containing 14 cells, the battery casing, the connec-
tors and the power management unit. The battery
pack, containing 14 single LMO cells, provides an
electric power of 2.1 kWh and a voltage of 48 V.
The battery cell refers to one single cell and is split
into anode, battery separator, cathode and a share
of other materials.

3.1.2 Use

For both the conventional and alternative vehi-
cles, it was assumed that the vehicles achieve a to-
tal transport performance of 150,000 km which cor-
responds to approximately 10 years at an average
annual use of 15,000 km. The use-phase parameters
of baseline vehicles were not altered.

For the conventional vehicle, the fuel was con-
sidered to be low-sulphur petrol with a consump-
tion of, according to Simapro’s specifications, was
7.24L./100km. Vehicle maintenance was taken into
account, consisting of the replacement and disposal
of regular components and substances. Road infras-
tructure construction and maintenance also enter



the use phase. Both road construction and main-
tenance refer to one meter and year (m*a), both
being modelled as a constant renewal rather than
as a one-time expenditure and end-of-life and was
assumed to be the same for every vehicle and every
scenario.

For the alternative vehicle, the energy was consid-
ered to be the current portuguese mixture, based on
data from DGEG [23]. The in-use energy consump-
tion, according to Simapro’s specifications, was
26.02 kWh/100km. The remaining parameters in
the use-phase of the alternative vehicle were consid-
ered to be the same as of the conventional’s, apart
from road maintenance, due to the lower amount of
electric vehicles circulating, and, therefore, its lower
impact on road maintenance.

3.1.3 End-of-Life

The end-of-life scenario for all components but
the battery was considered to be landfill, inciner-
ation with energy recovery, recycling and disposal,
with the share of each process depending on the ma-
terial’s family type. The end-of-life base scenario
modelled on Simapro for all components but the
battery on both types of base vehicles are based on
reference studies. For the electric vehicle’s battery,
the end-of-life scenario consisted of hydrometallur-
gical and pyrometallurgical treatment, both with an
equal share of 50% of the battery’s weight.

3.2. Definition of Alternative Scenarios

The literature review suggests that the glider has
the most potential for weight saving. Having that in
mind, two main trends for lightweighting arise from
the literature review. One more focused on max-
imizing the use of aluminium and another focused
on a multi-material approach. The Al-intensive sce-
nario, from now on known as Al Scenario, focuses
on the intensive use of aluminium as a lightweight
strategy, not accounting for reinforced polymers.
This scenario was based on the study by [9], with
some modifications. The multi-material scenario,
from now on known as MM Scenario, uses a multi-
material approach with the core of its weight saving
being on CFRPs and GFRPs, as was based on [9]
study. For both types of vehicles, two versions with
a medium and high substitution of glider materials
were simulated. The latter simulates a more conser-
vative material substitution scenario, with smaller
weight savings, and the former a more aggressive,
with higher weight savings.

While the high substitution version of this sce-
nario has no alterations to the original material
shares, the medium substitution presents some
weight reduction differences based on bibliographic
reviews.

In both versions, the internal combustion engine
didn’t suffer any material substitution. For the EV,

the powertrain systems (charger, converter, elec-
tric motor, inverter and power distribution unit)
weren’t taken into consideration for any material
substitution. For the battery, however, three sce-
narios were firstly taken into account:

e Change of cathode chemistry
e Material substitution of the battery casing

e Increase of battery power, from 30 kWh to 60
kWh

Two different cathode chemistries were simulated
in order to follow the current market trends and
based on available literature.

o NMC622 - Li(NiO_GMnO'QCOO.Q)OQ, with an
energy density of 0.156 kWh/kg, a power of
41 kWh and a weight of 262 kg. All these pa-
rameters refer to the pack.

o NMC811 - L’L‘(Nio_gMno_lcOo.l)OQ, with an
energy density of 0.170 kWh/kg, a power of
45 kWh and a weight of 262 kg. All these pa-
rameters refer to the pack.

The battery casing of the battery, weighting 30.4
kg of steel, was subjected to material substitution
by aluminium, allowing for the saving of 66%. This
replacement was made through the density and vol-
ume analysis. Structural and design considerations
were not taken into account in this analysis.

The possibility of upgrading on both chemistries
the battery power to a value similar to the current
trends while maintaining the same energy densities,
this case a power of 60 kWh, was studied but not
taken into account.

3.2.1 High Substitution Version

The high version of both MM and Al scenarios
are largely based on study [10]. While the MM sce-
nario of this version presents almost no material
change to the referred study, for the Al scenario, a
literature review was conducted and several compo-
nents suffered material changes, when compared to
the MM scenario.

For the creation of the final MM and Al Scenarios
and its integration of both MM and Al scenarios on
Simapro, the total mass of each different material in
each component and in each scenario was calculated
and then compared with the weight of the same
material in the base scenario. The weight reduction
proportion of each material was mapped and then
applied to the same material of the base scenario.
A generic weight reduction equation, equation
follows.

Mst,conv,i — mst,scj-,i

mf,scj,i =1~ X MSMP,conv,i

(1)

Mst,conv,i



Where my 4 is the final mass of the material ¢ in
scenario j, Mst cony the mass of the material ¢ in the
conventional scenario of the study [10], ms;,sc,,; the
mass of the material ¢ in scenario j of the adaptation
scenario of the study [10] and mgasp,cony,; the mass
of the material ¢ in the Simapro conventional model.

3.3. Medium Substitution Version

A literature review was conducted in order to
implement more conservative material substitution
shares. For both MM and Al scenarios, several com-
ponents were reviewed and a more conservative ap-
proach was taken in their substitution.

3.4. Influence of weight on energy consumption

The decrease on in-use energy consumption
consumption on both vehicles due to vehicle
lightweighting was taken into consideration Based
on study [24], it was assumed that the reduction on
fuel consumption would follow a non-linear func-
tion, according to equation

M
Es = E;(0,694 x Mf +0,2995)

%

(2)

Where E; is the final energy consumption after
the weight reduction, FEj; is the initial energy con-
sumption before the weight reduction, My the final
vehicle weight after the weight reduction and M; the
initial vehicle weight before the weight reduction.

3.5. Renewable Energy Sources Scenario

A renewable energy sources scenario, Use-RES,
was modelled for both vehicle technologies to take
into consideration the portuguese renewable energy
intensive grid mixture for 2050, according to Por-
tugal’s Roadmap to Carbon Neutrality 2050, based
on [23] and [§]. It was assumed that all use and end-
of-life processes that included the use of electricity,
including the use-phase electricity consumption for
the alternative vehicle, had the mentioned mixture.

3.6. End-of-Life Scenarios

For the conventional vehicle, two end-of-life sce-
narios were considered, both considering that 100%
of vehicle was disassembled and undergo a generic
waste scenario. The difference between the base
FEoL scenario, EoL-1 and the RES scenario, EoL-
RES, lays in the electricity mixture used in all pro-
cesses involved in the disassembly, recycling, land-
fill, disposal and incineration had the current por-
tuguese mixture. Eol-1 considered the use of the
current portuguese mixture and EoL-RES the 2050
renewable mixture.

For the EV, five end-of-life scenarios were simu-
lated, with the battery recycling process was always
consisting of 50% hydrometallurgical and 50% py-
rometallurgical treatments processes, varying only
the electricity mixture depending on the scenario.

It was also assuming that remaining components,
glider and powertrain, would always be submitted
to the generic waste scenario. For all scenarios but
the Use-RES, the EoL electricity mixture for all
components was the current portuguese mixture.

The first scenario, designated by EoL-0, didn’t
consider any type of EoL treatment for the bat-
tery, assuming the whole of the battery would be
disposed. The second scenario, the base EoL sce-
nario, EoL-1, assumed that 100% of the battery
would be recycled. The third scenario, EoL-2, as-
sumed that 50% of the battery would be recycled
and 50% of would be reused in the same type of
use, but, on city cars. The third scenario, EoL-3,
assumed that 70% of the battery would be recy-
cled and 30% would be reused. The fourth scenario
EoL-4, assumed that 90% of the battery would be
recycled and 10% would be reused. The fifth sce-
nario EoL-5, assumed the use of two batteries dur-
ing the lifetime of the vehicle: the first one complet-
ing its whole life expectancy of 100,000 km on the
vehicle and with an EoL scenario of 90% recycling
and 10% reuse, and a second one completing only
50,000 km and with an EoL scenario of 70% recy-
cling and 30% reuse. The modelling of this scenario
consisted of considered 1.5 batteries on the vehicle
life-phase and a weighted average for the recycling
and reuse of the battery.

Finally, the Renewable Energy Sources Scenario,
Use-RES, presented on subsection takes into
account the use of the 2050 portuguese mix in all
end-of-life processes, including the battery. The
EoL scenario for former component was assumed
to be 100% recycling and 0% reuse.

4. Results and Discussion
4.1. Weight reduction

Table [I] presents the weight of the different ma-
terials for the base, MM and Al scenarios. Red
cells represent a weight increase of the designated
material on that scenario and green cells a weight
decrease, compared to the base scenario.

As expected, the MM scenario presents the
biggest weight savings, reducing the weight of the
glider by around 63%. The Al scenario reduces the
weight of the glider by 39%. The main weight sav-
ing for both MM and Al scenarios occur on the re-
duction of the steel share.

For the materials that represent a category, such
as electronics, plastic and steel, the original pro-
portion of materials present on the base scenario is
kept.

4.1.1 Medium Substitution Version

These alterations yield the following material
shares for the MM and Al scenario, presented in
Table 2

The medium substitution presents a 35% weight



Table 1: Glider material shares and weight varia-
tion for base, Al and MM scenarios, high substitu-
tion version. Red cells represent material’s weight
increase and green cells weight decrease, when com-
pared to the base scenario.

Material Base Scenario | Al Scenario | MM Scenario
Weight [kg] | Weight [kg] | Weight [kg]

Cast Al 3,32

CFRP - -

Copper 5,90 5,90 5,90

Electronics 1,86 1,86 1,86

GFRP 0,37 0,37 0,37

Glass 27,88

Iron -

Lead 2,07

Magnesium 0,59

Oil 2,64

Organic 15,33 14,38 14,09

Paint 10,22 10,22 5,11

Plastic 108,07 94,68 83,56

Rubber 39,36 39,06 38,26

Steel 693,26 112,69 94,65

Wrought Al 0,94

Zinc 1,19 1,19 1,19

Total 913 553,8 336,1

Table 2: Glider material shares and weight variation
for base, Al and MM scenarios, medium substitu-
tion version. Red cells represent material’s weight
increase and green cells weight decrease, when com-
pared to the base scenario.

Material Base Scenario | Al Scenario | MM Scenario
Weight [kg] | Weight [kg] | Weight [kg]

Cast Al 3,32

CFRP - -

Copper 5,90 5,90 5,90

Electronics 1,86 1.86 1,86

GFRP 0,37 0.37 0,37

Glass 27,88 27.88 17,78

Iron -

Lead 0T 201

Magnesium 0,59 ‘

oil 2,64 2,64 2,64

Organic 15,33 14,38 14,09

Paint 10,22 10,22 5,11

Plastic 108,07 94,68 83,56

Rubber 39,36 39,06 38,26

Steel 693,26 112,69 94,65

Wrought Al 0,94

Zinc 1,19 1,19 1,19

Total 913 590.5 354.3

reduction for glider of the Al scenario and 61% for
the glider of the MM scenario, compared to the
base scenario. When compared to high version, the
medium version for the Al scenario is 6% heavier
and 5% for the MM scenario.

Table [3] presents a weight breakdown of the dif-
ferent scenarios per vehicle technology. As referred
before, the ICEV’s engine and the BEV’s battery
and powertrain weights remained unchanged.

Table 3: Weight breakdown of the different scenar-
ios, for different vehicle technologies

Glider [kg] | Vehicle [kg]
Base 913,0 12340
Petrol | Al Medium 590,5 9115
oo AL High 5538 8743
MM, Medium 3543 6753
MM, High 336,1 57,1
Base 833,0 77,1
Al, NMC622, Medium 5378 876,0
Al, NMC811, Medium 5378 876,0
Electric | AL NMC622, High 504,3 8133
Vehios: ["Al, NMCSI1, High 504,3 8133
MM, NMC622, Medium 320, 59,5
MM, NMC811, Medium 320, 59,5
MM, NMC622, High 303,0 613,0
MM, NMC811, High 303,0 613,0

4.2. Impact assessment

For the upcoming scenario results, the impact
category considered will be climate change as it’s
currently one of the most relevant and the one most
often discussed by decision makers.

For the ICEV, the manufacturing phase con-
tributes for climate change with 22%, the use-phase
with 82% and the EoL with -5%. For the EV,
the manufacturing phases contributes for climate
change with 39%, the use-phase with 60% and the
EoL with 2/The differences between the life-cycle
shares of the different vehicles are mainly explained
by ICEV’s in-use emissions and the more demand-
ing fuel upstream cycle. For the EoL, the EV’s EoL
positive contribution comes from the battery’s en-
ergy intensive recycling process, which proponder-
ance is particularly high due to its EoL assumed in
this scenario - 100% of the battery’s weight would
be recycled, with no reuse whatsoever.

Figure[2] presents a comparison of lightweight sce-
narios for the climate change impact category and
for the conventional vehicle.

WGider wKE mRoad r Maimenence mEnergy mEoL egkm

Figure 2: Petrol, scenario comparison, climate

change

The scenario with the best environmental perfor-
mance is the multi-material with the high substitu-
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tion version. It presents an overall 32% reduction
on climate change compared to the base scenario.
This result can be explained due to this scenario
presenting the highest weight saving potential and,
therefore, also presenting the biggest fuel saving.

The use-phase, especially the fuel consumption,
presents the biggest contribution to climate change
in all scenarios, averaging 81%.

The trend of this vehicle typology is to diminish
its climate change contribution with the reduction
of vehicle weight. Both Al medium and high sce-
narios present the biggest EoL emission saving due
to the preponderance of aluminium in the glider
- 194% and 153% reduction potential respectively.
Also, its high recycling potential is what makes the
EoL negative mission contribution so big, enabling
the total reduction of impacts to be 31 and 32%.

In the electric vehicle, however, the trend is not
so clear, as Figure |3| shows.
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Figure 3: Electric, scenario comparison for 100%
recycling and 0% reuse of battery, climate change

The scenario with the best environmental perfor-
mance is the multi-material, but with the medium
substitution version, even though it beats MM
Medium version by only 0.3%. Even though the
MM-High presents the biggest weight saving poten-
tial, of 48%, the amount of energy that gets put
into the manufacturing and later disposal with no
recycling potential, doesn’t compensate in terms of
emissions.

Following the conventional vehicle’s trend, the
use-phase, namely the fuel consumption, still
presents the biggest climate change contribution, of
53% in average, even if by lesser margin than in the
conventional’s. This difference is expected do vary
largely on the country’s electricity mix.

Regarding the EoL, the base scenario is the only
scenario where this stage accounts for a positive
contribution. This happens due to the steel inten-
sive glider, that has a lower recycling potential when
compared to the aluminium’s, also due to its weight

being higher than the other scenarios, meaning that
it has a higher material and energy demand, and be-
cause of the battery’s contribution, as we're assum-
ing the EoL-1 scenario (100% recycling for battery).

Figure [f] compares the EoL scenarios for the base
petrol vehicle. In this scenario, the use of the re-
newable energy sources was considered in EoLL pro-
cesses. There’s an increase of 8% on the negative
contribution for climate change in the EoL-RES sce-
nario, meaning that the use of mixture translates
into a lower environmental impact than the con-
ventional’s.
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Figure 4: Petrol base, scenario comparison for the
use of renewable sources in the EoL, climate change

Figure[5] compares the same EoL scenarios for the
petrol vehicle scenario with the best environmental
performing petrol, the MM High scenario.
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Figure 5: Petrol MM High, scenario comparison for
the use of renewable sources in the EoL, climate
change

The same conclusions as the former’s apply to
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Figure 6: Electric base, Eol scenario comparison,
climate change

this scenario, as there’s a reduction on the climate
change emissions for the EoL-RES secenario.

Figure [ compares the six different EoL scenarios
for the electric base vehicle. The effects of the EoL
of the battery can be analysed by comparing scenar-
ios EoL-0 and EoL-1 with the remaining. Figure [7]
compares six scenarios, this time for the best envi-
ronmental performing electric vehicle scenario, the
MM Medium 622 scenario.

For the base scenario, the EoL is the the only
stage that vary, due to the energy intensive recy-
cling processes and the reuse (or lack of it) of the
battery. Scenario EoL-1 presents a 166% larger pos-
itive climate change contribution than the the EoL-
0, therefore confirming the energy-intensive recy-
cling process of the battery. As it was expected,
scenario Eol-2 is the one with the best environ-
mental performance, with a 4% reduction, showing
the preponderance of battery reuse in similar appli-
cations. When analysing scenarios EoL-1, EoL-2,
FEoL-3 and Eol-4, the trend is very obvious - the
higher the share of the battery reuse, the smaller
the EoL contribution for climate change of the ve-
hicle. For EoL-5, it is possible to see the increase on
the manufacturing stage due to the different battery
consideration. Even though the weighted average of
the battery’s recycling and reuse share is located be-
tween the values of the scenarios Eol.-3 and Fol-4,
the reuse contribution is not high enough to com-
pensate for the impacts of the battery’s manufac-
turing material and energy demands, as the latter
scenario still presents the highest C'O5 emissions per
km.

Similar conclusions can be applied for the MM
Medium 622 scenario. For both EoL-0 and EoL-1
scenarios, the former has a bigger climate change
contribution, even if only 1%, due to the energy
intensive recycling processes than the latter. The
trend of lesser climate change impacts with higher
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Figure 7: Electric MM Medium 622, EoL scenario
comparison, climate change

battery reuse shares maintains, with the EoL-2 sce-
nario performing the best, enabling a 7% reduction
in g/km, compared to EoL-1.

Scenario EoL-5 is still the scenario with the high-
est climate change contribution, even though its
EoL emissions are between EoL-3’s and Eol-4’s.

Figures [8 and [9] present a comparison for the im-
plementation of renewable energy sources on the
electric base and best performing vehicle’s use and
end-of-life stages, respectively, as described on Sec-
tion 3.5l The Eol, scenario considered for both ve-
hicles and scenarios was EoL-1, where 100% of the
battery weight is to be recycled.
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Figure 8: Electric base, scenario comparison for the
use of renewable sources on use phase and EoL, cli-
mate change

The impacts of the electricity mixture are ex-
pressive leading to reduction of impacts of 41%
and 43% in the base and MM Medium 622 respec-
tively, as the use stage is dominant on both vehicles.
The manufacturing stage contribution didn’t suffer
any change as the mixture remained the European
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Figure 9: Electric MM Medium 622, scenario com-
parison for the use of renewable sources on use
phase and EolL, climate change

one. The energy consumption, however decreased
by 70% on both vehicles and the EoL contribution
by 160% and by 99% on the base and MM Medium
622 vehicles, respectively. These results show the
preponderance of fossil fuels on the current Por-
tuguese mixture, which still account for approxi-
mately 43% of the total electricity production [23],
and the importance of RNC2050 [§] and its reduc-
tion impact potential through the use of renewable
energy sources.

5. Conclusion and Future Work

The goal of this study was to create sustainable
vehicle lightweighting strategies for alternative and
conventional passenger cars. For this implemen-
tation and modelling method, the integration of
CFRP as a lightweight material presents the high-
est weight saving potential with lowest associated
climate change contribution, independently of the
vehicle technology. The development of this mate-
rial’s recycling industry is critical for its integration.

Even though this trend is more noticeable on elec-
tric vehicles, the manufacturing stage can’t be ig-
nored as it can be responsible for up to 51% of a
vehicle’s climate change contribution. This empha-
sizes the need to modify the current environmental
validation guidelines to include the whole life-cycle,
in opposition to accounting for the use stage only.

The energy consumption in the use stage is dom-
inant in every scenario independently of the vehicle
technology, making the changes in the electricity
mix of particular importance for this sector, espe-
cially with the current European directives focused
in phasing out combustion vehicles. The integra-
tion of the renewable energy mixture would trans-
late in a 70% decrease on the energy consumption
of both electric base and best performing scenario.

The reduction on energy consumption, consequence
of the vehicle lightweighting, on both technologies,
proved to be the main factor for to the decrease
of environmental impacts. For the best performing
petrol scenario, the multi-material approach with
high material substitution, in-use energy consump-
tion decreased by 44%, while for the best perform-
ing electric scenario, the MM High 622, the same
in-use energy consumption decreased by 31%.

When it comes to batteries, the change of cath-
ode chemistries from LMO to NMC622 or NMC811
presented a significant increase on available power -
from 30 kWh to 41 and 46 kWh, respectively, there
is no significant advantage to integrate NMC811
batteries instead of NMC622, as this study doesn’t
take into consideration battery downsizing. Sig-
nificant impact reduction could derive from the
lightweighting of the battery whilr it would still
maintaining its capacity but at a lower energy den-
sity.

In terms of the end-of-life analysis, the main ob-
ject of study was the electric vehicle, where the bat-
tery EoL proved to be critical. Depending on the
recycling ans reuse shares, impact mitigation can
increase from 18% up to 90%, depending on the
recycling and reuse shares.

As a result of this study, it’s expected that the
trends for the future are more clear when it comes
to vehicle lightweighting and alternative scenarios
for the use of renewable energy sources and end-of-
life scenarios.

Design considerations weren’t taken into account
in the present study. Further work can be done on
the design feasibility of the substitution and imple-
mentation of lightweight materials on specific au-
tomotive components. It’s also suggested to per-
form a financial analysis as the investment cost of
the integration of lightweight materials may turn
the project economically unfeasible. Furthermore,
a deeper analysis to the end-of-life scenarios is ad-
vised, with special focus on the battery’s. The bat-
tery reuse scenarios can be subjected to further
work in order to take into consideration battery
reuse in other applications, such as energy storage
systems, which was not considered in this study.
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