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Abstract. Three significant changes are driving the use of materials in the automotive industry today. First, the
direct environmental load of materials drives the issue of climate change through the associated carbon footprint
of the car from manufacturing to use and end-of-life phases. The new consumer attitudes and legislation force
new requirements on the automotive industry. These requirements constitute the second driver, pushing the
electrification of the drive line and the use of batteries. The electrification significantly simplifies the car’s
architecture and allows for a more significant functional integration of the automotive components. This leads to
functional integration in component design, considerably changing the conditions to the third driver, consisting
of reduced raw material use, material efficiency and recycling and how to achieve cost-effectiveness and resource
efficiency. Closing the circle to the climate impact and the carbon footprint changes dramatically. The current
paper reviews and analyses the consequences of electrification and the use of Giga casting on aluminium alloys,
especially alloying element streams, for recycling in the automotive industry, targeting a near-closed-loop
approach. This analysis is made to identify potential resource quality and availability issues for the aluminium
alloys and the alloying elements used. It was concluded that there would be a significant need for primary or non-
automotive aluminium scrap to be introduced into the flow. All electrified drivelines will allow for a closed-loop
scenario where Mg, Si and Mn are the first to reach surplus and Fe, Zn, and Cu are the last. Critical is that the
additions of Si made in the recycling process can, in theory, be eliminated. Si is responsible for more than half the

carbon footprint of aluminium alloy recycling.
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1 Introduction

Tomlinson et al. [1] issued scientists warnings on

technology, concluding that:

— Current technologies are causing profound environmen-
tal and social harm.

— It is important to remain vigilant for potential future
harm and reduce it as much as possible.

— More broadly, Sustainable futures require profound
cultural, political, and societal shifts.

— Technology change will be integral to working towards
that goal.

Understanding that Tomlinson et al. [1] stated that
technology is both part of the problem and the solution
opens a significant impact by technology on managing
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climate change and the resulting total greenhouse gas
emissions [2]. The fact that technology is both the root of
the problem and part of the problem should be con-
textualised in the way it is being applied from a systemic
perspective. This means that the main issue is not
technology itself but rather how we apply technology. In
the transport industry, such as the automotive industry,
lightweight has been seen as a critical element in reducing
carbon footprint in transitioning from a fossil-based energy
system to an electricity-based fossil-free system. The
overall weight of cars for the actual energy consumption
is critical for reducing emissions, especially early on when the
dependence on fossil-fuel-based electricity is significant [3].
The transformation of the energy supply for the automotive
industry makes a substantial impact on the total climate
impact by Royne and Bolin [4], illustrating that as the energy
supply system changes from a fossil-based system to a green
energy system, the tonne of carbon dioxide equivalents
(CO2¢) for a car such as Volvo XC40 with internal
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combustion with 58 tonne CO2e during manufacturing and
use reduces to 25 tonne CO2e for a fully electric standard
version of Polestar 2 with wind energy as a source of
electricity. Almost all of the remaining 25 tonnes of CO2e
originate from the materials used in the car. The carbon
emission from the materials fabrication and generation is
thus, even with complete electrification, a major issue.

To address this, one proposed approach is to recognise
that a sustainable transformation is a process that requires
a framework to reach a sustainable future that minimises
emissions, efficiently uses resources, and provides a sound
and functional life for humans. This approach would
encompass the following [5]:

— System: defining its constitution and the rules.

— Success: Having a vision to be framed by basic
sustainability principles.

— Strategic guidelines: How to approach the principle-
framed vision strategically using stepwise transitions.

— Actions: Education, use of materials, energy sources,
working conditions.

— Tools: Sustainability modelling, simulation, life cycle
assessment, management systems, and indicators sup-
porting stepwise change.

From the European perspective, the European Alu-
minium Organisation formulated the following five priori-
ties for the European aluminium industry for the period of
2024-2029 [6]:

— Effective industrial strategy.

— Boost a green transition “Made in Europe”.

— Competitive energy prices and support
decarbonisation.

— Revitalised trade defence and policy.

— A substance management framework that builds on
coherent environmental practices.

industrial

The automotive industry is greatly affected by
electrification, which significantly changes the car’s
architecture and how it is being fabricated. These changes
may have profound implications for the material producers
and the recycling industry. One effect in particular is a
significant increase in the use of aluminium alloys,
especially wrought aluminium [7-12]. Billy and Miiller
[9] reported that the use of aluminium (Al) will increase
fourfold from 2020 to 2050, primarily driven by the
electrification of the automotive vehicle fleet.

In the automotive industry, recycling follows a down-
cycling procedure from wrought to cast alloy components.
This practice is resource waste as it often requires dilution
and silicon (Si) additions, with increased energy consump-
tion and carbon footprint related to the latent heat of
fusion of the scrap mix [11,13].

The need for downcycling is strongly associated with
the wrought alloys’ sensitivity to impurity elements [11],
impairing product quality and processability. This sensi-
tivity caused alloying friction and a matching issue, causing
a global scrap surplus that will tend to grow unless better
sorting and recycling are developed [12].

An increased use of wrought alloy may make recycling
and alloy matching more difficult in recycling due to their
unforgiving nature. This difficulty is associated with an
increased usage of wrought materials in BEVs. There are

projections that the CO, emissions from aluminium in
vehicles will drastically increase and exceed those of the
battery materials such as nickel, lithium, cobalt and
manganese (Mn), again attributed to the increased surplus
of scrap that cannot be utilised for wrought products [9].

The introduction of Giga and Mega casting processes is
changing the landscape for automotive companies, where a
significant reduction in material numbers is achieved,
including steel sheets being replaced by aluminium castings
[14]. In addition, there are benefits, such as increased
potential for wusing recycled materials with reduced
sensitivity of impurities and broader specification associ-
ated with cast alloys. This may open up the chemical
composition specifications and ease of alloy matching to
digest the scrap surplus and improve the effectiveness of
aluminium scrap recycling and usage.

The current paper reviews and analyses the conse-
quences of electrification and the use of Giga casting on
aluminium alloys and alloying element streams for
recycling in the automotive industry. The aim is to
understand the possibilities and conditions for a closed or
near-closed loop recycling scenario for the automotive
industry. This analysis is made to identify potential
resource quality and availability issues for the aluminium
alloys and the alloying elements used.

2 Material and methods

The current work has the foundation in literature and
automotive market data. The idea is to produce an upper
and lower bound estimate for the evolution of the
automotive market growth to achieve an alloying element
balance. The purpose is to understand if conditions are
suitable for a closed-loop scenario based on the overall
change in aluminium usage, driven by electrification, the
changes in how a car is built, and the associated processes
used.

The first step in achieving a mass balance was to use
market data to establish an upper and lower bound for the
automotive market evolution based on the following
assumption.

— The first upper bound material usage with business as
usual and extrapolation as an upper bound estimate.

— The second lower bound material usage with a reduced
car market expansion with compensation for the increase
of the car lifespan after 2022 as a lower bound estimate.

Data on a car’s weight evolution is necessary to
estimate the aluminium alloy usage. Cars have been
growing larger and heavier, driven by passive safety
measures, and there has been a general growth in size with
the introduction of sports utility vehicles (SUVs) and so
forth. The assumptions made here were that an average car
weight would be sufficient to estimate the material usage,
and the actual mix of the car types and models would be
implicitly included in the evolution of weight. To achieve a
robust estimate, several different fitting methods were
tested, estimating the evolution of the car’s weight to get
the total mass of the vehicles being produced, including
linear, logarithmic, exponential and power law models.
Since the aim was an extrapolation, higher-order
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polynomials were excluded as the extrapolation depends on
the sign of the highest-order term coefficient and would ne
be considered robust. The model choice was then made
based on the best R-squared value. The same process was
made for the amount of aluminium alloys used in cars, and
this amount was reasonably equal worldwide, ranging from

7.2% to 9.3% in 2017. More interesting was that the

vehicles with the highest aluminium contents were found in

the US, Western and central Europe, Japan and China [15].

These regions also dominate the markets for car production

and sales.

Estimating the amounts of alloying elements used in the
automotive industry requires three scenarios. The first
scenario is business as usual, using an ICE with zero BEV
introduction as the baseline. This serves as a baseline for
comparison to the other scenarios. The changes that may
allow closed-loop recycling were based on the automotive
fleet’s ongoing electrification. For the aluminium alloys,
this means a change in the type of alloy used, and the mass
balance will depend on the number of cars made and the
market penetration of BEVs. The market penetration of
BEV was assumed to follow logistic regression, assuming
that all cars will eventually be BEV. This is naturally a
questionable argument. However, the market share ratio
between hybrid vehicles and BEVs is decreasing, and it is
similar to other alternatives, including hydrogen-based
solutions, making BEVs the dominant and most viable
solution [16]. The three different scenarios were con-
structed as follows:

— Extrapolation of today’s ICE market as a reference;

— The extrapolation of today’s EV scrap is being returned
for 100% recycling using a market penetration based on
logistic regression;

— Extrapolation of today’s EV scrap with a Mega casting
usage being returned for 100% recycling.

For the EV scenario and the EV and Giga/Mega
casting scenario, the level of aluminium usage is the
same as the actual material replacement scenario, and
effects only have a few examples and no reliable data
other than what was published by Rolseth et al. [17]. In
the work by Rolseth et al. [17], the overall mass balance
change from the replacement of steel to aluminium was
not taken into account, but assuming that aluminium
was replaced by aluminium, making the effect on the
replacement of cast alloys to wrought alloys slightly
exaggerated.

To make a mass balance, the average composition of the
car was returned as shredded, and material-separated scrap
was assumed. This corresponds to cleaned and separated
Zorba class aluminium scrap (according to the ISRI
standard) [18]. This chemistry naturally varies over time
and by batch, but an average is possible for ICE and EVs
[19]. This results in three different scenarios for the
chemical composition of the scrap:

— ICE chemistry, which is the baseline;

— BEV chemistry, which depends on the market penetra-
tion of BEVs and displaces the ICE chemistry;

— BEV and Giga/Mega casting chemistry depend on the
BEV market penetration, displacing the ICE chemistry.

Number of cars produced worldwide
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Fig. 1. The number of cars produced per year (solid line) and two
scenarios: linear extrapolation of the market data [20] (dotted
line) and lifespan compensation using vehicle lifespan data [21]
and the model developed for life span together with linear market
evolution model (dashed line).

The penetration rate of Giga/Mega casting is not
considered, but its consequence is to be judged by the
difference between the two non-ICE scenarios.

The material being fed back as scrap is the end-of-life of
the material and is affected by the lifespan of the car as it is
an old chemistry that is being returned; therefore, the
lifespan of the cars was used to represent the lag in
chemistry change that this would represent.

3 Results
3.1 Automotive market evolution

The evolution of cars varies from year to year, and the
economic instability before 2010 and the COVID-19
pandemic in 2020 have reduced the number of cars
produced in the post-pandemic period. Production and
sales appear to have recovered [20]. Taking a linear
regression as a first estimate of the number of cars, Ny, as
expressed in Equation (1):

N4 = anty + by, (1)

where ayand by are constants and ?, is the year. The fitted
values and the lifespan compensated extrapolation are
shown in Figure 1 as the dotted and dashed lines,
respectively.

There are naturally significant uncertainties in this
estimate. Based on consumer behaviour insights from the
last few years, several uncertainties are driven by cost levels,
new technology, the transition to electric vehicles, and all
related uncertainties. Market research by Deloitte Develop-
ment LLC [22] indicates that the following matters related to
the transition to electric vehicles drive the uncertainty:

— The consumers’ willingness to pay for advanced
technologies;

— Concerns about price, driving range, and charging time
remain;
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Fig. 2. The average life span of a car [21].

— The shift to EVs is primarily based on a strong consumer
perception that it will significantly reduce vehicle
operating costs.

The operating cost depends on the energy price and the
funding model for car ownership. Furthermore, changing
the possible car owner models will affect the overall
ownership costs. De Jong et al. [23] studied the new car
ownership model developed after 1995, which was used to
evaluate transport needs.

The car ownership models for electric vehicles com-
monly involve subscription services. The three main
reasons for the use of a subscription service include:

— Convenience;

— Complete cost control due to transparent and predictable
fixed monthly fees;

— Availability of vehicles.

The main concerns for the use of a subscription service
are:
— Vehicle availability /waiting time;
— Total cost of ownership (i.e., price);
— Losing the sense of ownership;
— Higher monthly fees compared to leasing.

All these uncertainties combined will also require a
decreased demand perspective for the current analysis.
This is also motivated by the variations seen in the
evolution of the market, with more significant dips in sales
just before 2010 and after 2020. These changes in consumer
behaviour and ownership models combined with the slowly
increasing life span for cars, in Figure 2, suggest that a
reduced number of cars can provide a sufficient service for
the transport needs of society. In the current study, the
increased life span of the cars will be used to provide a car
lifespan compensated by market evolution. The continued
growth and the lifespan compensated growth will be used
to estimate the overall material demands in the automotive
industry as an upper and lower bound, respectively.
Similarly, the effect of battery life is unclear. Therefore, it is
assumed that this effect is implicitly included in the
lifespan data, but its specific impact must be considered.
Using data from Statista [21], the life span of a car, Ly, is
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Fig. 3. The average weight of a car based on global data,
including EV [24].
expressed in Equation (2):
Ly :aLty-l-bL, (2)

where a7, and by, are constants and ¢, is the year. The fit is
shown by the dotted line in Figure 2.

The number of cars was normalised to make the life
span compensation, as per equation (3).

NG =Ny4 Vt, < 2022
L4(2022) . (3)
NG =222 N, Y, > 2022
4 LA(ty) !

The compensated number of cars, NS is shown in
Figure 1 as the dashed line and indicates a significant
reduction and, as such, a conservative estimate of the
market evolution.

To estimate the amount of aluminium in a car, it is
necessary to have the average car mass and the average
aluminium content of cars. The linear model provided the
best fit based on the R-squared value among power law,
exponential and logarithmic models. Hence, a linear model
was chosen and the average weight of a car, M4, worldwide
is then expressed by equation (4):

M4 = apty + bur, (4)

where a);and by, are constants and ¢, is the year. The fit to
data by Cazzola et al. [24] is shown in Figure 3.

As an estimate, the average amount of aluminium in a
car as weight per cent, F, was extracted from data from
Statista [25]. The choice of type of equation for the
modelling was based on the fitting statistics where the
power law model had the highest R-squared value. The
model used is thus expressed as equation (5):

Fy= aFC(thy)7 (5)

where ap and by are constants and ¢, is the year. The fit,
using data from Statista [25], is shown in Figure 4.
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Fig. 4. Cars’ aluminium content (wt.%) as a share of curb
weight [25].

3.2 Automotive market, electrification and Giga/
Mega casting

Electrification of the automotive market comes in different
types. The current study assumes that it is necessary to
include only battery electric vehicles (EVs) based on
market data for different fuel systems [16]. The change is
taking place at an increasing rate, and the market
penetration, Fp, is modelled as an S-shaped logistic
function as in equation (6):

100

N O romre

(6)

where ap and by are constants and ¢, is the year. The fit to
the existing data [26] is shown in Figure 5.

The effect of electrification on the average compositions
of the aluminium in cars was analysed by Rolseth et al. [17].
Table 1 shows the average scrap composition, z7, for
element ¢ and scenario S. Rolseth et al. [17] concluded that
the average composition of aluminium depends on the
relative usage of cast and wrought materials, where alloys
for Mega-casting have a lower Si-content than traditionally
used alloys in the automotive industry. Wrought alloys
have, in general, much lower amounts of alloying elements,
such as Si, when compared to cast alloys. It is, therefore,
assumed that the scrap composition is a significant
fingerprint of the actual aluminium usage in the different
types of cars, as summarised by Rolseth et al. [17].

The mass of each element, i, for the different scenarios S
can be calculated starting with the total amount of
aluminium alloys used for cars, My;, equation (7).

My = NoM4F y. (7)
For the scenario with a straight extrapolation of the car

life span and the life span compensated scenario, this
becomes equation (8).

My = NGM 4F 4. (8)
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Fig. 5. The evolution of the EV market share over time and the
predicted evolution using logistic modelling based on market
data [26].

Consequently, it is possible to calculate the mass of the
different alloying elements used in the cars for the various
scenarios in equation (9).

M} =i M y. 9)

The demand for recycled alloying elements in scrap on a
worldwide basis in an automotive closed recycling loop,
Der, for the year, t,, would then be the same as that of
equation (9). This can be expressed as equation (10).

Denrs (t,) = 2 Ma(ty). (10)

The supply, S“M;g, on the other hand, would be the
mass demand. L, years before, as in equation (11).
SuM? (t,) = PeMS (t, — La). (11)

The alloying element discrepancy or supply and

demand gap for element i, AMf in the year t, is then
expressed in equation (12).

AMS =DPM? (t,) — M7 (t,). (12)

The impact of the BEV market penetration, Fg in
equation (13), is difficult to judge as the amount or mass
of aluminium is increased in the BEV, but there is also a
tendency for an increased weight of the cars, and
therefore, it is hard to estimate the effect on F; in the
cars at this early stage of the transition. To some extent,
the early trends can be seen as implicitly included in the
mass evolution of the cars and the increase of the
relative amount of aluminium in the cars, F4; This
study focuses on the chemical composition of the
aluminium alloys, which has been analysed and used
as input for the material balance. The market penetra-
tion of the EV into the ICE market has not yet been
included, as summarised in Equation (13). The three
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Table 1. Compositions of aluminium separated from shredded cars [17]

Scenario, S mzs
Si Fe Cu Mn Mg Zn Al
ICE 5.16 0.52 0.72 0.35 0.75 0.41 Bal.
EV 1.38 0.24 0.09 0.22 1.46 0.13 Bal.
EV-+Megacasting 3.54 0.20 0.24 0.31 1.02 0.05 Bal.
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Fig. 6. The supply and demand balance for aluminium for different scenarios: a) the continued growth scenario and b) the lifespan

compensated scenario.

scenarios are ICE for the combustion engine scenario,

EV is the electric vehicle only, and EVM is the

EV + Mega casting class.

AMiICE — DeMi[CE(ty) _ SuMiICE(ty)

AM} = AM[F (1 - Fg) +
+Fy (P M5 (t,) - *MS (t,))

VS € [EV,EVM]

VS = ICE

4 Discussion

4.1 Material balances

The first element of the balance of interest is that of

aluminium. The growing number of cars will require an
increased amount of material based on the increased weight

and amount of aluminium in the cars. This is shown in

Figures 6a and 6b for the continued automotive demand and

(13)

the lifespan compensated demand, respectively. For both
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Fig. 7. Material balance for the benchmark ICE with a) continued growth and b) lifespan-compensated growth.

market scenarios, aluminium is not a base element. Adding
primary or non-automotive scrap aluminium to the closed-
loop scenarioisnecessary to balance supply and demand. The
requirements are slightly lower for the reduced market
growth, the lower bound, Figure 6b, than for the continued
growth or upper bound, Figure 6a. There is a slight difference
in the need for aluminium for the two estimates, originating
from the elements’ net balance. The ICE average composi-
tion is the lowest on aluminium, and Si is the dominant
alloying element. This balance is also reflected in the other
two scenarios, with the EV only having the greatest need for
aluminium as it is the leanest in alloying concentrations. The
continued negative balance for aluminium will require the
addition of aluminium, either virgin for or as scrap, from
outside sources to the automotive material flows. This may
introduce other impurities, and there may be a concern about
copper (Cu) contamination from electronic scrap.

In conclusion, a fully closed recycling solution will not be
possible under current estimated consumption scenarios,
and aluminium additions to the material flow will be
required.

The situation is very different for the other alloying
elements under a closed-loop scenario. Starting with the
outcome of the analysis of the ICE scenario where there is no

significant change in the alloying composition but only in the
use of the aluminium, thisis bound to follow a similar trend as
the aluminium use. This is also seen in the continued growth
market estimated results, Figure 7a and the life span
compensated estimate, Figure 7b. It should be noted that this
is a significant simplification as the increased use of
aluminium also involves a slight change in the types of
alloys being used, and the assumed composition is a
reasonable assumption but crude for a quantitative actual
prediction. Reaching any steady state without a transition to
EV can, however, be deemed impossible, and there will be a
constantly increasing need for the use and addition of virgin
elements into the system, and a fully scrap-based alloying
approach is not possible.

The change to the use of a fully electrified drive line has a
prominent impact on the use of alloys. The need for aluminium
will increase slightly but dramatically change the alloying
element balance in the demand and supply for aluminium
alloys, Figures 8a and 8b. For both scenarios, there is a
minimum point followed by an excess for all materials. This
suggests that a closed-loop scenario is possible as the scrap will
supply more of the main alloying elements than is needed. The
sequence is of interest, where magnesium (Mg) is the first
element that goes into excess, followed by Mn, iron (Fe),
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Supply & demand gap by alloying
element - EV scenario
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Fig. 8. The effect of the material balance for the EV scenario with: a) continued growth, showing the shift to element surplus in the
scrap with continued growth with a transition to EVs, and b) the evolution with a lifespan compensated growth with a similar shift for

the continued growth.

zinc (Zn), Si, and last Cu. The fact that Mg comes first is
significant due to supply-chain resilience issues and the critical
raw materials status [28]. A reduced market growth reduces
the amplitude of the curves and slows the transition towards
balance, making the process take longer. The difficulty here is
the element matching, as the EV-only scenario includes
mainly wrought alloys that are more difficult to produce based
on the post-consumer scrap. It is thus likely that the net
balance cannot be reached without a significant surplus of
elements. The level of this limit is unknown, but the analysis
shows that, in principle, it should be more feasible to close the
scrap loop supporting a producer take-back principle. This is
more likely with increased materials traceability and product
passport solutions that also are likely to lower the critical
threshold to reach a producer take back scrap systems
approach.

Introducing Mega or Giga casting into car
manufacturing significantly reduces automotive pro-
ducers’ costs. In the current work, Mega or Giga casting
has not been considered to impact the aluminium
content in the cars even though steel parts are replaced
by aluminium castings, as commented above. This

suggests that the use of aluminium is slightly under-
estimated in this scenario. The supply and demand
balance for the two scenarios are shown in Figures 9a
and 9b. Mega or Giga casting will also reach a positive
supply balance for the elements. The sequence is
similar to the EV scenario, with Mg being the first
element that goes into a situation of excess, followed by
Mn. Giga or Mega casting causes Si to come into excess
earlier, followed by Zn, Fe and Cu delays. Cast alloys
generally have broader functional composition ranges
than extruded or rolled products. These characteristics
suggest that it should be easier to close the loop with an
increased use of cast components than with a scenario
involving extrusions and sheets only [11].

4.2 Climate impact

The main issue for aluminium recycling is the material
balance and the use of high Si-containing materials in
downgrading and recycling alloys to cast alloys. Material
downgrading has been used for component casting in the
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aluminium recycling business, particularly engine block
castings with high Si content and significant Cu and Fe
content. These alloys provide strength but have very
limited ductility and, as such, cannot be wused in
components that require fatigue resistance and crashwor-
thiness [11,29]. Another feature is that alloys with 9% Si or
more need significant additions of virgin Si. This builds in
an energy hysteresis in the recycling system, making it
much more energy-consuming, but foremost, it also
represents a significant carbon footprint increment with
10.9 kgcoo/kes; [30]. In 2022, this increment corresponded
to 4.7 Mton based on the ICE model. The evolution of the
carbon footprint for the different scenarios is found in
Figure 10a for the continued market growth and in
Figure 10b for the lifespan compensated growth. It is
evident that, independently of market growth, the
continued evolution based on ICE drivelines alone will
only increase the contribution to global carbon emissions.
On the other hand, the Si balance has a significant
impact as it is a direct consequence of the Si balance in the
recycling loop. Both market growth cases suggest a peak
around 2030 and neutrality around 2040 if a closed loop
scarp cycle could be achieved with a reduced Si content and
allowing the alloying and reuse of scrap to be the source of
alloying elements. On the other hand, this requires an
improved ability among cast houses and foundries to make
their alloys adapt to new situations and adopt different
approaches to alloying. The critical element in this analysis
is to enable alloys with a lower amount of Si, allowing the
current scrap to be recycled and used as a source of Si. This
shift in practice leads to discontinuing downcycling with
dilution and adding Si to conventional wrought alloys to
reach the high Si content of cast alloys. The aim should be
to try to use and adapt to allow the adoption of alloys more
similar to the aluminium returned as Zorba class scrap.

5 Conclusion

The current paper investigated the hypothetical scenario of
a closed-loop materials flow for the automotive industry.
This was made to understand better the element balance
related to alloying requirements and all related matters,
such as availability, resilience, and climate impact.

The investigation shows clearly that under the two
market growth scenarios constructed to generate an upper
and lower bound market estimate, there will be an
accelerated use of all alloying elements and virgin materials
are constantly required to make a closed-loop balance,
meaning that materials are needed to be taken from other
material flows. This may, as such, result in contamination
issues from different types of materials mixes. In the same
line of investigation, there will be a need to add virgin or
scrap aluminium from outside the automotive material
flows with similar complications. This outcome was
independent of the market growth and the choice of
manufacturing route. The increased usage of wrought
materials increases the need for aluminium addition to the
loop as the alloys contain fewer alloying elements than the
cast alloys used in the ICE cars. This stresses the need for
better sorting and recycling solutions and supports the

findings by Van den Eynde et al. [12]. The sensitivity to
oxide impurities, chemical elements such as Fe, and other
scrap-related impurities significantly and detrimentally
affect aluminium alloys’ mechanical and electrochemical /
corrosion properties [11]. The consequence of contamina-
tions makes it preferred from a materials performance
standpoint to have closed loops, especially for the
automotive industry and safety requirements [29,31].

Comparing the three scenarios, the change from ICE to
EV reveals that the first evident matter to note is that no
conditions lead to an alloying element surplus for the ICE
scenario, and any closed-loop scenario is impossible.

In the EV scenario, alloying elements will come into an
excess balance. An element surplus could enable a balanced
closed loop with only additions of aluminium from outside
sources. An actual balance will likely require excess
availability, as balancing between alloys will be required.
The EV-only solution would primarily involve wrought
alloys and the extra challenges associated with recycling.

Adding Mega / Giga casting to the material mix allows
quicker balancing, particularly for Si as an alloying
element. It was argued that Mega casting would make
recycling easier as casting is a well-established route for
recycled materials and has a history of being more forgiving
towards trace elements through broader composition
specifications.

The climate impact is primarily driven by the additions
of Si to current recycling. The balancing of Si in a closed
loop scenario will rapidly reduce the need for the additions,
and the analysis suggests that it is possible with the EV
transition and Mega casting to minimise the need for
addition and the resulting emissions from additions of
virgin Si during recycling to zero before 2040 with a closed
loop approach.
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Appendix

Table Al. Data used in the current study for market evolution and car material usage.

Year Cars produced Car life span Car weight Aluminium content EV market
(Million /year) (Years) (kg/car) share (%) share (%)

2000 58 8.9

2001 56 8.9

2002 59 9.6

2003 61 9.7

2004 65 9.8

2005 67 9.8

2006 69 9.9

2007 73 10

2008 71 10.1 7.60

2009 62 10.3 7.70

2010 7 10.6 1398 7.90

2011 80 10.9 1419 8.10

2012 84 11.2 1417 8.30

2013 87 11.4 1430 8.40

2014 90 11.4 1428 8.60

2015 91 11.5 1451 8.80

2016 95 11.6 1460 8.90 0.49

2017 97 11.7 1480 9.10 0.82

2018 97 1504 9.30 1.40

2019 92 1520 9.50 1.65

2020 78 1530 9.70 2.20

2021 80 1398 4.67

2022 85 1419 7.41

2023 90 7.72

2024 8.60

2025 10.50 9.60

2026 10.73

2027 12.01

2028 13.47

2029

2030 12
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