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A B S T R A C T

Car electronics form an extensive yet untapped source for secondary critical raw materials. To seize their re-
cycling potentials it is imperative to understand how the number and volumes of car electric and electronic (EE)
devices are affected by trends in: i) car typology, ii) penetration and integration of automobile electronic control
systems (AECS), and iii) unit mass of EE devices. We used a layered dynamic material flow analysis (MFA)
incorporating comprehensive data series to analyze the aforementioned trends and their influence on end-of-life
mass flows of two automobile EE devices in Switzerland over the period 1975 to 2015. We found that there has
been an increased penetration of the EE devices coinciding with a replacement of unifunctional devices by
multifunctional ones (integration) and a decrease in their unit mass (downsizing). Both penetration and unit
mass changed most rapidly in the 1990s and have flattened after the year 2000. Penetration outweighed in-
tegration and downsizing, so that before stabilizing, it caused a rapid increase in the mass flows of the EE
devices. Due to the long lifetime of cars, changes in penetration, integration and downsizing are still evident at
the end-of-life flows, but can be expected to slow down considerably between 2015 and 2025. The results
demonstrate that monitoring of the trends at the car inflow, in combination with a dynamic MFA, can be used to
anticipate changes in end-of-life flows 10–20 years before they occur and to timely inform recycling policies.

1. Introduction

Due to their economic importance, indispensability in future clean-
energy technologies, and environmental implications of their produc-
tion, among others, metals such as neodymium and gold have been
labelled critical in various contexts (Graedel et al., 2015; European
Commission, 2016). Recycling critical metals (CMs) from products
where they are widely used arises as a strategy to alleviate criticality
(European Commission, 2014; Graedel et al., 2015).

Ranging between 0.2 g/t and 6 g/t (Du et al., 2015), the gold mass
fraction in cars, mainly found in the embedded electronics controllers,
is similar to the average ore grade in gold mines worldwide; which is
around 1 g/t (Bull and Bear Media Group, INC 2019). The mass fraction
of Nd in cars, mainly found in the embedded electric motors, can be
around 300 g/t (Du et al., 2015). In dismantled controllers and electric
motors from cars, the mass fraction of CMs can be several orders of
magnitude higher.

Car electronics are expected to account for half of the car’s cost in
2030 (PwC, 2013) and the number of cars being sold worldwide is

expected to increase from around 80 million in 2018 to around 120
million in 2020 (ACEA, 2018). Considering the mass fraction of CMs in
car electronics and their expected increased penetration in the growing
number of cars being sold, car electronics represent an important po-
tential source of CMs.

Despite this potential, there is currently no regulation for treating
end-of-life (EoL) car electronics in Europe (European Parliament and
The Council, 2000). Worldwide, end-of-life vehicle (ELV) treatment
remains centered on shredding without much pre-shredder dismantling
of electronics (Sakai et al., 2013; Rosa and Terzi, 2018; Cucchiella et al.,
2016). Switzerland is pioneering in this field by revising the current
regulation for electronic waste recycling (VREG by its German ac-
ronym) (FOEN, 1998). One of the goals in this revision is to introduce a
mandatory dismantling of selected car electronics for subsequent re-
cycling when economically and environmentally sensible (FOEN,
2013). Parallel to this, the ELV Directive (European Parliament and The
Council, 2000) of the European Union is also under review (European
Commission, 2019a), including an evaluation of the feasibility of set-
ting material-specific recycling targets that may encourage dismantling

https://doi.org/10.1016/j.rcrx.2020.100032
Received 1 December 2019; Received in revised form 31 January 2020; Accepted 3 February 2020

⁎ Corresponding author.
E-mail addresses: eliette.restrepo@empa.ch, elietterestrepo@gmail.com (E. Restrepo).

Resources, Conservation & Recycling: X 6 (2020) 100032

Available online 04 February 2020
2590-289X/ © 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/2590289X
https://www.journals.elsevier.com/resources-conservation-and-recycling-x
https://doi.org/10.1016/j.rcrx.2020.100032
https://doi.org/10.1016/j.rcrx.2020.100032
mailto:eliette.restrepo@empa.ch
mailto:elietterestrepo@gmail.com
https://doi.org/10.1016/j.rcrx.2020.100032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rcrx.2020.100032&domain=pdf


of EE devices as a result. Among others, the complexity and time-
variability of car electronics pose a challenge when defining the specific
electric and electronic (EE) devices to include in the revised Swiss
regulation as well as the financial mechanisms to support dismantling.

To remain effective in the long term, dismantling strategies must
consider the effects of changes in penetration of automobile electronic
control systems (AECS) and unit mass of EE devices on the number and
volumes of EE devices reaching end of life. For example, does the re-
duction in unit mass (downsizing) of EE devices and the integration of
AECS outweigh the penetration trends, thus making the recovery of
CMs from EoL car electronics less attractive in the future?

Because of lack of available time series data, previous studies
(Fishman et al., 2018; Xu et al., 2018; Restrepo et al., 2017; Xu et al.,
2016) have focused on estimating the total mass of CMs in car stocks
and flows, without further analysis of the individual trends that affect
these flows and stocks. Most studies have mainly considered changes in
penetration of car types and corresponding AECS; for example in-
creased penetration of electric cars and corresponding electric traction
systems, while assuming a constant EE device as well as related em-
bedded components and materials mass over time; for example constant
mass of the traction motor. Changes in the unit mass of selected car EE
devices over time have been considered by Xu et al. (2016) in an esti-
mation of the future flows of rare-earth elements in Japan. However,
none of the studies so far have analyzed the historical (real) integration
and downsizing of car electronics. The role of AECS integration is
particularly relevant because of the fade-out of unifunctional AECS that
become part of new, multifunctional ones (Restrepo et al., 2019).
Downsizing trends in the realm of consumer electronics have been as-
sociated with a reduction in the total mass of precious metals available
for recycling (Bangs et al., 2016). By not considering car electronics
integration and downsizing, the available studies are likely to over-
estimate the recycling potentials. The lack of explicit analysis of trends
also prevents further inferences to inform dismantling strategies; it re-
mains unclear how integration and downsizing affect the potential for
recycling car electronics.

The main goal of this contribution is to inform end-of-life man-
agement of car electronics by analyzing the historical developments of
penetration rates, integration and EE device downsizing for two well-
established AECS and corresponding EE devices for which we collected
comprehensive data. We consider the trends in isolation and also ana-
lyze their combined effects on the numbers and volumes of car EE de-
vices reaching end of life. We address the following questions:

1 What are the historical trends in AECS penetration, AECS integra-
tion, number and unit mass of car EE devices per AECS and per car?

2 What are the effects of the above trends on the total mass inflow and
end-of-life mass flow of car EE devices?

To answer these questions we use a layered dynamic material flow
analysis (MFA) model supported by comprehensively collected histor-
ical data series for car typology, AECS penetration and unit mass for the
two selected EE devices in Swiss cars between 1975 and 2015. We then
discuss the implications of the above trends for the recycling of EE
devices in current car recycling processes as well as under the possible
recycling strategy considering a mandatory selective dismantling.

2. Methods

2.1. System definition

The Swiss passenger car system has been defined in (Restrepo et al.,
2017). The part of the system considered here is presented in Fig. 1. We
focus on the historical developments of the car stock (number of cars in
use) as well as the related inflow (number of new cars registered), and
flow of ELVs treated in Switzerland. The calculation period is defined
from 1975 to 2015. A detailed description of the system considered is

provided in the supplementary information (SI), section 1.
All cars in the model contain AECS which are composed of EE de-

vices (Restrepo et al., 2017). Fig. 1 presents this nested structure in the
use phase of cars. Specifically, we considered five layers in the model: i)
number of cars, ii) mass of cars, iii) number of AECS (0 or 1 per car), iv)
number of EE devices per AECS, and v) mass of EE devices. We esti-
mated a corresponding inflow, stock and outflow for each of these
layers.

We selected two AECS with high penetration rates and good data
availability for a detailed analysis: The antilock-braking system (ABS)
and the electronic stability control system (ESC). In these AECS, the
controller and actuator are physically assembled as one piece. We
therefore considered this assembly as one single EE device and refer to
it as the “actuator assembly” or the “assembly” interchangeably.
Sensors are not considered in this analysis.

2.2. Mathematical model formulation

We adopted a stock-driven approach in which the number of cars
per capita and the population define the stock of cars (Fig. 1), as de-
scribed by B. Müller (2006); Modaresi and Müller (2012); Pauliuk et al.
(2012); Løvik et al. (2014), and Vásquez et al. (2016). The model is
described in detail in the SI, section 1.

Having the number of cars, we estimated the total mass m of a
specific EE device D in the inflow, stock and outflow of cars by cohort
and calculation year. We assumed that the lifetime of EE devices was
equal to the lifetime of the cars, implying that these EE devices were not
exchanged during the car’s lifespan. The mathematical model for esti-
mating this total mass also considers the penetration of AECS and unit
mass of corresponding EE devices by cohort and calculation year as
described in Eq. 1.
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Here, c is the car cohort, t is the calculation year and j is the car type.
Variable n represents the number of cars, r is the average penetration
(between 0 and 1) of the specific AECS (E) that contains device D, and
u is the average unit mass of EE device D in E . The car types j were
defined as different categories of car mass (as a range) because the car
mass is correlated with the mass of the ABS and ESC actuator assem-
blies: a heavier car requires a heavier actuator assembly in order to
deliver the required braking force (Loritz, 2019). Only the mass of the
devices (not their penetration rate) was assumed to depend on the car
type. The total mass of device D at time t can be obtained by summation
of mc t

D
, over all cohorts.

The total mass of cars in the stock or the flows, Mt, was also cal-
culated, using Eq. 2. Here, Uc is the average mass of cars of cohort c.

= ×M n Ut
c

c t c,
(2)

2.3. Parameter estimation

2.3.1. Number of cars by cohort and car mass category
Historical data on new car registration and car stock were obtained

from the Swiss Federal Statistical Office (SFO, 2015) and from the Swiss
Federal Roads Office (FEDRO, 2016). Historical data on shredded ELVs
were obtained from the Foundation Auto Recycling Switzerland (SARS,
2015, 2013). The last were used to calibrate the lifetime distribution
parameters of the dynamic MFA model as detailed in the SI, section 1.

2.3.2. Penetration rate and integration of electronic control systems by
cohort

The electronic stability control (ESC) is a multifunctional AECS in
charge of vehicle dynamics that has been progressively integrating
other related unifunctional systems such as the anti-lock braking system
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(ABS) (Robert Bosch GmbH, 2014; European Parliament and The
Council, 2009). A car would contain the unifunctional ABS or the
multifunctional ESC (which always contains the ABS function), but not
both. Some historical data (2001–2015) on the average penetration of
the ESC and the ABS in new Swiss cars by cohort were obtained from a
previous study which showed that the penetration followed an s-shaped
curve (Restrepo et al., 2019). We fitted logistic functions to the avail-
able values in order to obtain time series for the whole calculation
period. To capture the introduction trends of the ABS we collected
additional data points before 2001 from Edgar (2014) and performed
two logistic regressions in this case: One for the increasing part of the
penetration curve and one for the decreasing part of it. Details about the
logistic regressions and corresponding calibration of the curves are
provided in the SI, section 2.

2.3.3. Number and mass of electric and electronic devices by cohort and car
mass category

Both AECS considered contain one actuator assembly, which gen-
erally consists of three parts: a pump motor (DC electric motor), a hy-
draulic unit (aluminum block with channels and valves), and an elec-
tronic control unit (e.g., printed wiring board) (ACtronics LTD, 2019;
Robert Bosch GmbH, 2014, 2019b, 2019a). Fig. 2 presents an ABS ac-
tuator assembly including its components; the ESC actuator assembly
has a similar configuration. The mass of the “EE device” in this study
corresponds to the complete assembly as shown in Fig. 2, panel A.
Together, the electric motor and the aluminum block comprise approx.
80 % of the mass of the assembly; the control unit constitutes the re-
maining 20 % of the assembly’s mass (Widmer et al., 2015). Approxi-
mately 15%–30% of the mass of the electric motor lies in the permanent
magnets, which can account for approx. 20 % of the total mass of the
assembly (Widmer et al., 2015).

To determine the average unit mass of the ABS and ESC actuator
assemblies (as in Fig. 2, panel A) by cohort we first collected manu-
facturers’ data on the unit mass of state-of-the-art actuators, meaning
the mass of the latest actuator technologies introduced to the market in
a specific cohort year. Because of the high market share of ABS and ESC
actuators manufactured by Bosch, e.g., larger than 50 % for the ABS
actuator (European Commission, 2019b), we assumed that the mass

values for the state-of-the-art assemblies manufactured by this company
were representative for the assemblies in the model and relied mainly
on data from this manufacturer (Ebber, 2014; BOSCH, 2019; Robert
Bosch GmbH, 2014, 2019b, 2019a). Additional data points from
anonymous manufacturers were gathered from Edgar (2014). The
manufactures’ values served as reference for estimating the unit mass of
the assemblies by car mass category and cohort, which was done in
collaboration with an industry expert (Loritz, 2019). The estimated unit
mass was later validated and corrected with measurements of the unit
mass of actuators assemblies dismantled from Swiss ELVs. Using the
data from the dismantling experiment, we found that the ratio of ABS
mass to car mass was in the range of 0.07 % to 0.19 % (see SI Table S6).
For a specific car type and cohort, and whenever the estimated unit
mass lied outside this range, the estimate was adjusted up or down to
stay within this range. Last, we computed the weighted average unit
mass of the actuator assemblies by cohort as the sum of the product of
the validated unit mass of the assembly and the share of cars in a
specific mass category by cohort. The detailed mass estimation ap-
proach, including experimental results is presented in the SI section 3.

3. Results and discussion

3.1. Individual trends: Number of cars, car mass, AECS penetration, AECS
integration, number of EE devices and mass of EE devices

The number of cars in use (stock) in Switzerland has increased fast,
from 1.8 million in 1975 to around 4.5 million cars in 2015. In 2015,
the number of cars per capita (car ownership) was approx. 0.5. The
number of new car registrations sharply increased from 120 000 in
1975 to approx. 290 000 cars per year in 1981. This number has re-
mained between 250 000 and 350 000 cars per year during the period
1982-2015. The number of ELVs treated in the country has also in-
creased drastically from approx. 20 000 ELVs per year in 1975 to ap-
prox. 100 000 ELVs per year in 2015. However, the ELVs treated in the
country represented only about 40 % of the total de-registered cars,
while the large majority of the remaining 60 % of de-registered cars is
exported to other countries. Detailed results on the inflow, stock and
EoL flow of cars (number) for the period 1975–2015 are provided in

Fig. 1. Passenger car model and drivers considered in the analysis. The use phase shows the nested structure of car electronics, i.e.: cars contain automobile electronic
control systems (AECS) E, which in turn contain electric and electronic (EE) devices D. The parameters of the stock-driven dynamic MFA model to determine the
historical number of cars in stocks and flows are presented in the grey boxes. ELVs: End-of-life vehicles.
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Table S3 of the SI.
Fig. 3 shows that the average mass of cars has increased over time

(dotted red line in Fig. 3). The portion of heavy cars (of mass larger than
1500 kg) increased from approx. 30 % in 1975 to over 90 % in 2015.

As observed in Fig. 4, the ABS was introduced in 1978 and its pe-
netration increased fast until 2001. After 2001 this penetration started
to decline due to the penetration of the ESC, which integrates the ABS
function. The integration of the ABS function into the ESC has thus
resulted in a displacement of the unifunctional ABS by the multi-
functional ESC. Even though the ESC encompasses more functions than
the ABS it does not require additional actuator assemblies (actuators
and controllers) to perform the various braking-related functions
(Robert Bosch GmbH, 2014). In this sense, the ABS actuator assembly
has been integrated in and replaced by the ESC actuator assembly. As
both control systems contain one actuator assembly each, the time
series in Fig. 4 also correspond to the penetration of the respective
actuator assemblies in new cars. In 2015, all new cars (100 %) con-
tained either the unifunctional ABS or the multifunctional ESC system
(red-dotted line in Fig. 4); with the large majority (80 % of cars) con-
taining the ESC (dark-blue wedge in Fig. 4).

The unit mass of the state-of-the-art ABS actuator assembly has

declined from 6.2 kg to 1.1 kg (by a factor of 6) between 1989 and 2013
(light-blue circles in Fig. 5). The unit mass of the most modern ESC
actuator assembly declined from 4.3 kg to 1.6 kg (by a factor of 2) be-
tween 2010 and 1995 (dark-blue squares in Fig. 5). This implies that
both actuator assemblies have been progressively able to deliver the
same functions with decreasing mass. Possible contributors to this mass
decrease are: i) the use of lighter metal alloys in the hydraulic unit (e.g.
aluminum), ii) the use of lighter materials in the casings of the motor
and control unit (lighter metal alloys and lighter plastics), iii) a de-
crease in the mass of the control units, for example due to the use of
denser integrated circuits (Wong and Iwai, 2005), and iv) the use of
rare earth elements (REE) such as lanthanum, neodymium and dys-
prosium in the motor magnets, which can significantly improve the
power-to-weight ratio of the magnets (Robert Bosch GmbH, 2019a;
Constantinides, 2016). Nevertheless, increasing the number of func-
tions per actuator assembly has implied an increase in its unit mass: the
unit mass of the multifunctional ESC has always been larger than the
mass of the unifunctional ABS at all points in time.

However, despite the declining mass of state-of-the-art devices, the
average mass of the devices installed in cars has stabilized at around
2.5 kg for the ABS and 3.1 kg for the ESC (Fig. 5). Even though lighter

Fig. 2. ABS actuator assembly, the ESC assembly has a similar configuration. A)
Overview, B) Disassembled actuator. Car’s cohort year: 2006. Mass of complete
assembly as in panel A: 1.6 kg. Photos and measurements by the author.

Fig. 3. Share of cars by mass category and cohort. The share of cars (%) in each
category is provided in the left-hand y-axis. The average car mass (m̄ )car by
cohort is represented by the red dotted line; the mass values are provided in the
right-hand y-axis. Figure data are provided in Table S2 of the SI. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 4. Average penetration of the ABS and ESC systems by cohort. Since each
control system contains only one actuator assembly, the penetrations values
also correspond to those of their respective actuator assemblies. The time series
are provided in SI, Table S4.
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actuator assemblies existed in the market in 2015, it seems like an
average car was still equipped with relatively heavier types of actuators
that already existed on the market 15 years before that. The dis-
crepancies between the unit mass of the state-of-the-art actuator as-
semblies and their estimated average unit mass by cohort can be ex-
plained by four effects: i) the increased penetration of heavier cars after
1995 (refer to Fig. 3) which required accordingly heavier ABS and ESC
actuator assemblies from the available options –a heavier car requires a
heavier actuator (Loritz, 2019), ii) a “common parts” approach from the
original equipment manufacturer (OEM) in which the same type of
“heavy” actuator assembly is installed across a range of car sizes
(masses) (Loritz, 2019), iii) decision of the OEM to install older, thus
cheaper versions of the ABS and ESC actuator assemblies –lighter ac-
tuators are usually more costly due to the use of more specialized
materials (Loritz, 2019), and iv) sample of ELVs that may have led to
overestimation of the assembly’s average mass: only selected cohorts
and mass categories were considered in the experiment; see SI section 3.

3.2. Combined trends: Effects of penetration, integration and downsizing on
the total mass flows of EE devices

Until 1995, the inflow of actuator assemblies was dominated by the
heavier, early generations of ABS actuator assemblies of mass larger
than 3 kg (darkest blue wedges in Fig. 6). The total mass of ESC actuator
assemblies entering use surpassed the mass of ABS ones in 2003. Par-
allel to the replacement of ABS by ESC, there was a continual down-
sizing of both types of actuator assemblies: The inflow of light actuator
assemblies (of mass less than 3.1 kg) grew fast since 1995, accounting
for 80 % of the inflow in 2015. Nevertheless, the total mass inflow of
actuators increased due to: i) the increase in average actuator mass per
car due to the replacement of ABS by ESC (refer also to Fig. 5), ii) the
increased penetration of the ESC in all car types (refer also to Fig. 4), iii)
a growing number of vehicles entering use per year.

Fig. 7 shows that the combined EoL mass flow of ABS and ESC ac-
tuator assemblies increased fast after 1995 (red-dotted line). In 2015,
the trend still pointed sharply upwards. Considering the saturation in
penetration reached by 2008 (Fig. 4), we can expect the flows to grow
further but at a slower pace between 2015 and 2025, with remaining

growth being driven mainly by the switch to ESC, the switch to heavier
car types and an increasing number of ELVs. As seen in Fig. 5 there are
further downsizing potentials for the average actuator assemblies in-
stalled in new cars. If these are realized, the mass flow of the actuator
assemblies may even decline. Similarly, the mass flows of ABS and ESC
assemblies could fade-out if their functions are integrated in new EE
devices. However, due to the lifetime of cars (approx. 17 years, see SI),

Fig. 5. Unit mass of the ABS and ESC actuator assembly by cohort. The light-
blue circles and the dark-blue squares represent the unit mass of the state-of-
the-art actuator ABS and ESC assemblies, respectively, as obtained from man-
ufactures’ data. Dashed lines are provided in both cases to guide the eye as to
how the trend for the unit mass of the state-of-the-art actuators develops. The
light-blue dotted line represents the estimated average unit mass of the ABS
actuator assembly by cohort; the dark-blue starred line represents the estimated
average unit mass of the ESC actuator assembly. Figure data are presented in
Table S5, Table S9 and Table S10 of the SI. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. Mass inflow of ABS and ESC actuator assemblies, Switzerland
1975–2015. The red-dotted line represents the combined inflow of actuator
assemblies and the blue wedges represent the inflow of different generations of
actuator assemblies; values are provided on the left-hand axis. The total mass
inflow of cars is represented by the grey line; values are provided in the right-
hand y-axis. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 7. End-of-life (EoL) mass flow of ABS and ESC actuator assemblies,
Switzerland 1975–2015. The red-dotted line represents the combined EoL flow
of actuator assemblies and the blue wedges represent the EoL flow of different
generations of actuator assemblies; values are provided on the left-hand axis.
The total EoL mass flow of cars is represented by the grey line; values are
provided in the right-hand y-axis. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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such changes would only affect ELVs after a delay, and we therefore
expect EoL mass flows to continue growing at least until 2030.

For the entire calculation period, the EoL flow was dominated by
the ABS actuator assemblies, still comprising more than 60 % of the EoL
mass flow in 2015. This reflects the dominance of the ABS actuator
assemblies in the car inflow up until the year 2000. We expect the EoL
flow to change from a majority of ABS to a clear majority of ESC in the
near future. The EoL mass flows of ABS assemblies larger than 3 kg had
decreased substantially by 2015, and are today probably marginal, as
confirmed by the dismantling experiment (see SI Table S6). The average
mass of EoL actuator assemblies is expected to increase slightly in the
coming years due to the switch to ESC and heavier cars.

3.3. Implications for recycling

3.3.1. Current treatment of end-of-life car electronics
The current dismantling rate of ABS actuator assemblies is around

10 % (Restrepo et al., 2017) with an average dismantling time of about
13min per assembly as estimated in our experiment (Table S6 of the
SI). At present, this dismantling is done manually. The dismantled ac-
tuator assemblies are offered in the second-hand spare parts market; the
exact percentage of second-hand assemblies sold and reused is however
unknown. The remaining 90 % of the EoL ABS actuator assemblies are
shredded with the ELVs (Restrepo et al., 2017). After car shredding,
materials such as aluminum from the hydraulic unit and copper from
the electric motor winding might be recovered, while the materials
within the motor magnets and printed wiring boards are currently not
recovered (Widmer et al., 2015). Considering that EoL flows of heavier
(> 3 kg) ABS actuator assemblies peaked before 2010, the highest re-
cycling opportunity for the materials within these assemblies has al-
ready passed. There is no information about dismantling and shredding
for the ESC actuator assembly. However, considering that their EoL
flows are still growing, we expect their highest recycling opportunities
to occur in the future.

3.3.2. Possible mandatory dismantling of selected end-of-life car electronics
The economic feasibility of EE device dismantling for material re-

covery depends strongly on the costs per kilogram of material dis-
mantled. The possible dismantling for material recovery strategy being
considered in Switzerland may be supported by a “polluter-pays prin-
ciple”, as is currently done for the disposal of car shredder light frac-
tion, also known as automobile shredder residue (FOEN, 2019b) and/or
a voluntary “advance recycling contribution”, as is currently the case
for electronic waste (FOEN, 2019a). Let the cost per kilogram of dis-
mantled material (e.g. in $/kg), C , be defined by Eq. 3:

=C c
m (3)

where c is the dismantling cost per unit and m is the unit mass of the EE
device. According to our dismantling experiment, the time to dismantle
the actuator assemblies is not correlated with their unit mass (see Table
S6 and corresponding Figure S8, panel B in the SI). It is thus reasonable
to assume that c is independent of m, so that a reduction of m will lead
to a corresponding increase of C. We estimated that the average unit
mass of new ABS actuator assemblies decreased from 6.2 kg in 1978 to
2.5 kg in 2015 (Fig. 5). This would correspond to a 60 % increase in the
dismantling costs per kilogram in this time period, assuming constant
labor costs. Similarly, the average unit mass of the ESC actuator as-
sembly was estimated to decrease from 4.3 kg in 1995 to 3.1 kg in 2015
(Fig. 5). This would correspond to almost 30 % increase in the dis-
mantling cost per kilogram. However, as presented in Fig. 5, down-
sizing leveled off already around the year 2000. Consequently, we can
expect the dismantling costs per kilogram for the ABS and ESC actuator
assemblies to also stabilize between 2015 and 2025, or even decrease
slightly due to the transition from ABS to ESC and towards heavier car
types.

These examples illustrate the importance of considering downsizing
and integration trends in the design of policies to promote recycling,
especially when these policies include a financing mechanism and
target devices with a large downsizing potential. In addition to down-
sizing, changing material compositions, e.g. due to changing market
prices for the materials and material substitution can have a substantial
effect on the economic feasibility of dismantling for material recovery.
Additionally, it should be considered that if the dismantled EE devices
are in condition to be reused, this dismantling strategy could cause an
increase in the supply of second-hand EE devices, which could be as-
sociated with a reduced production of new spare parts and corre-
sponding resource consumption. This increased supply of spare parts
may, at the same time, negatively affect the second-hand market.
Tradeoffs between the environmental benefits resulting from reduced
resource consumption and the potential repercussions on the second-
hand spare-part market need to be resolved with additional measures,
for example by incentivizing a higher reuse rate for specific EE devices.

Considering similarities in their car fleet (Eurostat, 2017), the same
patterns for the EoL flows of ABS and ESC actuator assemblies, with
similar implications for recycling, can be expected in most west Eur-
opean countries. We can also expect similar patterns for other EE de-
vices in cars that have penetrated in the past 30 years, especially when
they include actuator assemblies with electric motors. However, due to
the lack of comprehensive data series, including the mass and cohort of
the cars, it is not possible to make further inferences about the devel-
opments of the end-of-life flows for other types of EE devices.

4. Conclusions and outlook

The size of the mass flows of ABS and ESC actuator assemblies is the
result of three overlapping trends: an increased penetration of ABS and
ESC systems, a replacement of the ABS by the ESC (integration) and a
decrease in the unit mass of their actuator assemblies over time
(downsizing). Penetration and unit mass followed s-shaped curves, both
changed most rapidly in the 1990s and they have flattened since the
2000s. Penetration outweighed both integration and downsizing, so
that before stabilizing, it caused the total mass inflow of actuator as-
semblies to increase rapidly over time. Due to the long lifetime of cars,
the effects of penetration, integration and downsizing are still evident
at the end-of-life flows, but can be expected to slow down considerably
between 2015 and 2025. The estimation of the mass flows of critical
metals reaching end of life requires data series about material compo-
sition in the different generations of actuator assemblies considered
here and remains to be assessed.

We demonstrated that a possible mandatory dismantling for mate-
rial recovery in this case may be challenged by increasing costs per
kilogram of material dismantled, resulting from the progressive de-
crease in the unit mass of the ABS and ESC actuator assemblies.
However, as downsizing settles, so will the dismantling costs, which
shows future opportunities for dismantling for material recovery.
Automated or machine-assisted dismantling could help to reduce the
dismantling time per unit and thus the total dismantling costs. If the
EoL EE devices dismantled are in condition to be reused, this dis-
mantling strategy can be associated with a reduced production of new
spare parts and corresponding resource consumption, which ultimately
results in environmental benefits. At the same time, the surplus of
second-hand spare parts can negatively affect the second-hand market.
These potential tradeoffs need to be tackled with additional measures,
for example by incentivizing a higher reuse rate for specific EE devices.

Comparable developments for the EoL flows and dismantling costs
of the ABS and ESC actuator assemblies can be expected in most west
European countries, considering the similarities in their vehicle fleet.
Due to the current lack of comprehensive data about penetration and
unit mass, it is not possible to make further inferences about mass flow
developments for other types of EE devices.

By monitoring the trends analyzed here at the car inflow, in
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combination with a dynamic MFA, we can foresee changes in the end-
of-life flows of car electronics 10–20 years before they arise. This time
period should be sufficient to plan and adapt recycling strategies, for
example regarding which EE devices have to be mandatorily dismantled
and how much financing would be needed for this at different points in
time. The success of such monitoring depends on the accessibility to
data about penetration and unit mass of new car EE devices. It is thus
crucial that these data are made available to the stakeholders taking
charge of such monitoring.

CRediT authorship contribution statement

Eliette Restrepo: Conceptualization, Methodology, Formal ana-
lysis, Investigation, Visualization, Writing - original draft, Writing -
review & editing. Amund N. Løvik: Conceptualization, Methodology,
Formal analysis, Writing - review & editing. Rolf Widmer: Supervision,
Project administration, Funding acquisition. Patrick Wäger:
Supervision, Funding acquisition. Daniel B. Müller: Supervision,
Conceptualization, Methodology, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This research was funded by the Swiss Federal Office for the
Environment (FOEN) as part of the project “Recycling Electronics from
ELVs –EVA”. The project partners include: Auto-Schweiz (Swiss asso-
ciation of automobile importers), AWEL (Office of Waste, Water,
Energy, and Air of the Canton of Zurich), SARS (Foundation Auto
Recycling Switzerland), VASSO (Association of the Official Car
Collection Point Proprietors of Switzerland and the Principality of
Liechtenstein), and VAREX (Swiss Association of Automobile Recyclers
and Exporters).

Special thanks to Mario Loritz for guidance in the estimation of the
ABS and ESC actuators mass. We express our gratitude to Andreas
Kaufmann and the members of VASSO for their contributions to the
dismantling experiment. For providing feedback on the unit mass esti-
mation approach we thank Romain Billy, Helen A. Hamilton, Marta
Roca Puigròs, Simona Sharma and Chipo Sitotombe.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.rcrx.2020.100032.

References

ACEA, 2018. ACEA Economic and Market Report. European Automobile Manufacturers’
Association (ACEA) 29.

ACtronics LTD, 2019. Bosch ABS 5.7 Remanufacturing Online. https://www.actronics.co.
uk/acinsights/bosch-abs-5-7.

Bangs, C., Meskers, C., Van Kerckhoven, T., 2016. Trends in electronic products–the
canary in the urban mine? Electronics Goes Green Conference Proceedings Online:
https://www.researchgate.net/profile/Colton_Bangs/publication/308330588_
Trends_in_electronic_products_-_the_canary_in_the_urban_mine/links/
57e1023508ae52b3078c2150.pdf.

BOSCH, 2019. From Innovation to Standard Equipment 30 Years of Safe Braking With
Bosch ABS. Online:. BOSCH. https://www.bosch.co.jp/en/press/group-0807-05.
asp.

Bull & Bear Media Group, INC, 2019. Global Gold Output to Hit New Record High in 2019
Online. http://www.thebullandbear.com/articles/2019/0417-GlobalGold.html.

Constantinides, S., 2016. Personal Communication About Electric Motors in Vehicles -
Arnold Magnetics.

Cucchiella, F., D’Adamo, I., Rosa, P., Terzi, S., 2016. Automotive printed circuit boards
recycling: an economic analysis. J. Clean. Prod. 121, 130–141.

Du, X., Restrepo, E., Widmer, R., Wäger, P., 2015. Quantifying the distribution of critical

metals in conventional passenger vehicles using input-driven and output-driven ap-
proaches: a comparative study. J. Mater. Cycles Waste Manag. 17, 218–228.

Ebber, J., 2014. Electronic Stability Program - Press Release. Online:. Bosch Media
Service. https://www.bosch-presse.de/pressportal/de/en/bosch-invention-saves-
thousands-upon-thousands-of-lives-42788.html.

Edgar, J., 2014. Twenty-Five Years of Automotive ABS. Online:. Silicon Chip. http://
archive.siliconchip.com.au/cms/A_100605/article.html.

European Commission, 2014. Report on Critical Raw Materials for the EU (European
Commission) Online. . http://ec.europa.eu/enterprise/policies/raw-materials/files/
docs/crm-report-on-critical-raw-materials_en.pdf.

European Commission, 2016. Critical Raw Materials. Online:. Internal Market, Industry,
Entrepreneurship and SMEs - European Commission. https://ec.europa.eu/growth/
sectors/raw-materials/specific-interest/critical_en.

European Commission, 2019a. End-Of-Life Vehicles - Evaluating the EU Rules Online.
https://ec.europa.eu/info/law/better-regulation/initiatives/ares-2018-4731779_en.

European Commission, 2019b. European Commission Press Release: Approval of the
Acquisition by Bosch of Allied Signal’s Hydraulic Brake Business. Online:. European
Commission Press Release Database. https://europa.eu/rapid/press-release_IP-96-
304_en.htm.

European Parliament and The Council, 2000. Directive 2000/53/EC of the European
Parliament and of the Council on End of Life Vehicles Vol 2000L0053 Online. http://
alexandria.tue.nl/extra1/afstversl/tm/petri2003.pdf.

European Parliament and The Council, 2009. Regulation (EC) No 661/2009 of the
European Parliament and of the Council of 13 July 2009 Concerning Type-approval
Requirements for the General Safety of Motor Vehicles, Their Trailers and Systems,
Components and Separate Technical Units Intended Therefor.

Eurostat, 2017. Passenger Cars in the EU - Statistics Explained Online. http://ec.europa.
eu/eurostat/statistics-explained/index.php/Passenger_cars_in_the_EU.

FEDRO, 2016. MOFIS Database.
Fishman, T., Myers, R., Rios, O., Graedel, T.E., 2018. Implications of emerging vehicle

technologies on rare earth supply and demand in the United States. Resources 7, 9.
FOEN, 1998. Regulation on Returning, Tacking Back and Disposing of Electrical and

Electronic Equipment (VREG) Online. http://www.admin.ch/opc/de/classified-
compilation/19980114/200601010000/814.620.pdf.

FOEN, 2013. Revision der Verordnung über die Rückgabe, die Rücknahme und die
Entsorgung elektrischer und elektronischer Geräte (VREG, SR 814.620) Online.
https://www.admin.ch/ch/d/gg/pc/documents/2124/VREG_Erl.-Bericht_de.pdf.

FOEN F O for the E, 2019a. Electrical and Electronic Equipment Recycling. Online:.
Swiss Federal Office for The Environment. https://www.bafu.admin.ch/bafu/en/
home/themen/thema-abfall/abfallwegweiser–stichworte-a–z/elektrische-und-
elektronische-geraete.html.

FOEN F O for the E, 2019b. End-Of-Life Vehicles Treatment. Online:. Swiss Federal
Office for The Environment. https://www.bafu.admin.ch/bafu/en/home/themen/
thema-abfall/abfallwegweiser–stichworte-a–z/altfahrzeuge.html.

Graedel, T., Harper, E., Nassar, N., Nuss, P., Reck, B.K., 2015. Criticality of metals and
metalloids. Proc. Natl. Acad. Sci. 112, 4257–4262.

Løvik, A.N., Modaresi, R., Müller, D.B., 2014. Long-term strategies for increased recycling
of automotive aluminum and its alloying elements. Environ. Sci. Technol. 48,
4257–4265.

Loritz, M., 2019. Correspondence with Mario Loritz: Mass of ABS and ESC Actuators.
Modaresi, R., Müller, D.B., 2012. The role of automobiles for the future of aluminum

recycling. Environ. Sci. Technol. 46, 8587–8594.
Müller, D.B., 2006. Stock dynamics for forecasting material flows—case study for housing

in the Netherlands. Ecol. Econ. 59, 142–156.
Pauliuk, S., Dhaniati, N.M.A., Müller, D.B., 2012. Reconciling sectoral abatement stra-

tegies with global climate targets: the case of the Chinese passenger vehicle fleet.
Environ. Sci. Technol. 46, 140–147.

PwC, 2013. Spotlight on Automotive PwC Semiconductor Report Online. . https://www.
pwc.com/gx/en/technology/publications/assets/pwc-semiconductor-survey-
interactive.pdf.

Restrepo, E., Løvik, A.N., Wäger, P., Widmer, R., Lonka, R., Müller, D.B., 2017. Stocks,
flows, and distribution of critical metals in embedded electronics in passenger ve-
hicles. Environ. Sci. Technol. 51, 1129–1139.

Restrepo, E., Løvik, A., Widmer, R., Wäger, P., Müller, D., 2019. Historical penetration
patterns of automobile electronic control systems and implications for critical raw
materials recycling. Resources 8 58.

Robert Bosch GmbH, 2014. Bosch Automotive Electrics and Automotive Electronics.
Online:. Springer Fachmedien Wiesbaden, Wiesbaden. http://link.springer.com/10.
1007/978-3-658-01784-2.

Robert Bosch GmbH, 2019a. ABS Generation 9. Online:. Bosch Mobility Solutions.
https://www.bosch-mobility-solutions.com/en/products-and-services/passenger-
cars-and-light-commercial-vehicles/driving-safety-systems/antilock-braking-system/
abs-generation-9/.

Robert Bosch GmbH, 2019b. ESP® Generation 9 Bosch Mobility Solutions Online. https://
www.bosch-mobility-solutions.com/en/products-and-services/passenger-cars-and-
light-commercial-vehicles/driving-safety-systems/electronic-stability-program/esp-
generation-9/.

Rosa, P., Terzi, S., 2018. Improving end of life vehicle’s management practices: an eco-
nomic assessment through system dynamics. J. Clean. Prod. 184, 520–536.

Sakai, S., Yoshida, H., Hiratsuka, J., Vandecasteele, C., Kohlmeyer, R., Rotter, V.,
Passarini, F., Santini, A., Peeler, M., Li, J., Oh, G.-J., Chi, N., Bastian, L., Moore, S.,
Kajiwara, N., Takigami, H., Itai, T., Takahashi, S., Tanabe, S., Tomoda, K., Hirakawa,
T., Hirai, Y., Asari, M., Yano, J., 2013. An international comparative study of end-of-
life vehicle (ELV) recycling systems. J. Mater. Cycl. Waste Manag. 1–20.

SARS, 2013. Statistics Passenger Vehicles Switzerland 1988-2014 Online. http://www.
stiftung-autorecycling.ch/downloads/jahresberichte.

E. Restrepo, et al. Resources, Conservation & Recycling: X 6 (2020) 100032

7

https://doi.org/10.1016/j.rcrx.2020.100032
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0005
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0005
https://www.actronics.co.uk/acinsights/bosch-abs-5-7
https://www.actronics.co.uk/acinsights/bosch-abs-5-7
https://www.researchgate.net/profile/Colton_Bangs/publication/308330588_Trends_in_electronic_products_-_the_canary_in_the_urban_mine/links/57e1023508ae52b3078c2150.pdf
https://www.researchgate.net/profile/Colton_Bangs/publication/308330588_Trends_in_electronic_products_-_the_canary_in_the_urban_mine/links/57e1023508ae52b3078c2150.pdf
https://www.researchgate.net/profile/Colton_Bangs/publication/308330588_Trends_in_electronic_products_-_the_canary_in_the_urban_mine/links/57e1023508ae52b3078c2150.pdf
https://www.bosch.co.jp/en/press/group-0807-05.asp
https://www.bosch.co.jp/en/press/group-0807-05.asp
http://www.thebullandbear.com/articles/2019/0417-GlobalGold.html
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0030
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0030
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0035
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0035
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0040
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0040
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0040
https://www.bosch-presse.de/pressportal/de/en/bosch-invention-saves-thousands-upon-thousands-of-lives-42788.html
https://www.bosch-presse.de/pressportal/de/en/bosch-invention-saves-thousands-upon-thousands-of-lives-42788.html
http://archive.siliconchip.com.au/cms/A_100605/article.html
http://archive.siliconchip.com.au/cms/A_100605/article.html
http://ec.europa.eu/enterprise/policies/raw-materials/files/docs/crm-report-on-critical-raw-materials_en.pdf
http://ec.europa.eu/enterprise/policies/raw-materials/files/docs/crm-report-on-critical-raw-materials_en.pdf
https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_en
https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_en
https://ec.europa.eu/info/law/better-regulation/initiatives/ares-2018-4731779_en
https://europa.eu/rapid/press-release_IP-96-304_en.htm
https://europa.eu/rapid/press-release_IP-96-304_en.htm
http://alexandria.tue.nl/extra1/afstversl/tm/petri2003.pdf
http://alexandria.tue.nl/extra1/afstversl/tm/petri2003.pdf
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0080
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0080
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0080
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0080
http://ec.europa.eu/eurostat/statistics-explained/index.php/Passenger_cars_in_the_EU
http://ec.europa.eu/eurostat/statistics-explained/index.php/Passenger_cars_in_the_EU
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0090
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0095
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0095
http://www.admin.ch/opc/de/classified-compilation/19980114/200601010000/814.620.pdf
http://www.admin.ch/opc/de/classified-compilation/19980114/200601010000/814.620.pdf
https://www.admin.ch/ch/d/gg/pc/documents/2124/VREG_Erl.-Bericht_de.pdf
https://www.bafu.admin.ch/bafu/en/home/themen/thema-abfall/abfallwegweiser--stichworte-a--z/elektrische-und-elektronische-geraete.html
https://www.bafu.admin.ch/bafu/en/home/themen/thema-abfall/abfallwegweiser--stichworte-a--z/elektrische-und-elektronische-geraete.html
https://www.bafu.admin.ch/bafu/en/home/themen/thema-abfall/abfallwegweiser--stichworte-a--z/elektrische-und-elektronische-geraete.html
https://www.bafu.admin.ch/bafu/en/home/themen/thema-abfall/abfallwegweiser--stichworte-a--z/altfahrzeuge.html
https://www.bafu.admin.ch/bafu/en/home/themen/thema-abfall/abfallwegweiser--stichworte-a--z/altfahrzeuge.html
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0120
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0120
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0125
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0125
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0125
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0130
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0135
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0135
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0140
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0140
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0145
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0145
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0145
https://www.pwc.com/gx/en/technology/publications/assets/pwc-semiconductor-survey-interactive.pdf
https://www.pwc.com/gx/en/technology/publications/assets/pwc-semiconductor-survey-interactive.pdf
https://www.pwc.com/gx/en/technology/publications/assets/pwc-semiconductor-survey-interactive.pdf
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0155
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0155
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0155
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0160
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0160
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0160
http://link.springer.com/10.1007/978-3-658-01784-2
http://link.springer.com/10.1007/978-3-658-01784-2
https://www.bosch-mobility-solutions.com/en/products-and-services/passenger-cars-and-light-commercial-vehicles/driving-safety-systems/antilock-braking-system/abs-generation-9/
https://www.bosch-mobility-solutions.com/en/products-and-services/passenger-cars-and-light-commercial-vehicles/driving-safety-systems/antilock-braking-system/abs-generation-9/
https://www.bosch-mobility-solutions.com/en/products-and-services/passenger-cars-and-light-commercial-vehicles/driving-safety-systems/antilock-braking-system/abs-generation-9/
https://www.bosch-mobility-solutions.com/en/products-and-services/passenger-cars-and-light-commercial-vehicles/driving-safety-systems/electronic-stability-program/esp-generation-9/
https://www.bosch-mobility-solutions.com/en/products-and-services/passenger-cars-and-light-commercial-vehicles/driving-safety-systems/electronic-stability-program/esp-generation-9/
https://www.bosch-mobility-solutions.com/en/products-and-services/passenger-cars-and-light-commercial-vehicles/driving-safety-systems/electronic-stability-program/esp-generation-9/
https://www.bosch-mobility-solutions.com/en/products-and-services/passenger-cars-and-light-commercial-vehicles/driving-safety-systems/electronic-stability-program/esp-generation-9/
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0180
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0180
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0185
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0185
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0185
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0185
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0185
http://www.stiftung-autorecycling.ch/downloads/jahresberichte
http://www.stiftung-autorecycling.ch/downloads/jahresberichte


SARS, 2015. Shredded ELV in 2014.
SFO, 2015. Swiss Passenger Vehicle Stock - Motorization Level Online. http://www.bfs.

admin.ch/bfs/portal/de/index/themen/11/03/blank/02/01/01.html.
Vásquez, F., Løvik, A.N., Sandberg, N.H., Müller, D.B., 2016. Dynamic type-cohort-time

approach for the analysis of energy reductions strategies in the building stock. Energy
Build. 111, 37–55.

Widmer, R., Du, X., Haag, O., Restrepo, E., Wäger, P., 2015. Scarce metals in conventional
passenger vehicles and end-of-Life vehicle shredder output. Environ. Sci. Technol. 49,

4591–4599.
Wong, H., Iwai, H., 2005. The road to miniaturization. Phys. World 18, 40–44.
Xu, G., Yano, J., Sakai, S., 2016. Scenario analysis for recovery of rare earth elements

from end-of-life vehicles. J. Mater. Cycl. Waste Manag. 18, 469–482.
Xu, G., Yano, J., Sakai, S., 2018. Recycling potentials of precious metals from end-of-Life

vehicle parts by selective dismantling. Environ. Sci. Technol. https://doi.org/10.
1021/acs.est.8b04273. Online:.

E. Restrepo, et al. Resources, Conservation & Recycling: X 6 (2020) 100032

8

http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0195
http://www.bfs.admin.ch/bfs/portal/de/index/themen/11/03/blank/02/01/01.html
http://www.bfs.admin.ch/bfs/portal/de/index/themen/11/03/blank/02/01/01.html
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0205
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0205
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0205
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0210
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0210
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0210
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0215
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0220
http://refhub.elsevier.com/S2590-289X(20)30003-7/sbref0220
https://doi.org/10.1021/acs.est.8b04273
https://doi.org/10.1021/acs.est.8b04273

	Effects of car electronics penetration, integration and downsizing on their recycling potentials
	Introduction
	Methods
	System definition
	Mathematical model formulation
	Parameter estimation
	Number of cars by cohort and car mass category
	Penetration rate and integration of electronic control systems by cohort
	Number and mass of electric and electronic devices by cohort and car mass category


	Results and discussion
	Individual trends: Number of cars, car mass, AECS penetration, AECS integration, number of EE devices and mass of EE devices
	Combined trends: Effects of penetration, integration and downsizing on the total mass flows of EE devices
	Implications for recycling
	Current treatment of end-of-life car electronics
	Possible mandatory dismantling of selected end-of-life car electronics


	Conclusions and outlook
	CRediT authorship contribution statement
	mk:H1_17
	Acknowledgements
	Supplementary data
	References




