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Abstract
This study assesses the metal composition of two vehicle gliders, configured with differ-
ent equipment levels and evaluates the risk of short and long-term metal scarcity. Entropy 
analysis is also used for insights on secondary metal recovery strategies. Fifty-five metals 
are evaluated, with gold, copper, bismuth, lead, molybdenum, and certain rare-earth metals 
(REMs) subject to the largest supply risks. Differences in equipment levels significantly 
impact the short-term supply risk for specific metals. Entertainment and communications 
equipment contain significant amounts of REMs, whereas mirrors and electrical infrastruc-
ture contain considerable shares of gold, silver and copper. Some metals are concentrated 
in a few components while some are dispersed across thousands, impacting recycling 
opportunities. The broad metal demand of the gliders underscores the automotive indus-
try’s role in supply risks for its own manufacturing needs and other societal domains. This 
emphasizes the significance of comprehensively evaluating metal requirements beyond 
powertrains for informed resource management.

Keywords  Vehicle Gliders · Equipment Levels · Metal Scarcity · Metal Availability · 
Automotive Industry · End-of-life Vehicles (ELVs)

Introduction

The automotive industry is one of the major consumers of natural resources worldwide [1, 
2]. Besides “industrially mature” base metals, such as iron, aluminium and copper, vehicles 
contain a wide variety of scarce, rare and minor metals.1 These are present in a multitude 
of components, contributing to passenger safety and an improved driving experience. The 
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broad range of metals present in vehicles, combined with the large number of units being 
manufactured, leads to substantial stress on the global demand for metals [3–5].

Besides environmental and social concerns [6, 7], various metals found in modern cars 
have been identified as strategic or even critical to the automotive industry. This means 
they are associated with a high likelihood of supply disruption, with a limited number of 
viable alternatives [1, 8]. Consequently, the sector’s growing attention to identifying metals 
of concern comes as no surprise [4, 5, 9]. From an automotive manufacturer’s perspective, 
it is strategically relevant to have a clear picture of the metals present in cars, their quanti-
ties and in which parts and/or components they are present.

In recent years, stricter safety and environmental regulations, along with the push for 
comfort, digital connectivity, and automation, have led to a significant growth of the port-
folio of metals used by the automotive industry [10–13]. For instance, as part of light-
weighting strategies, aluminium alloys are replacing iron in engine blocks, wheels and var-
ious body-in-white2 components [10, 14]. Minor metals such as niobium, molybdenum and 
vanadium are present as alloying elements in different types of advanced, high-strength 
steels [15]. The ongoing shift to electric powertrains has increased the automotive demand 
for lithium, cobalt, nickel and different rare earth elements [16, 17]. Likewise, metals such 
as palladium, tantalum, silver and gold are present in a variety of electrical and electronic 
equipment (EEE) that are integral to modern vehicles’ operations [13, 18–20].

A growing body of literature has sought to identify and quantify the metals present in 
passenger vehicles, assessing their strategic importance to the automotive industry. Several 
early studies focused on automotive recycling, highlighting the broad use of major base 
metals like steel, aluminium and copper [21–23]. Recently, attention has shifted to minor 
metals (e.g., platinum group metals, rare-earth metals, lithium, cobalt) given potential 
supply risks [24–27]. Others have taken a more comprehensive view, mapping a broader 
range of metals across different drivetrain types, comparing the metal compositions of 
internal combustion engine vehicles (ICEVs) to electrified counterparts like hybrid electric 
vehicles (HEVs), plug-in hybrid vehicles (PHEVs) and battery electric vehicles (BEVs) 
[28–30]. In terms of methodology, studies have quantified metal content by analysing dis-
mantled parts [18, 31], shredder output [31], or manufacturers’ databases [1, 29, 30]. To 
assess metals strategically, studies have employed techniques like criticality analysis [30, 
32, 33], resource efficiency assessment [34], and exergy analysis [28, 29].

These studies indicate that the growth of electric powertrains has notably increased the 
demand for certain metals, a trend predominantly driven by the material requirements for 
traction batteries and electric motors [2, 25, 28–30]. Yet, parallel to this electric transition, 
other trends also contribute to a rising demand of metals, impacting systems beyond the 
powertrain. These trends encompass lightweighting strategies and the increasing integra-
tion of electronic equipment in vehicles. Their significance and impact on metal demand 
threatens being understated due to the predominant focus on electrification.

To address this gap, this study takes a narrower focus, assessing the vehicle “glider” 
– all the subsystems of the vehicle except the propulsion system. The novelty of our meth-
odology lies in its unique examination of non-powertrain components. By intentionally 
omitting extensively researched vehicle parts, we aim to highlight the demand for automo-
tive metals that may otherwise remain unnoticed.

2  The term "body in white" refers to the unpainted, pre-interior assembly stage of a vehicle, comprising its 
structural framework and outer panels.



Circular Economy and Sustainability	

1 3

The identified metals are analysed based on their global resource availability, a key 
parameter in scarcity assessments. Resource scarcity represents a situation where demand 
for a resource surpasses its supply [35]. In the short term, scarcity may arise from techni-
cal, economic, or other barriers to resource extraction and distribution, particularly when 
coupled with a sudden spike in demand. Conversely, long-term scarcity takes into consid-
eration the physical limits of non-renewable resources, as continued use leads to extrac-
tion from ores with ever lower grades, potentially passing geological thresholds effectively 
leading to exhaustion [35].

Building on this foundation, this study employs two scarcity metrics – short and long-
term metal availability – to investigate the implications of automotive metal demand. Spe-
cifically, we centre our attention on annual metal production, indicative of short-term avail-
ability, and the average metal concentration within Earth’s crust, which provides insights 
into long-term availability. These metrics encompass the physical availability of metals. 
This study does not explore other factors of importance for metal scarcity, such as demand 
from other sectors, geopolitics and vulnerabilities related to the spatial distribution of sup-
ply and demand [35, 36].

To reduce reliance on scarce primary metal resources, it becomes essential to explore 
viable strategies. These include substitution with more abundant materials or manag-
ing metal life cycles more efficiently. Consequently, a secondary objective of this study 
involves an investigation into the distribution of metals across the various subsystems and 
components of the vehicle glider. To aid this analysis, we employ a measure of dispersion 
that provides insights into feasibility of substitution and different secondary metal recov-
ery strategies. For instance, a widespread distribution of metals might complicate targeted 
recovery or substitution efforts, whereas a more concentrated distribution would likely sim-
plify it. Beyond its significance for automotive manufacturers, these insights hold substan-
tial value for key stakeholders such as automotive recyclers. They can aid in enhancing 
the efficacy of secondary recovery strategies for scarce metals, promoting a more circu-
lar materials management approach. Additionally, these findings can inform automotive 
design practices, encouraging the prioritization of more abundant metals in the transporta-
tion sector.

This work was conducted as a university-industry collaboration between Chalmers Uni-
versity of Technology and Volvo Car Corporation (hereinafter Volvo Cars). While Volvo 
Cars is the immediate recipient of the results, the authors believe that most of their findings 
will apply to the automotive industry in general.

Methods

In this section, we describe our approach to identifying relevant metals3 in two vehicle 
gliders and their subsystems from the perspective of resource availability. To achieve this, 
we employ two distinct indicators to gauge short and long-term primary metal scarcity. 
While long-term scarcity is assessed by applying the crustal scarcity indicator [37], an 
indicator of short-term scarcity is developed specifically for this study, based on Andersson 

3  Throughout this work, the term “metals” also includes metalloids. This is to avoid excessive repetition 
and for conciseness.
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[38]. Furthermore, we also describe how the concept of entropy is used to analyse the dis-
tribution of metals in the gliders.

Material Composition Data for Gliders

An assessment of the metals embedded in two vehicle gliders is performed. These glid-
ers are based on the same car model from 2021, a petrol-powered compact sport utility 
vehicle (SUV) sold on the European market. The two gliders differ in terms of equipment 
levels; one is an extra-equipped glider (EEG) with the highest available equipment, while 
the other is a standard-equipped glider (SEG), with basic-level equipment. As for their 
representativeness, the gliders fall within the mid-size vehicle segment (C-segment). In 
2021, the combined SUV sales across all weight classes (and all vehicles in the C-segment) 
accounted for 60% of all new cars sold in the European Union [39]. Further information 
about both the glider options can be found under Supporting Information, Table S1.

The material composition data for the assessed vehicle gliders is retrieved from the 
International Material Data System (IMDS). This industry wide database, jointly devel-
oped by automotive manufacturers, aims at facilitating vehicle manufacturers to collect, 
record and track material utilization, since it contains data on components and material 
content present in finished vehicles [40].

As previously described in Bitencourt de Oliveira, et al. [41], extracting material com-
position data from IMDS involves a sequence of steps. To produce a list of components for 
each glider, both are initially configured in Volvo Cars’ Vehicle Construction Database. 
This is an internal database containing information on all individual components present 
in each vehicle manufactured at Volvo Cars. The components are arranged hierarchically 
according to different functional groups. Next, an algorithm developed by Volvo Cars 
matches all component identification numbers to their equivalent material datasheet stored 
in IMDS and generates the component material data list. This is a list of components which 
includes information on the material composition of each item. In this case, two lists were 
created, one for each glider.

Once the component material data lists are created, metals present in the gliders are 
identified by analysing their material constituent entries in the lists, referred to as basic 
substances. Basic substances may be chemical elements (such as iron or aluminium), 
standard compounds (such as acrylic resin or titanium oxide) or, in cases where confidenti-
ality is required, a “wildcard” (e.g., “miscellaneous, not to be declared”) [42].

Metals are found in a variety of forms in vehicles: as pure metals, as alloys and in vari-
ous organic and inorganic compounds. Since the assessment is done at the elemental level, 
all metal content which was not reported at that level (but as compounds) is calculated 
using molecular formulas and the respective molecular weights of elements. This means 
that if a compound contains a metal in its molecular structure, we compute the proportion 
of that metal in the compound to determine its absolute content.

Whenever possible, the molecular formulas of the compounds are identified by the CAS 
(Chemical Abstracts Service) number assigned to the basic substance by IMDS. In cases 
where compounds were not registered with a CAS number (approximately 3% of the glid-
ers’ mass), best judgment was used to determine molecular formulas based on the textual 
descriptions of the basic substances. For instance, a substance described as “sodium soap 
for lubricants” (no CAS number) was approximated to “sodium stearate”, a soap derived 



Circular Economy and Sustainability	

1 3

from stearic acid and frequently used as thickening agent in greases.4 In a few cases (< 1% 
of the gliders’ mass), the textual description was a “wildcard” and, hence, no molecular 
formula could be applied. In these cases, no assumptions could be made, and the material 
was omitted (a limitation of the methodology).

Short‑term Potential Primary Metal Scarcity Indicator

This newly formulated indicator based on Andersson [38], aims to identify relevant met-
als in the gliders by using a primary production supply risk perspective. The indicator is 
defined as the ratio between the metal demand of a hypothetical glider fleet and the global 
primary production of that same metal. The hypothetical glider fleet corresponds approxi-
mately to the annual worldwide production of passenger cars [43]. Consequently, the indi-
cator shows how much of the global primary metal would be required if the EEG or SEG 
options were the only ones available on the market. The resulting metric is referred to as 
the “demand fraction of primary production” (DFP) for each metal. The DFP is designed 
to reflect the present or near-future state of the system under scrutiny; metals demanded 
by the automotive industry and their global supply. A high DFP indicates a potential risk 
of near-term shortage and that the automotive industry is contributing significantly to this 
shortage.

where mi is the mass of metal i (kg per glider), F represents a hypothetical annual glider 
production of 80 million units (gliders per year) and Pi is the annual global mining produc-
tion of metal i (kg per year).

Annual production values for most metals in the gliders are drawn from the United 
States Geological Survey (USGS) [44] records for 2019. If no data for that year was availa-
ble, the most recent published values are given. Although production output may vary from 
year to year, our aim is to obtain an order of magnitude that serves as an indication of the 
current production volume of a given metal. If production data is reported as the amount 
of metal ore extracted (such as chromite production for chromium), the total mass of metal 
extracted in its elemental form is derived from the molecular formula of the ore. Addition-
ally, for metals whose annual production values are missing or not individually reported by 
the USGS (such as caesium and rare earth metals), other data sources are used. Sections 
C and D in Supporting Information have more information on the sources and production 
volumes used.

Long‑term Potential Primary Metal Scarcity Indicator

The crustal scarcity indicator (CSI) method is used to assess the long-term availability 
of metals present in the gliders [37]. This mineral resource impact assessment method 
quantifies the decrease in resource stocks due to extraction and is characterised by a long-
term global perspective on elemental scarcity. The method is based on the average crustal 

(1)DFPi =
mi ⋅ F

Pi

4  The molecular weight of sodium stearate is about 306.46  g/mol (assumed C18H35NaO2), with sodium 
(Na) contributing 22.99 g/mol. This allows us to calculate that sodium constitutes approximately 7.5% of 
the total mass of sodium stearate, demonstrating how we determine the metal content in compounds.
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concentration of elements in the Earth’s crust. Due to its temporal reliability, methodo-
logical consistency and comprehensive coverage of elements [37], the method has advan-
tages compared to other resource impact assessment methods, such as the abiotic depletion 
method [45] and surplus ore method [46].

The CSI is calculated as the product of the crustal scarcity potential (CSP) of a given 
metal and its mass. CSP values for the metals assessed in this study are extracted from 
Arvidsson et al. [37].

Note that in Eq. (2), there is no need to evaluate the entire hypothetical glider fleet, as 
the purpose of the CSI is to compare the gliders’ relative use of different metals to the 
long-term availability of those metals.

Furthermore, for the analysis in this study, different metals are grouped according to 
their overall contribution to the total CSI of the glider; in other words, their share of the 
glider’s total CSI.5

where m is mass in kg and i is a metal present in the glider.

Distribution of Metals in Subsystems

To assess the distribution of metals in greater detail, the gliders are divided into subsystems 
using an internal aggregation method used by Volvo Cars. This method groups components 
into larger assemblies that perform similar functions, resulting in a hierarchical structure of 
the vehicle and its constituent parts. This approach facilitates the identification of subsys-
tems that are more vulnerable to supply risks and make a greater contribution to resource 
demand. In this study, a total of 21 subsystems were analysed. These included: advanced 
driver assistance, body structures, brake system, climate, doors and boot, driver controls, 
electrical infrastructure, exterior glass, exterior lighting, exterior trim, exterior visibility, 
instrument panel and console, interior trim and lighting, locking and security electronics, 
multimedia and communication, power supply, restraints, seating, steering, suspension, 
frames and mountings, plus wheels, tyres and accessories.

Distribution of Metals in Components

While the distribution of metals in subsystems provides a valuable overview of their pres-
ence within the glider, a more granular examination of the dispersion of metals across indi-
vidual components can provide further insights. To this end, the distribution of metals at 
the component level is investigated using the concept of entropy. Entropy is both an indica-
tor of the state of disorder in a system and a measurement of dispersion [47]. In the context 
of this study, entropy (dispersion) S of metal i is defined as:

(2)CSIi = mi ⋅ CSPi

(3)Share of glider’s total CSI =
CSIi

CSIglider
=

mi ⋅ CSPi
∑

imi ⋅ CSPi

5  Note that the “total CSI of the glider” refers to the metal and metalloid content of the glider. Other ele-
ments, such as hydrogen, carbon and chlorine are not evaluated. Hence, in this context, the term “total CSI” 
represents the total CSI for our calculations only and not the absolute total CSI of the glider.
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where pi,j represents the share of metal i present in component j:

where mi,j is the mass of metal i (kg) in component j and mi,glider is the total mass of metal 
i (kg) in the glider.

A higher entropy value indicates that a metal is distributed evenly over many components 
throughout the glider, while a lower value indicates that it is more concentrated in specific 
components. This information can be useful in determining the effectiveness of different sec-
ondary metal recovery strategies, as a more even distribution of metals may render the extrac-
tion of specific metals more challenging. Conversely, a more concentrated distribution would 
likely make extraction easier and less costly. Substitution is presumably also a more viable 
option for scarce metals concentrated in a few components, as opposed to those evenly dis-
persed across thousands of components. It should be noted that the resulting indicator val-
ues depend on what is considered as “component”. Despite this partly subjective aspect 
depending on conventions in the automotive industry, we believe the indicator provides useful 
information.

Results

Metal Composition of the Gliders

The analysis of the two glider options reveals the presence of 55 different metals in the 
EEG and 54 in the SEG, with the metal gadolinium (Gd) making up the difference. For one 
element, potassium (K), the concentration is lower in the EEG compared to the SEG. This 
is attributed to the reduced use of mica in the former. However, all other metals are present 
in larger amounts in the EEG, since more components are present in this glider. Figure 1 
shows the mass variation of the metals found in the EEG in comparison to the SEG. For 
nearly half the metals (27), the mass variation is smaller than 10%. For the majority (48), 
it is less than 100%. For the remaining six metals present in both gliders, the mass vari-
ation is greater than 100%. Four elements (dysprosium (Dy), terbium (Tb), gallium (Ga) 
and germanium (Ge)) are found in much larger amounts in the EEG (> 1,000%). Indeed, 
dysprosium and terbium show the greatest mass variation between gliders; over 25,000% 
and 18,000%, respectively.

The mass of each metal found in the gliders varies greatly. Iron (Fe) and aluminium (Al) 
are by far the most common, jointly accounting for some 90% of the total metal mass in the 
glider. This is not surprising, as these metals are commonly used in many structural and 
mechanical components. The remaining 10% of the metal mass is distributed among 53 
different metals in the EEG, with most of them present in small quantities. For instance, 35 
of the 55 metals found in this glider weigh less than 100 g and 19 of them weigh less than 
1 g.

(4)Si = −

∑

j

pi,j⋅lnpi,j

(5)pi,j =
mi,j

mi,glider
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Assessment of Short and Long‑term Potential Primary Metal Scarcity

From this section and up until the section "Distribution of Metals in Components", the 
results focus solely on the EEG, as this is the glider option with the highest level of equip-
ment. Figure 2 shows our assessment of the short and long-term availability of the metals 
present in the EEG, with each dot representing a unique metal found in this glider. The 
y-axis defines the short-term potential scarcity of each metal (its DFP value), while the 
x-axis reports the long-term potential scarcity of each metal (its CSI value).

The metals assessed are divided into four groups, “Red”, “Orange”, “Yellow” and 
“Grey” to facilitate the visualisation of the most relevant metals in terms of short and long-
term availability. The “Red” group clusters metals with a greater probability of supply risk 
associated with both short and long-term availability. Metals in this group have more than 
a 5% share of the total CSI of the EEG, while also demanding over 5% of their global pro-
duction. This group includes gold (Au), lead (Pb), copper (Cu), bismuth (Bi) and molybde-
num (Mo).

The “Orange” and “Yellow” groups also cluster metals having over 5% of their global 
production value. However, their shares of the glider’s total CSI differ; between 0.5% and 
5% for metals in the “Orange” group and less than 0.5% in the “Yellow” group. When com-
pared to the “Red” group, these metals have a potentially lower risk of supply constraints 
associated with their long-term geological availability. However, in many cases, there are 
similar supply risks regarding their short-term availability.

Finally, all the metals plotted in the “Grey” group have less than a 5% share of the glid-
er’s total CSI and less than 5% of their global production value. This group gathers the 
metals with the lowest short-term supply risks, according to the indicator used in this study.

Fig. 1   Metals and metalloids present in the EEG and their mass variation compared to the SEG. Potassium 
(K) is found in lower amounts in the EEG, while gadolinium (Gd) is not present in the SEG
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Gold accounts for almost half (~ 45%) of the glider’s CSI, despite having a low mass 
content, amounting to only a few grams. In this study, this metal is at the greatest risk of 
long-term geological scarcity and is the only precious metal with a contribution exceeding 
5% of the glider’s CSI.6 Gold is normally used as a coating for electronic components or 
for bonding wires in many semiconductor chips. Among the other precious metals ana-
lysed, platinum (Pt) in the “Orange” group has the highest DFP (~ 32%).

Lead and copper are two metals found in significant quantities in the EEG. Lead is used pri-
marily in lead-acid batteries, while copper is present in various electrical and electronic compo-
nents in vehicles. In terms of DFP, a hypothetical glider fleet would demand almost 28% of all 
global primary lead and 10% of all copper produced. Regarding their long-term potential scar-
city, lead accounts for around 14% of the glider’s CSI, with this value at about 8% for copper.

Bismuth and molybdenum are also in the “Red” group. Despite its low mass content, 
bismuth makes a significant contribution (almost 7%) to the CSI of the glider. This puts 
it at risk of long-term geological scarcity. Molybdenum has a similar CSI contribution 
(around 6%) but is present in larger quantities; in the EEG, its mass is nearly four times that 
of bismuth. In terms of short-term supply risks, bismuth has the third largest DFP of all 
metals (analysed at 48%), while molybdenum has a lower DFP (13%).

A total of ten different rare-earth metals (REMs) are found in the EEG. None of these 
are clustered in the “Red” group. Indeed, most REMs in the glider – cerium (Ce), europium 
(Eu), gadolinium (Gd), lanthanum (La), ytterbium (Yb) and yttrium (Y) – are clustered in 

Fig. 2   Assessment of short and long-term potential primary metal scarcity for the metals found in the EEG. 
Short-term potential scarcity is defined by the y-axis, i.e., DFP (demand fraction of primary production) 
values, while the long-term potential scarcity is defined by the x-axis, i.e., CSI (crustal scarcity indicator) 
values

6  Besides gold, the precious metals silver, platinum, palladium, rhodium, ruthenium and iridium are also 
present in the EEG.
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the “Grey” group, indicating that they have a lower supply risk due to their potential short 
and long-term scarcity. However, there are four REMs in the “Yellow” group – terbium 
(Tb), neodymium (Nd), dysprosium (Dy) and praseodymium (Pr) – which show significant 
potential short-term supply risks. The hypothetical glider fleet would demand the entire 
annual global production of terbium and about a third of all neodymium produced.

Interestingly, caesium (Cs) has the second-largest DFP of all metals. Over 75% of the 
global production of this metal would be required by a fleet of 80 million EEGs. It is 
important to note that this evaluation carries a large degree of uncertainty since the statis-
tics for the global production of caesium are based on estimates.

Distribution of Metals in Subsystems

As described earlier, the exposure to supply risks of the gliders’ different subsystems 
is assessed. Table 1 shows the mass distribution of selected metals (those from the “Red”, 
“Orange” and “Yellow” groups) within the EEG’s different subsystems. The percentages are 
relative to the total mass content of each metal in the glider. Of the 23 metals evaluated, over 
half (12) are present in the “Multimedia and communication” subsystem in proportions greater 
than 10%. The REMs terbium (Tb), dysprosium (Dy), neodymium (Nd) and praseodymium 
(Pr) are all found in this subsystem in significantly higher mass shares (> 30%). These metals 
are primarily constituents of permanent magnets and are mostly found in the glider’s sound 
system. The same explanation also applies to the metals gallium (Ga) and strontium (Sr).

As expected, large concentrations of palladium (Pd), tantalum (Ta) and ruthenium (Ru) 
are seen in “Multimedia and communication” and “Driver controls”, due to the high num-
ber of electronic components in these subsystems. These metals are usually embedded in 
the capacitors and resistors of printed circuit boards (PCBs) that fulfil different functions.

The largest mass shares of copper (Cu) and tin (Sn) are found in the “Electrical infrastruc-
ture” subsystem. Copper is the main constituent of wire harnesses, while tin is widely used as 
solder throughout the glider. It is important to note that a significant share of tin is also found 
in the “Power supply” subsystem, since this metal is embedded in the glider’s 12 V battery.7

Most silver (Ag), gold (Au) and indium (In) are present in the “Exterior visibility” sub-
system, as these metals are used as coatings for external mirrors, to improve light reflection 
properties [48]. Additionally, a large mass share of silver is seen in “Exterior glass” (as 
it is part of the coating in heated windscreens) and in the “Electrical infrastructure” and 
“Multimedia and communication” subsystems, where it is mostly used as a constituent of 
lead-free solder (Ag/Sn alloy) in electric and electronic components. It is worth noting that 
“Multimedia and communication” also contains around 15% of all gold found in the EEG. 
This is mostly used in electric contacts and PCBs coating, due to gold’s electrical conduc-
tivity and tarnish-resistance features.

Aluminium (Al) is mostly concentrated in the glider’s wheels, bonnet, bumpers, rein-
forcement pillars and suspension knuckles, as part of a lightweighting strategy. Most of 
the magnesium (Mg) in the glider is a primary constituent of talc (magnesium silicate), 
which is used as a filler in plastic components (“Interior trim & lightning” and “Exterior 
trim”), as well as magnesium oxide, which is present in the glider’s windscreens (“Exterior 
glass”). Still, around 14% of the magnesium content is found in the “Steering” subsystem, 
as a Mg–Al alloy.

7  The "Power supply" subsystem, containing the lead-acid battery, is included in the assessment to account 
for its essential role in supporting various functions beyond the powertrain.
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The “Body structures” and “Suspension, frames & mountings” subsystems account for 
nearly 80% of all molybdenum (Mo), Niobium (Nb) and Vanadium (V). These metals are 
found as alloying elements in the high-strength steel used in various structural components. 
The entirety of the caesium (Cs) metal content is found in the “Climate” subsystem. Cae-
sium is usually a constituent of non-corrosive flux, used to braze various aluminium parts. 
Besides caesium, the “Climate” subsystem also contains a large mass share of platinum 
(Pt), which is usually present in the screen-printable conductive pastes used in gas sensors 
[49]. It is noteworthy that the mass of platinum and caesium in the EEG amounts to a few 
decigrams.

Finally, almost all lead (Pb) in the glider is in the 12 V lead-acid battery, which is part 
of the “Power supply” subsystem. As for bismuth (Bi), it is mainly present in the paint used 
as a surface treatment on the glider’s body (Body structures subsystem).

Distribution of Metals in Components

The distribution of metals in components can impact the potential for reuse, recycling and 
substitution. Figure 3 shows the entropy (y-axis) calculated for the 23 selected metals in 
the EEG and the number of components in which these metals are present. As before, red, 
orange and yellow dots represent the metals found in the groups seen in Fig.  2. A high 
entropy indicates that a given metal is uniformly distributed throughout the glider. Con-
versely, a low entropy indicates a high concentration to a few components. Metals with a 
low entropy may require less effort to be separated effectively.

Copper exhibits one of the highest entropies in Fig. 3. It is present in over 700 compo-
nents, mostly wire harnesses spread throughout the EEG. The high entropy indicates that 
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Fig. 3   Calculated entropy for selected metals in the EEG and the number of components in which these 
metals are present
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recovering copper from the glider is a challenging task. Indeed, several studies suggest that 
a significant share of copper in ELVs is not functionally recycled, but “lost” to landfill, 
incinerator slag or as contaminants in other recycled metal flows such as steel and alu-
minium [50–53].

In contrast, lead, despite being present in a similar number of components (> 500), 
exhibits a much lower entropy than copper, as it is mostly concentrated in one component, 
the lead-acid battery (> 99 w-%). This greatly facilitates the separation of lead from the 
glider. The recycling of lead-acid batteries is a mature and well-established process, mak-
ing lead one of the most recycled metals worldwide [54]. In Europe, almost 99% of all 
spent lead-acid batteries are recycled [55].

Despite some REMs being at risk of short-term supply disruptions, (exhibiting high 
DFP values, see Fig.  2), their current recovery rate from end-of-life vehicles remains 
minimal [19, 56]. However, Fig. 3 suggests that certain REMs might be recovered more 
efficiently since they are primarily concentrated in quite a small number of components. 
For instance, nearly all the terbium in the EEG is concentrated in just three components. 
Therefore, targeting the recovery of specific components could lead to improved retrieval 
of valuable REMs.

Although bismuth (Bi), platinum (Pt) and caesium (Cs) show relatively low entropy, 
their predominant use in dissipative applications such as paint, conductive paste and flux 
makes their recovery challenging. The same is true for the proportions of gold (Au), silver 
(Ag) and indium (In) embedded in mirror coatings. However, the recovery of gold and sil-
ver in electronics is challenging due to their high entropy and low overall mass in the glid-
ers. Electric, electronic and magnetic components in ELVs are commonly shredded rather 
than being dismantled for recycling [19, 56].

Differences Between Gliders

The section "Metal Composition of the Gliders" noted that most metals do not show major 
mass variations between gliders. For half of the metals (27) found in both gliders, the 
mass variance is less than 10%. Consequently, most of the metals found in the SEG are 
grouped similarly to their EEG counterparts in the “Red”, “Orange”, “Yellow” and “Grey” 
categories.

However, there are exceptions. While the “Red” and “Orange” groups are composed 
of the same metals regardless of the equipment level, this is not the case for the “Yellow” 
group. Metals that are present in significantly lower quantities in the SEG compared to the 
EEG display a notable reduction in their short-term potential scarcity (their DFP value), 
as depicted in Fig. 4. The figure shows the metals that “migrate” from the “Yellow” group 
in the EEG to the “Grey” group in the SEG. In other words, metals whose DFP value 
becomes less than 5% in the SEG.

Dysprosium (Dy), terbium (Tb) and gallium (Ga) experience the largest reduction in the 
short-term primary metal availability indicator for a hypothetical fleet of 80 million SEGs as 
compared to a fleet of EEGs. A fleet of extra-equipped gliders would demand 100% of all ter-
bium produced globally, whereas less than 0.6% of the global production of this metal would 
be required by a fleet of gliders with standard equipment levels. These metals are predomi-
nantly embedded in permanent magnets in the “Multimedia and communication” subsystem 
found in significantly larger quantities in the EEG.

In the SEG, the three metals are present in a reduced number of components. While the 
overall dispersion of dysprosium and terbium decreases in the SEG, the entropy of gallium 
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increases in this glider, as it becomes less concentrated in the components where it is present. 
Strontium (Sr) also transitions from the “Yellow” group in the EEG to the “Gray” group in the 
SEG. However, compared to dysprosium, terbium, and gallium, the mass variation between 
gliders is small.

The mass variation between equipment levels also impacts the long-term availability indi-
cator, i.e., the contribution to the total CSI of the glider. However, this change is of lower 
interest since the affected metals are grouped in the “Yellow” category in the EEG, and their 
contribution to the CSI changes from small to very small. For example, the contribution of 
terbium to the glider’s CSI changes from 0.08% in the EEG to less than 0.0005% in the SEG.

Discussion

Data Quality Analysis

The data used to inventory the metal content of the gliders is obtained from IMDS, i.e., 
information reported by the automotive suppliers. While some previous academic studies 
have reported data quality issues when using IMDS, such as duplications and omissions 
(data gaps) [1, 30], our analysis did not experience such issues. A key factor is that the 
IMDS data is complemented by information from the Volvo Cars’ Vehicle Construction 

1E-04

1E-03

1E-02

1E-01

1E+00

1E-02 1E-01 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07

SEG EEG

DF
P

CSI

"Yellow" 
group

"Gray" 
group

"Red" 
group

"Orange" 
group

Tb

Tb

Dy

DyGa

Ga

Sr

Sr

Fig. 4   Differences between gliders for selected metals. The metals depicted in the figure are those whose 
DFP value becomes less than 5% in the SEG, i.e., metals which “migrate” from the “Yellow” group in the 
ESG to the “Gray” group in the SEG
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Database, meaning that the IMDS data already has been thoroughly checked regarding the 
exact number of individual components present in each glider. Additionally, this data con-
trol also ensures that all individual components accounted for have a valid material data-
sheet stored in IMDS. However, even if this check is made by matching the data between 
the two different databases and even though the IMDS undergoes quality checks before 
publication, a vehicle manufacturer like Volvo Cars has limited capacity to detect possi-
ble quantitative errors in the data. This is because the information reported in the IMDS 
is based on the supplier’s self-declaration. Thus, the data quality depends on the internal 
checks undertaken by each component supplier.

Moreover, in this analysis, the metal content is assessed at the elemental level. For any 
metal reported as being part of a compound, the content is calculated using the molecular 
formula provided by its CAS registry in the IMDS. If this registry is missing then best 
judgement is used, which may introduce some uncertainty in the results.

For the short-term potential primary metal scarcity indicator, estimating global produc-
tion data for metals with missing or unreported individual production values by the USGS 
poses a challenge. In the case of REMs, production data is reported as an aggregate of 
rare-earth oxide equivalents produced in several countries. To address this, we relied on 
various literature sources to estimate the most common sources of REMs and their respec-
tive metal content. This introduces some uncertainty into our calculations. We investigated 
this by varying the production values of all assessed metals (including REMs) from -30% 
to + 30%. Despite the variation in production values, no REMs were reclassified from one 
risk group to another, suggesting that our conclusions remain consistent even with this 
uncertainty. Of the 55 metals assessed, only three changed groups when their production 
data was decreased by 30%. These three metals, Fe, Zn and Sb, were originally on the bor-
derline between risk groups (see Fig. 2), so their reclassification is unsurprising. Accord-
ingly, we consider these uncertainties to be minor and our findings robust in assessing the 
likelihood of supply disruption risks to REMs and the other metals that were assessed. Fur-
ther information about this sensitivity analysis can be found in the Supplementary Informa-
tion, Section G.

Metal Composition of the Gliders

The gliders’ broad metal demand is a factor that contributes significantly to the supply risks 
of manufacturing vehicles. The gliders analysed in this study contain approximately 80% of 
all naturally occurring metals and metalloids in the periodic table. This is comparable to 
the number of metals and metalloids found in complete vehicles when the powertrain and 
its related components are included [29, 30]. These findings highlight the importance of 
considering the metal demands of systems and components outside the powertrain, when 
assessing the exposure of the automotive industry to supply risks. Furthermore, the broad 
metal demands of the automotive sector may exacerbate supply risks to other industries 
that rely on these metals. This underlines the need to consider other sectors when manag-
ing metal supply chains.

Interestingly, the presence of some metals in the gliders that were assessed can be attrib-
uted to the provision of specific functions in certain components. For instance, gadolinium 
is found in the EEG but not in the SEG, due to the use of gadolinium oxide in optical 
lenses present in the former. Conversely, the EEG contains less potassium than the SEG, 
as it has a lower mica content. Mica is a silicate mineral containing both potassium and 
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aluminium and is commonly used in the automotive industry for its thermal and electrical 
insulation properties. However, in the EEG, alternative insulation materials substitute some 
of the mica, due to the presence of a panoramic roof in this glider.

Assessment of Short and Long‑term Potential Primary Metal Scarcity

Based on the indicators used in this study, it is possible to identify metals that are at risk of 
supply constraints, in terms of both short and long-term availability. However, when inter-
preting the results, it is important to consider additional aspects. For instance, the short-
term potential scarcity indicator relies solely on primary production and does not account 
for the availability of metals from secondary sources, which can be substantial for some 
metals. This may lead to overestimating the risk to such metals as lead, for which a signifi-
cant proportion of global production comes from secondary sources.

To examine the impact of secondary production on the results, additional calculations 
were made which included the proportion of production from secondary sources for met-
als in the “Red,” “Orange,” and “Yellow” groups. Notably, the ranking of metals in terms 
of short-term potential scarcity did not change significantly when considering secondary 
production. This analysis is available under Supplementary Information, Section G. It sug-
gests that the results are robust and not significantly influenced by the potential bias intro-
duced by not accounting for secondary production in calculating the indicator. This is eas-
ily understood since recycling rates would need to exceed 90% before secondary supply 
would increase total supply by an order of magnitude (and move a metal noticeably in the 
diagram in Fig. 2).

This study uses the CSI to provide a long-term perspective on potential metal scar-
city in the gliders. Although the CSI is a suitable long-term resource impact assessment 
method for the setup of this study, it does have limitations. Firstly, the CSI only accounts 
for resources found in the Earth’s crust and does not consider other environmental com-
partments like oceans. These contain significant amounts of some elements that are rel-
evant to the automotive industry, such as sodium, magnesium and potassium. In this study, 
this limitation may result in a slight overestimation of the long-term potential scarcity of 
such elements which are (or could be) economically extracted from seawater. Secondly, 
the CSI’s focus on elemental scarcity means that it does not consider the resource scarcity 
of the various chemical forms in which the element occurs, such as different minerals or 
mineral compounds. This may pose a challenge when a compound is considered scarce, 
even though its constituent elements are not. This limitation is reflected in the fact that this 
study conducted its assessment at the elemental level, despite some compounds (like mica) 
being used by the automotive industry for their compound properties rather than those of 
their elements.

While some metals show significant supply risks in the short and long term, it is impor-
tant to consider the usage trends of such metals in the automotive industry and other sec-
tors, to further understand the potential impact of these risks. Among the metals assessed, 
gold stands out as being at the greatest risk of potential long-term scarcity. It is used as a 
coating and in bonding wires in many electronic components. As the presence of electronic 
equipment in cars increases [13, 19, 20], the demand for gold in the automotive indus-
try may exacerbate supply constraints associated with its short and long-term potential 
scarcity.
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Another metal of interest is bismuth, as its global demand is expected to increase by 
4–5% annually, primarily due to its rising use in the pharmaceutical sector [8]. In the auto-
motive industry, bismuth can be found as a pigment in paints used for surface treatment. 
However, increased demand for bismuth in other sectors could result in supply challenges 
for the automotive industry due to competition. In such a scenario, a potential solution to 
mitigate the risks associated with elevated potential scarcity is to adopt a substitution strat-
egy, using other pigments not based on bismuth [57].

Molybdenum is used primarily as an alloying agent in various types of steels and as 
a catalyst in industrial applications. According to a report by the European Commission 
[58], demand for molybdenum is expected to grow in the coming years, mainly due to 
increased demand for infrastructure spending and oil and gas drilling activity. In the auto-
motive industry, molybdenum plays a crucial role as an alloying agent in high-strength 
steels. These are used to reduce weight and improve fuel economy and safety. However, 
there are limited options for substituting molybdenum as an alloying agent in steels [58, 
59]. Although a significant share of molybdenum can be functionally recycled from ELVs 
[56], the overall recycling efficiency of molybdenum from other sectors is not expected to 
increase significantly while the market value of primary molybdenum remains low [58]. 
Hence, as demand for molybdenum increases in other sectors, the automotive industry 
needs to seek solutions that avoid short-term supply risks.

This study shows that lead is at considerable risk of supply disruptions, meaning that it 
is subject to potential scarcity in both the short and long term. The automotive sector is the 
largest consumer of lead, as it is a fundamental raw material in lead-acid batteries [58, 60]. 
Globally, some 40% of all lead produced annually is derived from primary sources, despite 
it having one of the highest recycling rates of all materials in common use [58, 61]. In the 
short term, the demand for lead-acid batteries is expected to increase, as these batteries 
are commonly used as storage devices in 12 V or 48 V (“low voltage”) electrical systems 
in conventional as well as new electrified vehicles [58, 62, 63]. In future electric vehicle 
platform designs, batteries for low-voltage electrical systems may be phased out entirely, 
relying solely on voltage conversion from a larger, high-voltage traction battery (such as a 
lithium-ion battery pack) and by using power electronics. However, to achieve commonal-
ity across several vehicle models using the same platform design and the same low-voltage 
electrical systems and to include an energy buffer for redundancy, a smaller, separate, low-
voltage battery may remain a viable solution. For this purpose, lead-acid batteries remain 
a cost-effective option [63, 64]. On the other hand, environmental and health concerns 
have raised questions about the continued use of lead in vehicles [64] and improvements 
in other, lead-free battery technologies may eventually push lead-based options out of the 
market, even for low-voltage systems [63, 65]. This may result in a decreased long-term 
presence of lead in vehicles.

Our assessment shows that copper is at risk of supply constraints in both the short and 
long term. Besides being commonly used in various types of wiring, copper plays an essen-
tial role in low-carbon technologies, such as those used in the transport and energy sectors 
[58]. Although copper products can be recycled without any loss in properties, the current 
demand for copper is met mainly by primary sources [58]. The trend towards electrifica-
tion and increased use of electronic components in the automotive industry is also making 
copper more prevalent [58, 66, 67]. This may worsen the supply constraints associated with 
the short and long-term availability of copper.

Similarly, REMs are crucial to several industrial applications, including magnets, cata-
lysts and polishing compounds. The annual average growth rate of REM consumption is 
expected to range from 5 to 10% through 2025, with the magnet materials sector expected 
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to have higher than average growth [68]. In this study, the assessment of REMs does not 
reveal significant supply risks for most of the metals in the short or long term. However, 
the study identified four REMs (terbium, neodymium, dysprosium and praseodymium) 
that show elevated short-term supply risks. For instance, our assessment reveals that if 
the global fleet of vehicles being produced every year was solely comprised by the extra-
equipped glider we analysed, the demand for terbium would surpass the total global pro-
duction. This finding demands attention, especially considering that we have sidestepped 
the traction motor of electric powertrains, which could demand terbium in magnets. Such 
insights highlight a potential internal competition within the automotive industry, where 
multiple trends might be inadvertently escalating the demand for the same metals. As the 
automotive industry continues to transition towards electrification, the demand for these 
specific metals is expected to increase [8, 68]. It is essential for the industry to recognize 
and reconcile these competing trends to ensure a resilient metal supply chain for the future.

The implications of our findings on metal scarcity, while rooted in the automotive indus-
try, are far-reaching and could be extended beyond this sector. The move towards renew-
able energy systems and new mobility solutions put additional pressure on the same finite 
metal resources. For instance, the expansion of wind power may intensify the demand for 
REMs, and electrification in general may increase the demand for copper [69]. The infra-
structure required to support a shift to electric vehicles – including charging stations and 
grid storage solutions – further underscores the need of addressing metal scarcity across 
different sectors [70, 71].

The extension of our findings into broader industrial sectors leads to a consideration 
of other factors influencing metal scarcity. While our assessment primarily focuses on the 
physical availability of metals, it is important to acknowledge that metal sourcing is influ-
enced by many environmental, social, and geopolitical factors influencing the dynamics of 
supply and demand. For instance, the social and environmental repercussions of extracting 
e.g., cobalt, gold and silver, especially in developing countries, pose significant challenges 
that extend beyond the physical availability of metals [72–77]. Similarly, the geopolitical 
landscape influences the stability of metal supplies, with political unrest and trade policies 
impacting supply chains of key metals used in the automotive industry [78–80]. Future 
research is encouraged to expand the scope of investigation to include such aspects.

Distribution of Metals in the Gliders

Our results reveal that the distribution of metals varies greatly across the assessed sub-
systems. Among those, the “Multimedia and communication” subsystem contains a large 
share of the mass of REMs in the gliders, such as terbium, dysprosium, neodymium and 
praseodymium. This is mainly due to the presence of permanent magnets in the sound 
system.

The low mass of REMs, combined with their low economic value and relatively low 
concentration in individual components in the gliders, presents significant challenges for 
their effective recovery from ELVs [8, 56]. However, certain REMs (such as dysprosium 
and terbium) exhibit a concentrated distribution across a small number of components, 
thus presenting a potential opportunity for improving their recovery in the assessed gliders. 
Therefore, targeting the recovery of specific components could lead to an improved recov-
ery of valuable REMs.
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The study also found that the “Exterior visibility” and “Electrical infrastructure” sub-
systems contain a significant proportion of gold, silver and copper. This makes them poten-
tially vulnerable to supply risks in both the short and long term. The recovery of many 
precious metals in the gliders might be challenging due to their relatively high entropy and 
low overall mass. In this case, a potential strategy for improving the recovery of precious 
metals like gold and silver from electronics could be to target the separation of specific 
components with larger concentrations of such metals from, say, PCBs. However, it is also 
important to note that a considerable share of these metals is used in dissipative applica-
tions, making it difficult to recover them cost-effectively [81]. As stated before, this is also 
the case for bismuth, which is present in paint pigments. In this case, adopting alternative 
pigments could mitigate supply risks in the automotive industry arising from a potential 
scarcity of bismuth.

Our assessment highlights significant challenges in recovering copper effectively from 
ELVs due to its high entropy. Studies indicate that the recovery rate of copper from ELVs 
is relatively low, at around 50% [82, 83]. This underlines the difficulty involved in sep-
arating copper from other material streams, as it is distributed across many components 
throughout the glider, primarily in the form of wire harnesses. Processing wire harnesses 
from ELVs is challenging due to the heterogeneity of cable assemblies. Depending on the 
recycling strategy chosen, the recovery process could involve the use of large amounts of 
solvents or thermal energy [84, 85]. Moreover, manually removing wire harnesses from 
ELVs may not be economically viable, further complicating copper recovery [50]. Nev-
ertheless, the development of new techniques for recycling non-uniform waste wire har-
nesses might improve the recovery of copper from ELVs in the future [85–87].

In contrast, lead is characterised by a relatively low entropy, primarily due to its 
large concentration in one component, the lead-acid battery. This characteristic suggests 
that lead recovery from ELVs requires comparatively less effort than metals with higher 
entropy, such as copper. Indeed, recycling rates of lead-acid batteries exceeding 95% have 
been observed in Europe and the United States, indicating the viability and effectiveness of 
lead recovery [55, 88]. However, reports from China, another large market, indicate signifi-
cant challenges in achieving comparable recycling rates [89].

Furthermore, the study revealed that equipment levels do not significantly impact poten-
tial long-term primary metal scarcity. The same set of metals that display considerable 
long-term supply risk (e.g., gold and copper) appears in similar amounts in both gliders. 
However, differences in equipment levels do show significant variations in the short-term 
potential scarcity of some metals. For instance, the EEG shows a significant increase in the 
short-term potential scarcity of three metals, dysprosium, terbium and gallium, due to a 
larger presence of permanent magnets in this glider. This highlights the need for more sus-
tainable solutions, such as substitution (with, e.g., iron-based permanent magnets) or more 
efficient recovery processes from ELVs.

While the gliders analysed in this study might be “over-equipped” compared to some 
other vehicles in the same segment, trends in the automotive industry show a consist-
ent increase in equipment levels [13, 19, 20]. From a metal scarcity perspective, these 
trends could result in a narrowing gap between standard cars and extra-equipped ones. 
Driving this evolution are new requirements for safety, comfort, digital connectivity, 
and automation, leading to a rising demand for potentially scarce metals.

Given the challenges associated with these trends and their potential for increasing 
the supply risks for certain metals, the automotive industry must explore solutions to 
mitigate those risks. Solutions may include substitution, more efficient recovery pro-
cesses from ELVs, or other strategies that could reduce the use of scarce metals.
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Conclusions

This study provides a comprehensive assessment of the metal composition of vehicle 
gliders and evaluates the short and long-term potential scarcity of primary metals for 
the automotive industry. The results demonstrate that the broad metal demand of the 
gliders contributes significantly to supply risks related to vehicle manufacturing.

Our findings reveal that gold, bismuth, molybdenum, copper, lead and certain REMs 
face the highest scarcity risks. The increasing integration of electronic components in 
vehicles is likely to amplify these risks, a concern that our analysis on metal distribution 
across subsystems illustrates. For instance, the substantial amounts of REMs used in 
entertainment and communication equipment, as well as precious metals in other com-
ponents, present distinct challenges but also some opportunities for targeted recovery or 
substitution strategies. Moreover, the potential for economic recovery and substitution 
of metals, including copper, REMs, and precious metals, may be hindered by a high 
degree of dispersion over many components.

In conclusion, the results of this study emphasizes the importance of considering metal 
requirements beyond the powertrain when evaluating the automotive industry’s exposure 
to supply risks, and the industry’s role in contributing to metal scarcity in society.
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