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China’s booming truck industry has led to a rapid rise in end-of-life trucks, yet only one-third are
formally recycled. Here we estimate the resource, economic, and decarbonization potential of end-of-
life trucks in China through 2050 using a dynamic population balance model. Our analysis shows the
annual amount of end-of-life trucks will increase nine-fold to 53 million metric tons by 2050. The
economic benefit from these materials is projected to reach 44 billion United States dollars, adjusted
forinflation. Furthermore, urban mining of aluminum, iron, and copper can reduce carbon emissions by
up to 58 million metric tons in 2050 compared to primary production. These findings provide
quantitative support for urban mining policies to advance decarbonization, particularly in economies

with fossil fuel-dominated power grids.

The world has reached a consensus on the need to bolster the circular
economy to achieve sustainable development'™. In recent years, major
economies have put circular economy policies into action to tackle resource
and energy-related and environmental challenges®”. A key approach in the
circular economy is urban mining®’, which focuses on extracting or recy-
cling secondary materials from waste or end-of-life products for new
demands during the urbanization and industrialization process'”™". As
such, urban mining has garnered considerable attention due to its potential
to enhance resource and energy security and yield environmental
benefits'*".

The development of China’s road freight transportation (e.g., for a
massive amount of bulk material use) has driven the truck industry’s rapid
growth'". Consequently, the end-of-life generation of trucks has soared in
China”. Trucks are resource-intensive products containing substantial
amounts of steel, non-ferrous metals, plastics, glass, etc., in each unit’'. The
long-chain production of new or virgin materials is energy-intensive and
results in a large amount of carbon emissions under a thermal power-
dominated power grid”>*. On the other hand, the short-chain production of
secondary materials is, in general, less resource and energy-intensive
regarding the total material requirement and processing ***’. Efficient
recycling of end-of-life trucks (ELTs)—defined in this study as the process of
recovering the maximum feasible proportion of recyclable materials from
ELTs with high material recovery rates, economic viability, and minimal

environmental impact—can alleviate resource scarcity, reinforce industrial
economic chains downstream, and reduce energy consumption and carbon
emissions™ . On the contrary, inefficient recycling of ELTs may severely
impact the environment, causing water-soil pollution and human health
damage if waste liquids and toxic compounds are released into the
environment™ .

China, being one of the world’s biggest automobile markets, has put in
place laws and regulations to boost the recycling industry for end-of-life
vehicles (ELVs)**>*, For example, the 14th Five-Year Plan (2021-2025) for
the Development of Circular Economy addresses an objective to improve
the standardization of management and environmental oversight of vehicle
recyclers”. This initiative is anchored in a national framework encom-
passing both regulatory and technical process standards. Key examples
include the State Council’s revised Measures for the Management of End-of-
Life Motor Vehicle Recycling, which establishes legal requirements for
company qualifications and operations, and the national standard, Tech-
nical Specification for End-of-life Vehicle Recycling and Dismantling
Enterprise (GB 22128), which outlines specific technical protocols for dis-
mantling, pollution control, and material recovery rates. Nevertheless, only
about 40% of ELVss currently enter formal recycling channels™. Two-thirds
of these ELVs are left in open spaces or end up in the grey market for
informal and uncontrolled recycling”. Trucks are a major vehicle type.
Globally, heavy-duty vehicles account for only 10% of the total vehicle stock
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but are responsible for over 35% of the total material used in road
transportation'®. It is crucial to accurately estimate the number of trucks in
use and their potential for urban mining***'.

However, existing studies primarily only focus on recycling end-of-life
passenger vehicles****™. For example, Li et al.* estimated China’s future
ELV quantity and resource recovery potential from 2021 to 2030; Tan et al.””
conducted a spatiotemporal analysis of end-of-life electric vehicles and
retried traction batteries in different provinces in China; Liu et al.* provided
a carbon emission reduction analysis on metal recycling in China’s end-of-
life passenger vehicles, which finds that the recycling process can reduce
3816 kg of CO,eq per vehicle compared to primary production in 2020.
There remains a knowledge gap regarding the recycling potential of trucks.

Understanding the current and future amount and distribution pattern
of ELTs is a fundamental prerequisite for effective management. Accordingly,
we conducted a forecast study on how secondary resources will be generated
with ELTs by 2050. We also assessed the economic and environmental
advantages of urban mining, with a focus on carbon emission reduction. We
used a dynamic stocks-driven population balance model based on historical
stocks, material contents, commodity prices, and energy use and carbon
emission factors (Fig. 1). The study provides physical and economic data for
recyclers to prepare and improve recycling technologies and schemes. The
results serve as vital decision-making references for the government in
managing resource efficiency, formulating environment-concerning policies,
and promoting sustainable development of road transportation.

Results

Shift of in-use and end-of-life trucks

This study analyzes the trend of stock changes of various truck types. The
results show that the stock of trucks in China will increase year by year with
economic growth and continuous urbanization from 16 million units in
2010 to 30 million units in 2020 and to 51 million units in 2050, with an
average annual growth rate of 3%, as shown in Fig. 2a. Among them, small
trucks have the largest proportion of stock (Fig. 2b), from 9.1 million units in
2010 to 21 million units in 2020, and then grow slowly, reaching 37 million
units in 2050. Heavy trucks follow small trucks, with stock increasing from
4.0 million units in 2010 to 8.4 million units in 2020 and stabilizing after

2035 at about 13 million units until 2050. The stock of medium trucks
accounts for a relatively small proportion, decreasing from 2.7 million units
in 2010 to 1.1 million units in 2020 and is expected to fall to less than 1
thousand units by 2050. Mini trucks have the most minor proportion of all
trucks and have been on a downward trend, which was 23 thousand units in
2021. The reason for the growth of overall truck stock is the expansion of
China’s public transportation network and large-scale urbanization of
infrastructure after 2000, resulting in a surge in demand for trucks in
transportation. Due to changes in China’s economic structure in recent
years, trucks have increasingly served the logistics industry.

We estimated the number of ELT's in China as the basis of the following
economic and carbon reduction potential assessments. Figure 2¢, d show the
evolution of the end-of-life number and weight of various types of trucks. In
2010, the total end-of-life weight of trucks was 5.9 Mt, but it will reach 28 Mt
in 2030 and 40 Mt in 2050, with an annual growth rate of 5% (Supple-
mentary Fig. 1). In 2010, medium trucks had the largest end-of-life weight,
with an end-of-life weight of 3.2 Mt (322.74 thousand units), accounting for
55% of the total end-of-life weight, followed by small trucks, with an end-of-
life weight of 2.3 Mt (663.69 thousand units), accounting for 38% of the total
end-of-life weight. Heavy trucks had a relatively low end-of-life weight, with
an end-of-life weight of 0.3 Mt (17.31 thousand units), accounting for 5% of
the total. Mini trucks had the lowest end-of-life weight, with an end-of-life
weight of 0.1 Mt (15.71 thousand units), accounting for only 2% of the total
end-of-life weight. By 2050, small trucks will have the most considerable
end-of-life weight, accounting for 57% of the total, while heavy trucks will
increase by 62 times to 42% compared to 2010, and medium trucks will drop
to below 1% after 2032. Mini trucks’ end-of-life weight share will stay less
than 1%. The above analysis indicates that medium trucks may pose greater
pressure and challenges to the government and recycling enterprises after
scrapping.

Evolution of valuable resources in ELTs

Many valuable resources are locked in the truck when it reaches the end-of-
life stage. From 2010 to 2050, the basic material and metal resources show a
consistent trend of increase (Fig. 3a, b). Among them, the weight of rubber,
plastic, and glass will increase from 0.3 Mt, 0.4 Mt, and 0.2 Mt in 2010 to 2.7
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Fig. 2 | Stock and end-of-life amount of trucks in China. a Stock number and
number share; b stock weight; ¢ end-of-life number; d end-of-life weight and weight
share. The forecast shows a slight wave-like increase, as the sum of the historical data
for the four truck types follows this pattern, which is also the same for Fig. 3.

Uncertainty caused by the weight range of trucks is provided in Supplementary Fig. 1
and discussed in the sensitivity and uncertainty analysis section. NT signifies mini
truck, MT signifies medium truck, HT signifies heavy truck, and ST signifies
small truck.

Mt, 3.7 Mt, and 1.6 Mt in 2050. In addition, the mineral resources of Fe, Al,
Cu, Mg, Pb, Zn, Sn, Co, and W in 2010 were about 4.0 Mt, 0.3 Mt, 106 kt,
30 kt, 47 kt, 3.0 kt, 89 kt, 37 kt, and 156 t, and these materials’ resources will
generally increase about nine times by 2050. Of these, Fe (73%) and Al (5%)
have the largest share of mineral resources of all the base materials and are
perhaps the primary targets for recovery.

The rising trend of rare earths is similar to other metals (Fig. 3¢), which
will increase from 62 t in 2010 to 524 t in 2050. In 2010, the recoverable
weight of Dy, Nd, and La was 2.3 t, 21 t, and 39 t, respectively, and then
increased to 20 t, 180 t, and 325 t by 2050, respectively. The recoverable
weight of precious metals has also shown an upward trend. From 2010 to
2050, their mineral resources will increase from 4.6 t to 40 t (Fig. 3d). In
2010, the mineral resources of Au, Pt, Pd, Rh,and Agwere 1.2t,1.3t,1t,0.3
t, and 0.8 t respectively, but they will rise to 10.5t,10.9t,8.7t,24 t,and 7 t
respectively by 2050. However, empirical knowledge suggests that informal
recycling is a major concern for ELT recycling and management in devel-
oping and industrialized countries.

Economic potential of ELT urban mining

From an economic perspective, the materials sequestered in ELTs have great
economic potential if they are effectively recycled, as shown in Fig. 4. Within
a specific range of market values, the average economic potential of these
materials will increase from 2.6 billion US$ in 2010 to 15 billion US$ in 2030
and 23 billion US$ in 2050 (Supplementary Fig. 2). For example, in 2023, in
the evolution of the recycling potential, basic materials account for 96% of
the economic potential (Supplementary Fig. 3), with Cu and Al having the
highest monetary value, both about 2.71 billion US$, followed by Fe (1.92
billion US$) and plastics (1.47 billion US$). Precious metals account for 3%

of the economic potential. The economic value of all the precious metals,
ranked in descending order, is Au (220 million US$), Pd (77 million US$), Pt
(16 million US$), Ag (3.1 million US$), and Rh (2.2 million US$). Since
the content of rare metals and rare earths in trucks is extremely low,
they account for only 1% of the economic potential, which is about 16
million US$. The above analysis shows that basic materials are currently the
main recycling targets. The relevant recycling enterprises should focus on
these metals when planning capacity allocation.

Carbon reduction potential of ELT urban mining

Due to the limited collection of energy demand data and carbon footprint
data samples, to ensure the study’s comprehensiveness, this study set up
a  20% range for energy use and carbon emission factors (Table 1). Figure 5
shows the potential energy and carbon reduction if all Fe, Al, and Cuin ELT
are urban mined as secondary resources. For example, in 2023, for energy
use reduction (Fig. 5a—c), the maximum reduction potential of Al is aver-
agely 53 GJ (the distribution under the low and high ranges is 41 GJ and 64
GJ, respectively), which is because the primary production of Al consumes
much more energy than the secondary production, and the energy reduc-
tion potential of Fe and Cu after recycling is 144 GJ (ranging 83-205 GJ) and
4.5 GJ (ranging 2.5-6.5 GJ), respectively (Supplementary Fig. 4). By the year
2050, the maximum potential for energy use reductions from Fe, Al, and Cu
will be 322 GJ (ranging 186-458 GJ), 117 GJ (ranging 91-143 GJ), and 10 GJ
(ranging 5.6-14 GJ), respectively. Due to the low metal recycling rate in
ELTs, the substantial environmental benefits mentioned above have not yet
been achieved. However, circular economy policies and ELT recycling
technology are indeed rapidly advancing and will substantially improve the
recycling rate in the future.
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In terms of carbon reduction (Fig. 5d-f), in 2023, Fe can reduce
carbon emissions by an average of 15 Mt (ranging 7.9-23 Mt, note that all
carbon emissions hereafter are in carbon dioxide equivalent (CO,eq)) after
recycling, far exceeding the other two metals. It is worth noting that Fe has
such high carbon reduction benefits not because of its high emission
coefficient but because of the large amount of Fe that makes up vehicles.
Secondly, Al can reduce carbon emissions by about 10 Mt (ranging 7.9-12
Mt) after recycling, while Cu can reduce carbon emissions by about 344 kt
(ranging 200-487 kt) after recycling (Supplementary Fig. 4). By 2050, the
maximum potential for carbon emission reductions from Fe, Al, and Cu
under a fixed emission factor scenario is projected to be 35 Mt for Fe (with
a range of 18-52 Mt), 22 Mt for Al (with a range of 18-27 Mt), and 767 kt
for Cu (with a range of 447-1087 kt), with a total 58 Mt potential. In
contrast, under a scenario where the emission factors decrease annually,
carbon emissions are expected to peak between 2030 and 2035 and sub-
sequently decline until 2050. In such a scenario, the reductions are
anticipated to be 10 Mt for Fe (ranging 4.9-14 Mt), 6.2 Mt for Al (ranging
4.9-7.5 Mt), and 213 kt for Cu (ranging 124-302 kt) in 2050. Optimizing
the carbon emission factor will partially mitigate the carbon reduction
effect of truck recycling. However, it is important to note that improve-
ments in the emission factor are not achieved overnight; it is a gradual
process. For example, under the decreasing carbon emission factor sce-
nario, Al recycling was projected to generate a cumulative carbon emission
reduction of 277 Mt compared to primary production between 2025 and
2050. Under the fixed carbon emission factor scenario, this benefit is even
greater, at 471 Mt.

Sensitivity and uncertainty analysis

Sensitivity analysis of changes in the useful life of trucks is necessary because
of possible product substitutions that can affect the lifespan of trucks. As
shown in Fig. 6, the results show that in estimating the end-of-life weight of
trucks in 2010, one year of longer life could reduce the end-of-life weight by
19.9%, while one year of shorter life could increase the end-of-life weight by
20.7%. This indicates that the effect of short-term estimation is pronounced,
but in the long run, the lifespan of trucks will not unduly affect the end-of-
life weight of trucks (Fig. 6a). It is also critical to consider economic factors

when assessing the ELT recycling potential. There is a 41% error in the
market value of the materials sequestered in the trucks, considering eco-
nomic fluctuations (Supplementary Fig. 2). In addition, the weight range of
trucks, such as deregistered trucks, sometimes with only the truck unit and
sometimes with both the truck unit and the trailer unit, can also affect the
estimation. The deviation in end-of-life weight was estimated to fluctuate
around 11% after 2021. Furthermore, the vehicle weight range is mainly
caused by whether the truck is equipped with a trailer unit. The main
components of the trailer are basic materials (Fe, Al, plastic, rubber, etc.).
Therefore, vehicle weight has a larger impact on basic materials and less
impact on other metals (precious metals, rare earths, etc., as they are con-
centrated in the truck unit). Here, we performed uncertainty calculations for
the end-of-life weight of trucks (Fig. 6b—e). The simulated distributions can
well reflect the weight of ELT's in 2010, 2020, 2030, and 2050, and all the
uncertainty analyses can verify and validate the accuracy and robustness of
the above estimation and study results.

Discussion

The automobile industry in China is expanding rapidly. Indeed, China just
overtook Japan in 2023, becoming the world’s No. 1 automobile exporter
with 5.3 million units of exports®. Yet it still is grappling with the issue of
high end-of-life rates and insufficient recycling™". At present, the Chinese
vehicle population is swelling at an average yearly growth rate of 12%, and
the annual end-of-life rate of vehicles in China is hovering around
1.0-1.4%". The surge in the total number will unavoidably lead to a further
rise in the yearly volume of ELVs in the near future. For trucks, the
cumulative weight of ELTs was 6 Mt in 2010, and it’s projected to escalate to
53 Mt by 2050 (Fig. 2d), which is an approximately 9-fold increase. Given
the substantial rise in the amount and the potential environmental hazards
associated with ELTs, it is imperative for policymakers to oversee formal
recycling initiatives while encouraging active involvement from various
stakeholders, including recyclers and consumers™.

The total economic value of recyclable resources is expected to rise
substantially from 2.6 billion US$ in 2010 to 23 billion US$ in 2050 (Fig. 4).
Taking an inflation rate of 2% per year into account, the value in 2050 will
increase more to 44 billion US$. Among them, Cu, Al, Fe, and plastics
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Fig. 4 | Economic potential of resources in ELTs
in China. Commodity prices are variables; there-
fore, the figure uses interval boxes to represent the
possible fluctuation of economic value. Economic
values were adjusted for an average annual inflation
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contribute about 96% of the economic value. Urban mining materials from
trucks can create more jobs and income for the waste recycling industry *’.
At the same time, a formal and controlled recycling system can also improve
the working standards and social welfare of the workers™. Economic
potential data can provide guidance for cost control. The system is self-
sustainable when the overall recovery cost is lower than the economic
potential”. Although metal recycling has improved in recent years, the
status quo is still far from a circular economy**’. Except for Fe, Al, Cu, and
Pb, materials like plastics, rubbers, Mg, and Zn are facing technical chal-
lenges. Additionally, truck electrification is expected to increase the demand
for battery materials, such as lithium (Li) in LiFePO4 batteries, the most
popular battery type in China. We recommend that future research also
consider the impact of truck electrification. To encourage urban mining,
from an economic viewpoint, financial subsidies and tax incentives for
developing technologies or creating new utilization applications for low-
quality recyclables should be provided™.

The compositional shift within China’s truck fleet, as identified by our
model, has profound implications for both the economic and environ-
mental outcomes of ELT recycling. The decline of medium trucks and the
concurrent rise of small trucks and, particularly, heavy trucks reshape the
future waste stream. Heavy trucks, being substantially heavier and con-
taining a higher proportion of Fe and Al per unit, will become the primary
drivers of the total volume of recoverable base metals. This trend directly
amplifies the future economic potential (Fig. 4), as the value is concentrated
in these materials. Similarly, the environmental impact is magnified; since
the carbon reduction potential is a function of material mass (Fig. 5), the
growing prevalence of material-intensive heavy trucks means that each
recycled truck will, on average, yield greater carbon savings, particularly for
Fe. Therefore, future recycling policies and infrastructure planning must be
tailored to the specific material composition and dismantling requirements
of small trucks and heavy trucks to fully capitalize on these evolving eco-
nomic and environmental opportunities.

The production of Fe, Al, and Cu is highly energy-intensive,
accounting for about 10% of global manufacturing energy use™. Urban
mining of these metals from ELTSs can reduce both material demand and
processing requirements, thereby lowering energy consumption and asso-
ciated carbon emissions®*. Al, the second most abundant metal in trucks®,
exemplifies this potential: recycling Al through shredding, separation,
melting, and casting can save up to over 95% of the energy compared with
primary production from bauxite®, leading to CO, reductions of around 10
Mt in 2023 (ranging 7.9-12.2 Mt), as shown in Fig. 5. However, the

calculated carbon reduction benefits of urban mining are strongly influ-
enced by the carbon intensity of China’s electricity grid. Under the current
coal-dominated energy mix, recycling offers substantial decarbonization
benefits by avoiding the high emissions of primary production, especially for
Al. As the grid transitions toward renewables, the relative carbon advantage
of recycling will narrow, though its absolute energy savings and strategic role
in resource efficiency and energy security will remain crucial for advancing a
circular economy.

In 2020, the Fe and Al consumption of China’s automobile industry
was 30 Mt and 4 Mt, respectivel 9, Assuming the overall industrial col-
lection and recycling rate of Fe and Al from trucks is 70%, we estimated that
10 Mt and 0.7 Mt of recycled Fe and Al returned to the market in 2020,
which can theoretically satisfy the Chinese automobile market 33% and 18%
of Fe and Al demand”. However, due to downcycling (recycled Fe and Al
mainly flow to the construction industry), the actual proportion in that year
should be lower than the theoretical value. Currently, China’s ELV recycling
industry is in development, with the number of formal recycling enterprises
increasing from 653 in 2016 to 748 in 2018*. The lifting of the ban on selling
the Five Major Assemblies—a regulatory term in China referring to the
engine, transmission, steering gear, front and rear axles, and frame—has
gradually led many manufacturers’ processing factories to accept remanu-
factured assemblies, a critical step for promoting higher-value circular
economy activities”. We expect that the number of scrapped trucks in
China will reach its highest level around 2040. This also indicates that the
potential of China’s truck recycling system is enormous, and China should
accelerate the construction of a standardized recycling system before the
scrap peak arrives. Therefore, we believe that the ELT recycling industry
should be developed more in China. Additional discussion about
improvement recommendations from viewpoints of financial support,
education, and information technologies are provided in Supplementary
Discussion.

Conclusions

This study employed a dynamic stock-driven population balance model to
forecast the resource, economic, and carbon benefits of ELT urban mining
in China through 2050. Our model reveals a major structural shift in the
vehicle fleet, projecting that the total weight of ELT's will increase nine-fold,
from 6 Mt in 2010 to 53 Mt by 2050. A key finding is the changing com-
position of this waste stream, with medium trucks declining while heavy
trucks and small trucks become dominant, altering the profile of available
secondary materials.
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Table 1 | Energy use and carbon emission factors for Fe, Al, and Cu production

Metal Indictor Unit Primary production Secondary production Range of all factors
Al Energy use MJ kg ' material™ 47.00 2.40 +20%
Carbon emission t CO, t* material™? 8.80 0.29 +20%
Fe Energy use MJ kg material ™ 14.00 5.00 +20%
Carbon emission t CO, t'* material™ 1.67 0.70 +20%
Cu Energy use MJ kg material 16.90 6.30 +20%
Carbon emission t CO, t'* material™? 1.25 0.44 +20%

In China, mature metallurgical technologies have relatively limited room for improvement in reducing energy consumption, while the carbon emission factor of energy use is likely to decline gradually in the
future, in line with China’s 2060 carbon neutrality goal. Therefore, this study examined the changes in carbon emissions from primary and secondary production under fixed and decreasing factors. Detailed

setting about the fixed and decreasing factors from 2025 to 2050 is provided in Supplementary Tables 7-9. Data is mainly sourced from Asmatulu et al

Liu et al.*, Watari et al.”, and Song et al.™.
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the trends in carbon emissions from primary production and recycling of target
metals under both fixed factors (bright color) and decreasing factors (dim color).
The shaded areas represent the uncertainty range (+20%) of the energy use and
carbon emission factors.

The key findings derived from our analysis are threefold. First, the total
stock of recyclable materials, particularly Fe, Al, and Cu, is projected to grow
substantially, presenting a major opportunity for resource security. Second,
this material stock translates into a substantial economic potential, esti-
mated to rise from 2.6 billion US$ in 2010 to 23 billion US$ or 44 billion US$
(2% annual inflation rate) by 2050, driven primarily by the value of base
metals. Third, urban mining offers substantial environmental co-benefits;
recycling just Fe, Al, and Cu from ELTs could have reduced carbon emis-
sions by averagely 26 Mt in 2023 alone compared to primary production.

These findings lead to direct policy and industrial implications. The
projected surge in ELT volume, particularly from heavy trucks and small
trucks, necessitates proactive development of specialized, high-capacity
recycling infrastructure. Given that economic viability is heavily reliant on a
few base metals, policies should incentivize the recovery of less profitable but
critical materials, such as rare earths, to foster a more comprehensive cir-
cular economy. Furthermore, as the carbon reduction benefits are con-
tingent on China’s current energy mix, continued investment in ELT
recycling represents a robust, no-regrets strategy for industrial
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decarbonization, delivering substantial energy and resource savings
regardless of the future pace of grid decarbonization.

Methods

Research framework and data sources

The research roadmap of this study is presented in Fig. 1. First, future truck
stocks were projected from historical data using a logistic-based extra-
polation model. Second, ELTs were estimated by integrating the Weibull
distribution with a population balance model. Third, the potential weight of
recyclable resources was calculated based on truck material composition,
and their economic value was assessed using prevailing market prices.
Finally, the carbon reduction potential was evaluated with reference to
energy consumption and emission factors reported in the literature. Our
analysis integrates multiple data sources, including historical truck stocks,
material composition of trucks, truck lifespans, material commodity prices,
and energy and emission factors for primary and secondary material pro-
duction. The historical stocks were obtained from the National Bureau of
Statistics of China®. The material composition and lifespan parameters were
primarily drawn from the literature and validated by senior engineers (co-
authors) from the China National Heavy Duty Truck Group Co., Ltd"*”.

The commodity prices were sourced from the London Metal Exchange’".
The energy consumption and emission factors were compiled from aca-
demic literature”. The detailed sources for each data item are provided in
Supplementary Table 1, and the content for each is presented in Supple-
mentary Tables 2-6.

Forecasting in-use truck stocks

The stock of trucks is the number of in-use trucks at a specific time node
within the system boundary”. This study considers four truck types: heavy
truck (HT), medium truck (MT), small truck (ST), and mini truck (NT).
Because we focus on the Chinese domestic market, imported trucks overseas
are considered, while exported trucks from China are excluded. The stock of
trucks can be divided into historical (2002-2021) and future (2022-2050)
periods. Based on the historical stock from statistics, the future stock was
projected by the logistic-based stock extrapolation. This study estimates
resource potential by a stock-driven model; second-hand use is included in
the stock. Previously, Verhulst proposed the logistic function model to study
population growth problems’. The logistic function’s growth can be divided
into four stages: initial introduction, rapid growth, saturation, and decline,
and its curve can be used to reflect the accumulation of durable goods in the
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world”. To date, the logistic function model has been examined to forecast
the stock of e-wasteand ELVsin society"’. Here, we used the logistic function
to forecast future truck stocks, as shown in Eq. 1. The fitting diagram is
shown in Supplementary Fig. 5.

a

YT e ™

where S, represents the stock of trucks in year t, a represents the saturation
value of the stock, k represents the logistic growth, and ¢ represents the
intermediate year of the stock saturation year.

Estimating ELT generation

The ELT generation refers to the number of trucks that are deregistered
from the administration and are sometimes also called scrap trucks”.
Methods, such as the time series model (output-driven)”, market supply
method/Stanford method (input-driven)”, and dynamic material flow
analysis method (system-based)””, can be used to estimate the end-of-life
number. However, it is suggested that stock data and their changing patterns
are stable for estimating the ELT generation®. Meanwhile, the method
selection also largely depends on the data availability and robustness®".
Based on our primary data sources (ie., truck ownership statistics), this
study employed a stock-driven population balance model for estimating the
ELT. “Stock-driven” means specifying the expected stock path (e.g., truck
stock forecasts)*’. This model enforces number balance between the in-use
stocks, inflows, and outflows, where time is discretized (e.g., yearly) in the
model, and each flow through the system is tracked as an age cohort with a
probabilistic lifespan®”. Equations 2 and 3 show calculations between a
system’s stocks, inflows, and outflows. Previously, this method has been
widely used in the building sectors to examine the metabolic consequences
of diffusion processes of durable capital stocks***. Its strength lies in its
inherent stock-flow consistency and transparent representation of age
cohorts and lifetimes. It can also link material use and waste generation,
making it particularly suitable for policy testing (e.g., scenarios of recycling
targets)"*”.

F' =8, =8, +F" @)
Z .
FP = Fly xo(k) 3)
k=1

where S, represents the stock of trucks in year ¢. Fi" and F* represent the
number of inflows and outflows, respectively. I signifies the maximum
lifespan of trucks. k signifies a trucK’s use age (i.e., 1, 2, 3, and so on); thus,
t — k is the production year (e.g., 2020, 2021, and 2023). ¢(k) represents the
scrap rate of such a truck produced in year t — k in year ¢.

The end-of-life rate of trucks can be obtained from the lifespan dis-
tribution pattern. Common life distributions include the Weibull distribu-
tion, lognormal distribution, and normal distribution®, Among them, the
Weibull distribution is often used due to its advantages of convenient
equation processing and high data fit. It is widely used in studying the end-
of-life generation of passenger vehicles, typically to fit the vehicle’s lifespan
distribution”. Equations 4 and 5 show the probability density and cumu-
lative distribution functions. In this study, the term “lifespan” refers to the
period of truck use from its initial registration until final deregistration. As a
change of ownership within China does not alter the original registration
year or extend the official deregistration date, the resale of second-hand
trucks, therefore, does not affect the statistical estimation of their lifespan or
end-of-life flows. Additionally, China currently does not allow the import of
second-hand trucks due to the intense restriction of the Chinese laws on
banning foreign waste. The export of second-hand trucks is also subject to
stringent regulations in China, including one-batch-one-license approval,
limited to a maximum of 20 units per permit, and an explicit prohibition on
exporting scrapped, mortgaged, or illegally sourced trucks. These legal

restrictions mean that China’s truck stock operates mainly as a closed sys-
tem with respect to second-hand trade. Therefore, our model implicitly
accounts for second-hand trucks within the total in-use stock, without
requiring a separate parameter for their trade. The shape parameter and
scale parameter data can be found in Supplementary Table 4.

B-1
X <%) X e’(k/”)ﬂ, k=0
k<o

B
plk) = q 1 (4)
0,

Dky=1—e @ )

where ¢(k) represents the probability density function, and the cumulative
distribution function ¥ (k) is obtained after integrating ¢(k); f3 is the shape
parameter (3>0), reflecting the shape of the function image; # is the scale
parameter (7>0), reflecting the dispersion of the data.

Evaluating resource circulation and economic potential

Trucks contain a considerable number of metals, rubbers, and plastics. For
example, the vehicle body consists of ferrous and non-ferrous metals, and
the off-gas catalytic converter contains precious metals such as Pt, Pd, and
Rh™". These metals are of high economic value™. Following the quantifi-
cation of ELT numbers, we estimated the number of secondary resources
contained in ELTs based on the trucks’ material composition data; we also
evaluated the economic value of these resources based on resources’ com-
modity prices (considering a 2% annual inflation rate), as shown in
Egs. 6and 7. The average material contents were adopted as an appropriate
value in this study. We assumed that materials are not lost during a trucK’s
service life. In addition, tractor and cargo trucks are commonly sold with
only truck units (customers configure trailers themselves), while dump and
tank trucks are usually sold with both truck units and trailer units. In this
study, we assumed that each ELT has one truck unit and trailer, and we set
weight ranges to show the possible deviation of recycler only receiving truck
unit, or both truck and trailer units.

V= Wit xe, (6)
i=1
Tavg = szj(avg) X V] (7)

where V/ is the weight of materials j within n categories of ELT; i is the type
of ELT; W,(¢) is the total weight of the i type of ELT that is wasted in the year
t; e; is the proportion of materials j contained in i type of ELT (Supple-
mentary Table 5). T, is the total average market value of all materials, and
Pi(arg) 18 the market price per ton of materials j within a given period
(Supplementary Table 6).

Assessing carbon reduction potential

Truck production uses enormous amounts of materials. The primary
resource mining and production processes consume a lot of energy and
consequently emit a large quantity of greenhouse gases. In contrast, sec-
ondary metal urban mining requires less energy and emits fewer greenhouse
gases (Supplementary Fig. 6)*. Since Fe, Al, and Cu account for about 75%
of the weight share, based on the life cycle thinking, we assessed the carbon
emissions of Fe, Al, and Cu recycling processes and their primary pro-
duction processes”’. For example, primary production of Al involves
extracting bauxite ore, smelting it into alumina, and then using electrolysis
processes to refine it into Al metal using a large amount of electricity, mostly
from thermal power generation in China. Recycling of Al, on the other hand,
involves melting down the scrap metal and casting it into new shapes, which
excludes electrolysis processes, thereby using only about 5-10% of the
energy required for primary production™. Similarly, recycling Fe avoids iron
ore extraction and replaces blast and basic oxygen furnaces with electric arc
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furnaces, saving tremendous energy . Compared with primary production,
the energy reduction and carbon reduction in specific years can be calcu-
lated using Eqs. 8 and 9. Energy use and carbon emission factors are pro-
vided in Table 1.

d
E* = (e, —e)xV; 8)
d
C* =(c, —c)xV; 9)
where, E™ represents energy reduction, e, represents the unit energy

demand during the primary production of materials, e, represents the unit
energy demand during the secondary production of materials; C"** repre-
sents CO, reduction, c, represents the carbon emission factor during the
primary production of materials, ¢, represents the carbon emission factor
during the secondary production of materials.

Sensitivity and uncertainty analysis

Sensitivity analysis is a method that modifies one input parameter at a
time and observes the effect of changes in the model inputs on the
output”. We also assessed the model output’s precision and accuracy by
observing changes in one or more input data to identify the possible
uncertainty. This study considers lifetime distribution to be the main
factor influencing the forecasting results of the ELT number. Therefore,
we chose the truck lifespan as a sensitivity analysis parameter. Another
parameter is the truck weight. This study performed Monte Carlo
simulations (10° iterations) to obtain the final estimates of flows and their
uncertainties. Oracle’s Crystal Ball was employed for the simulation to
indicate the uncertainty *.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data from this study is accessible free of charge in the ZENODO database
under: https://zenodo.org/uploads/17122049.
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