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Aggregates (sand, gravel, crushed stone) make up half of all globally extracted
materials and present substantial environmental challenges. China, which
consumes half of the world’s aggregates, is undergoing profound shifts in both
supply and demand. Our scenario-based model tracks aggregate flows and
stocks across 30 end-uses in Chinese provinces from 1978 to 2050. We find
that China’s aggregate demand peaked around 2015, accompanied by a gra-
dual and continuous shift from natural to manufactured aggregates. Total
demand after 2030 is projected to decline to ~50% of 2020 levels in circular
economy scenarios. Per capita stocks tend to saturate by 2040, although
saturation timing varies across provinces. Stock saturation may lead to
increased availability of recycled aggregates, which could become a primary
supply source. We highlight the critical need for stricter policies and regula-
tions for the aggregate industry, offering insights for other economies facing
similar challenges.

Earth’s crust consists of a solid lithosphere layer, varying between 60
and 120 kilometers thick, where rocks weather into sand, gravel, and
stone. These substances, known as aggregates, are used extensively in
construction and are the most extracted materials worldwide'. In 2019,
global material extraction reached about 95.2 billion tons (Gt), with
aggregates making up over half>’. Around 1.1 trillion tons of non-
metallic minerals were extracted globally for construction between
1970 and 2019. That is equivalent to stripping a 3-4 mm layer from
Earth’s entire land surface (see Supplementary Notes for calculation).

In recent years, particularly after 2010, China consumed around
half of the total extracted global aggregates. Each cubic meter of
concrete used in China typically contains 1.8 tons of aggregates®*.
Building one square meter of a building requires 1.2 tons of
aggregates®. For roads, between 4000 and 30,000 tons are needed per
kilometer, and for high-speed rail, about 70,000-120,000 tons per
kilometer®. Aggregates are the backbone of buildings and infra-
structure, and as cities expand and global infrastructure grows, our
dependence on these materials has reached unprecedented levels’.
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Aggregates are essential for most contemporary construction.
While materials like straw, wood, and clay can be used in specific cases,
the heavy reliance on concrete-based construction has led to an
enormous demand for aggregates. Globally, resource exhaustion
poses little risk; however, high transport costs and rising local prices
may constrain demand. A 50-150 km radius*® is typically the limit for
local resource extraction and utilization. Thus, local analyses at finer
scales, including down to the municipal level” are vital for addressing
these specific challenges.

In many regions, overexploitation has caused sand shortages and
environmental damage®™, especially from riverbed extraction, which
harms both ecosystems and river channels'>'>", This pattern often
reflects the location of towns near rivers, where natural sand and
gravel provide ideal construction materials. Local shortages drive up
prices, fueling illegal extraction and exacerbating environmental and
social impacts'. Because of their perceived abundance, sand and gravel
issues have historically been overlooked, degrading these common-
pool resources in many regions'. Some argue this trend has escalated
into a sand crisis*".

Supply-side changes will be important in addressing some of
these problems. Many investigations explore alternative resources
with potentially lower environmental impacts, including crushed rocks
from quarries and secondary aggregates derived from construction
and demolition waste (CDW) and ore-sand, a by-product of mineral
processing’®. However, crushed rock and secondary aggregates still
carry environmental impacts'®®’. These alternatives require strict
management but allow easier regulation compared to natural sand and
gravel, which often face illegal extraction.

While a supply-side circular-economy focus on recycling is
important, the use of recycled aggregates is currently very limited*”.
Even in high-income countries, recycled aggregates mostly go to
lower-grade uses (e.g., road subbase) rather than high-quality concrete
or structural components®. A holistic approach for addressing the
sand crisis involves embracing circular economy principles™*** that
not only consider supply-side changes but have a demand-side focus
on enhancing the material efficiency of buildings and
infrastructure”* % (see Table S1 for detailed terminology and classi-
fication of aggregate final uses).

China’s rapid economic growth was fueled by a four-decade
construction boom***?’, This expansion involved systemic feedback in
China’s export-led model, generating capital for more investment and
infrastructure®, causing a sharp rise in aggregate consumption®. This
period of growth was marked by massive projects such as extensive rail
networks®, skyscrapers®, and other urban infrastructure****. By 2023,
China accounted for nearly half of global aggregate usage®. Studies
indicate a potential peak and subsequent decline in China’s resource

consumption around 2020%, alongside structural changes in its
greenhouse gas emissions®. Aggregate consumption mirrors China’s
construction scale and serves as a proxy for its urbanization, economic
transformation, and regional development”.

These consumption dynamics underscore the global importance
of construction material flows, supported by historical and projected
data®. Research on China’s future aggregate demand and supply is
limited, despite the country accounting for half of the global aggregate
extraction’. A notable gap remains in assessing its recycling
potential***. Given that aggregates are mostly mined and used locally®,
detailed subnational analysis is vital.

To address these gaps, we developed the China Aggregate Meta-
bolism Provincial Scenarios (CHAMPS) model (Figs. S3-S5), a dynamic
scenario-based metabolism framework for aggregate resources that
tracks material flows across 31 provinces in mainland China from 1978
to 2050 (see Fig. S2). CHAMPS provides a comprehensive view of
aggregate supply and usage, mapping processing stages to end uses
for 30 distinct end uses grouped into eight categories, while inte-
grating circular economy measures with Shared Socioeconomic
Pathway (SSP)-based socioeconomic data to project future scenarios.

We assembled a comprehensive dataset of thousands of input
parameters, validated through stakeholder consultations, thereby
achieving a high-level granularity for China’s aggregate industry. Our
projections extend to 2050 under six scenarios and explore effective
circular economy approaches. We begin with a Baseline (BL) scenario
reflecting China’s current state and future path based on Shared
Socioeconomic Pathway 2° (SSP2), representing a middle-of-the-road
pathway. Building on this, we then assess four strategies—Intensive Use
(IU), Lightweight Design (LD), Lifetime Extension (LE), and Improved
Recycling (IR)—plus an integrated All Measures (AM) approach. These
strategies incorporate 3R (Reduce, Reuse, Recycle) principles® to
enhance the sustainability of resource use and the ecological envir-
onment (see Table 1 and Supplementary Notes 2.4). The modeling
explicitly includes downcycling and recycling; further details are pro-
vided in Supplementary Notes Section 2.3. By filling a knowledge gap in
China’s aggregate demand and supply dynamics, we hope to con-
tribute to broader discussions on sustainable resource management in
developing regions and offer a fresh perspective on achieving more
efficient resource use while mitigating environmental impacts.

Results

Peaking and declining demand, with rising future waste

China’s aggregate demand peaked in 2015 at 18.8 Gt-year™ (Fig. 1A) and
is expected to decline markedly post-2020, stabilizing around 2030
with demand projected between 9.5 and 11.1 Gt-year™. This decrease is
attributed to factors such as the slowdown in China’s construction

Table 1| Interventions used in the scenario analysis (for a full specification of each strategy, please see Supplementary Notes)

Strategies Main measures An illustration of this scenario in 2050
Intensive Use (IU, Reduce  Reducing stocks per unit volume. For example, reducing per capita Per capita saturated residential space is projected to
in 3R) housing area, reducing road and railway density, etc. decrease. For example, Beijing will drop from a baseline of

50.2to0 40.1Tm>

Lightweight Design (LD,
Reduce in 3R)

(per m?).

Reducing the material intensity of final uses. By using hollow concrete
components, material substitution, optimizing building structures,
etc., to reduce the amount of aggregate used per unit of functional use

The material intensity of residential buildings is projected to
decrease. For example, Beijing will see a reduction from 1.64
to 1.48 t/m? by 2050.

Lifetime Extension (LE,
Reuse in 3R)

Extending the service life. Considering the improvement in the quality
of buildings and major infrastructure projects, the expected service life
will also increase in the future. This study extends the expected life-

Lifetime expectations of residential buildings increase. For
example, Beijing sees increases from 35 years to 67 years
by 2050.

span by 30% to 90% in the model, depending on the year and final use

category.

Improved Recycling (IR,
Recycle in 3R)
each type of final use.

Improving the recycling rate of CDW. We match the final uses of var-
ious subcategories for recycling by setting feasible recycling rates for

For example, the recycling rate of demolition wastes from
highways is projected to increase from 40% to 80% by 2050
across provinces.

All Measures (AM) Apply all measures above simultaneously.
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Fig. 1| Overview of aggregate flows, stocks, and associated economic indica-

tors in China. A China’s aggregate demand. B Aggregate stocks. C Aggregate waste
generation, with aggregate demand projections under the All Measures scenario.

D Growth rates of aggregate demand (blue), cement consumption (yellow), fixed
asset investment (gray), and GDP (red). The growth rate data in (D) is plotted using
a 3-year moving average. A-C share the legend shown in (B). Dark purple indicates
aggregates used in historical buildings, dark gray for historical infrastructure, light
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purple for future buildings under the All Measures scenario, and light gray for future
infrastructure under the same scenario. Different colors in (A, B, C) correspond to
historical data and future scenarios: blue represents historical data, orange the
Baseline scenario, green the Intensive Use intervention, pink the Lightweight Design
intervention, brown the Lifetime Extension intervention, and red the All Measures
scenario.

industry®® and changing demographics*. By 2050, the expected
demand ranges between 9.2 and 12.4 Gtyear’ across scenarios,
marking a 50% reduction from peak levels, dropping to 2004 demand
levels.

Among modeled interventions, Lifetime Extension (LE) sees the
largest decrease in demand, with a 20% reduction from the Baseline
(BL), while Intensive Use (IU) and Lightweight Design (LD) scenarios see
2% and 7% reductions, respectively. Substantial demand declines are
anticipated for both buildings and infrastructure by 2050 under the All
Measures (AM) scenario. Demand for building aggregates is expected
to reduce by 4.9 Gtyear™ (a 47% decrease from 2020 levels), and
infrastructure aggregate demand is projected to drop by 4.1 Gtyear™
(a 53% decrease).

Aggregate stocks are expected to stabilize by 2050 across sce-
narios, ranging between 402.9 and 420.2 Gt (Fig. 1B). Under an All
Measures scenario, buildings and infrastructure aggregate stocks

could level off at around 273.5 Gt and 129.4 Gt by 2050, respectively.
This stabilization corresponds with the gradual decline in growth rates
of China’s GDP and fixed asset investment, transitioning from a high-
growth model to a focus on quality-driven development®. For exam-
ple, GDP and fixed asset investment growth rates have decreased from
11% and 20% in 2010 to 3% and 5% in 2022*, respectively (Fig. 1D).
China has also seen a 12% reduction in cement consumption from 2021
to 2022* and a further 5% decrease over 2023, which further indicates
a declining trajectory in aggregate demand.

With the saturation of China’s construction industry and the
ensuing asset retirements, demolition waste is expected to accelerate
in the near future***. Projections under the Baseline scenario indicate
an increase in outflows from 4.95 Gt in 2021 (4.87-4.95 Gt across sce-
narios) to an estimated 12.3 Gt by 2050 (9.6-12.3 Gt across scenarios).
Outflows are expected to exceed inflows by 2046 in the Lightweight
Design scenario, reaching 11.8 Gt (Fig. 1C). Building-related outflows,
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especially from residential structures, are set to account for 61% of the
total by 2050 in the Baseline scenario. Infrastructure (predominantly
road-related) is expected to contribute 39% of the total outflows. This
considerable outflow of waste presents environmental and spatial
challenges due to the extensive land and resources required for
disposal*®*’. Nevertheless, recycling CDW from these aggregates offers
a pathway to alleviate the environmental impacts of primary aggregate
extraction and reduce the reliance on extraction*’*,

Recycled aggregates can bridge the circularity gap

There has been a large transformation in aggregate supply patterns in
China over time, moving from a traditional reliance on natural sand
and gravel (of over 80% of total aggregates before 2005)—primarily
sourced from rivers and other natural water bodies'°—to an increased
emphasis on crushed stone (now comprising 80% of total aggregates).
The transition from natural aggregates to manufactured aggregates
(crushed stone) is particularly noticeable over the past two decades
(Fig. 2A, B) and reflects an increasing interest in sustainable mining
practices, which has included new policies regulating the aggregate
industry between 2012 and 2018"*°°. This shift has yielded notable
benefits, including enhanced industry standardization and reduced
illegal mining™. Centralized environmental inspections of practices
from 2016 onwards accelerated improvements®. While this transfor-
mation mitigates environmental and social concerns related to water-
based sand mining, it introduces new challenges, primarily from the
ecological impacts of mountain quarrying on nearby ecosystems, with
relatively minor impacts from processing stages’.

As the construction industry in China approaches saturation, the
circular use of outflows is attracting increased policy attention. Sce-
nario analysis indicates that Improved Recycling (IR) interventions can
substantially increase recycled aggregate supply from 2021 to 2050,
positioning it alongside crushed stone as a dominant source of
aggregate supply. The concept of “closing the recycling gap” describes
the potential to decrease the reliance on primary resources by
enhancing the recycling or repurposing of waste materials, thereby
contributing to a circular economy®. Detailed results, derived from
our high-resolution model (CHAMPS), account for various usage
categories and regional differences and enable a comprehensive
exploration of recycling pathways (see the modeling details in Sup-
plementary Figs. S5-S8).

Recycling of aggregate waste in China is expected to rise from
733.7 Mt in 2021 to 4.5 Gt by 2050 under the All Measures scenario,
increasing its share from 13% to 46% of total CDW generation (Fig. 2D).
Simultaneously, use for fillings is estimated to grow from 362.4 Mt to
2.4 Gt, raising its share from 7% to 24% of outflows. The combined
recycling and filling rate is anticipated to increase from 20% to 70%. For
buildings specifically, the proportion of waste recycled and the share
used for fillings are projected to rise from 12% to 66%. In future sce-
narios, the amount of CDW generation will grow, and with higher
recycling rates, both the recycled volume and the amount utilized for
fillings will increase accordingly.

On the supply side, recycled aggregates are projected to increase
from 4% in 2021 to 48% by 2050 under the All Measures scenario,
overtaking manufactured aggregates around 2046 (Fig. 2A). This
marked shift is likely to dramatically reduce environmental
impacts’"**. Recycled aggregates used in buildings are expected to
rise from 1% in 2021 to 26% by 2050, and more markedly in infra-
structure, from 9% to 83%. This highlights a major trend towards using
recycled materials for both building and infrastructure needs.

Primary aggregate extraction is projected to decrease by 55%
under the All Measures scenario by 2050, equivalent to a reduction of
6.0 Gt compared to the Baseline (Fig. 2C). This reduction is driven by
strategies focusing on Intensive Use, Lightweight Design, Lifetime
Extension, and Improved Recycling. With the current recycling rate
below 20%, substantial potential for improvement remains. By fully

implementing 3R measures, the share of recycled aggregates is
expected to rise to 48% of total demand by 2050 under the All Mea-
sures scenario, with the volume reaching 4.5 Gt.

Subnational disparities and shared saturation trends

The distribution of aggregate stocks and flows across China’s pro-
vinces highlights the economic diversity and development of each
region, primarily reflected by their stage of development, construction
demand, development plans, and resource endowments®. Given the
typical transport range of only 50-150 km*®, aggregates are often
produced and used locally. The potential for increasing the circularity
of aggregates will depend, in large part, on the availability of local
outflows or outflows within neighboring regions, which in turn rely on
the socioeconomics in those regions.

Investment-driven aggregate consumption surged across most
provinces post-2010, due to China’s 2008 economic stimulus and rapid
urbanization, largely driven by real estate expansion (reflected in red
lines of buildings in Fig. 3). Meanwhile, growth driven by infrastructure
needs remained relatively stable (green lines in Fig. 3), as such projects
typically align with long-term development plans. The demand for
aggregates for infrastructure is also relatively modest compared to real
estate. In contrast, the real estate sector is more market-driven. Certain
periods in China (e.g., post-2007) have seen the government directly or
indirectly encouraging real estate development.

Interestingly, we found large differences among seemingly similar
provinces, especially in the wealthy coastal provinces (see Fig. S11 for
an overview of aggregate stock and GDP). Zhejiang and Jiangsu, den-
sely populated coastal provinces with strong economies, account for
18% of China’s aggregate demand in 2020 despite comprising only 11%
of the population (Fig. S12). Their per capita consumption was high,
averaging 23.5 t/cap and 23.8 t/cap during 2016-2020, respectively. In
contrast, Guangdong, a province with a population similar to Japan’s
and the highest GDP of any Chinese province, roughly equivalent to
Canada, exhibited a different trend. Despite its large GDP, its aggregate
demand averaged only 8.3 t/cap from 2016 to 2020, about half of
Zhejiang and Jiangsu (Figs. S13 and S14). This disparity is primarily due
to differences in building rather than infrastructure demand. For
example, from 2016 to 2020, Guangdong's infrastructure-driven
demand was around 3.2t/cap, comparable to 2.7-4.2t/cap in Zhe-
jiang and Jiangsu, but its building-driven demand was only 16-43%
(3.8-6.8t/cap) of that in Zhejiang and Jiangsu (15.0-24.1t/cap).
Despite Guangdong’s progress in infrastructure and buildings, its per
capita aggregate demand remained steady at 7-8 t/cap from 2008 to
2020, reflecting an economic structure less reliant on construction,
consistent with previous work>*?,

Less-developed regions also had high per capita aggregate
demand between 2016 and 2020. Xizang (Tibet), for instance, excee-
ded 23 t/cap, driven by strong development needs for infrastructure
and buildings, coupled with lower population density in 2020 (Fig. 4D).
Other less developed but rapidly growing provinces, like Guizhou,
Yunnan, and Shaanxi, which had not yet peaked by 2020, saw high
demand ranging from 12 to 18 t/cap (12 provinces in this range). The
remaining 16 provinces, including other relatively wealthy regions and
those with long-standing stock accumulations such as Northeastern
China, had moderate demands ranging from 7 to 12 t/cap. Overall,
aggregate demand in 25 of the 31 provinces peaked before 2020,
excluding several less-developed western regions and Guangdong,
where consumption-driven economic development and substantial
internal imbalances contribute to continued growth (see Supplemen-
tary Notes Section 3.6 for an extended discussion).

Per capita aggregate stocks ranged from 147.4 to 360.1t/cap
across China’s provinces (Figs. 4C and S13). High per capita stocks were
observed in both developed regions, like Jiangsu and Zhejiang
(350-360 t/cap), and less-developed areas like Xizang and Qinghai
(240-322t/cap), illustrating that low population densities and
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demand in China in 2050 under various circular economy (CE) interventions. D An
overview of aggregate resource material flows in China in 2050 (the All Measures
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infrastructural challenges also can contribute to higher per capita
stocks>?%. Conversely, developed areas with high population density,
like Guangdong, Tianjin, and Shanghai, showed the lowest per capita
stocks (147.4-163.7 t/cap). Apart from Hainan, these regions are well-
developed areas or municipalities, where the scale and intensification

of infrastructure and construction have contributed to moderate per
capita stock levels. Hainan has seen a partial surge in real estate activity
aimed at resort development, but recent environmental considera-
tions have limited its long-term development and overall aggre-
gate stock.
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represent per capita aggregate use: buildings (red), infrastructure (green), and
overall (blue), while per capita GDP is shown in gray. Details on all 31 provinces are
in Supplementary Fig. S23. See Figs. S24 and S25 for the normalized results showing
decoupling trends.

We can see the decoupling of aggregate demand from GDP
(Figs. S23-S25), showing that: (i) aggregate stock is crucial in sup-
porting economic development and essential services (like hospitals
and health outcomes), and (ii) the economy now relies more on the
value of existing infrastructure rather than rapid stock growth. From
2016 to 2020, we observed a decoupling between GDP growth and
aggregate demand (inflows), as GDP increased while aggregate
demand decreased in most provinces (Figs. $23-S25). The All Measures
scenario for 2050 sees an even more pronounced decline in aggregate
demand (Fig. 4A), with Jiangsu’s demand expected to drop by 62%.
This reduction is more pronounced in wealthier provinces, with over
90% of wealthy provinces seeing per capita demand fall below 10 tons
(Fig. 4B), indicating a trend toward per capita stock saturation.

Under various scenarios between 2021 and 2025, the growth rate
of stocks in most provinces was projected to be around 2%, a decline
from the nearly 6% observed during the peak consumption period
around 2015. By 2035, the stock growth rate is expected to approach
zero, with some provinces, such as Heilongjiang and Jilin, potentially
experiencing slight negative growth. The All Measures scenario sug-
gests that starting in 2038, the aggregate stock growth rate in all
provinces would be less than 1%, and by 2050, 22 provinces would have
experienced a decline. Under this scenario, by 2050, China’s per capita

stock ranges between 179.6 t/cap (Hainan) and 564.8 t/cap (Jiangsu).
The total stock of aggregates in the scenario is expected to saturate at
around 400 Gt after 2040, with a very slight increase in the per capita
level from 277.9 t/cap to 288.8 t/cap from 2040 to 2050.

Efforts to reduce demand and adopt circular economy strategies
could see recycling rates among provinces ranging from 35% to 65%
(Fig. 4E) in 2025, with Jiangsu, Zhejiang, and Shanghai (the Yangtze
River Delta urban belts). This may mean they could meet their entire
infrastructure aggregate needs through recycling (Fig. S36B). This
could negate the need for new primary resources and generate a sur-
plus of 70.3 Mt-year™ of aggregates for use in surrounding regions,
suggesting the emergence of a nearby interprovincial recycling sys-
tem, especially among the Yangtze River Delta urban belts. Waste
generation is expected to exceed aggregate demand in 22 provinces by
2050 under the All Measures scenario, particularly in the saturated
construction markets of the east and northeast. Interregional redis-
tribution of surplus waste aggregates is feasible but depends on
transport infrastructure, costs, and policy enforcement. China’s “shift
from road to waterway and railway transportation” policy”*® and the
Yangtze River’s transport network® support efficient redistribution®.
However, high transport costs, uneven logistics infrastructure, and
local resistance may limit scalability. The remaining nine provinces are
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anticipated to show smaller circularity gaps, with waste-to-demand
ratios above 0.8 (Fig. 4F), underlining the move towards a recycling-
driven, closed-loop aggregate industry across China.

Discussion

China’s aggregate consumption accounts for half of global use,
reflecting its rapid economic growth. To explore this trend, we
developed the CHAMPS model to analyze past and future aggregate
demand across China’s provinces. We show that total demand likely
peaked in 2015 and is expected to decline post-2020 due to market
saturation. By 2030, demand may stabilize at half the 2020 level, dri-
ven by a slowdown in construction, a cooling real estate market, and
other socioeconomic factors such as demographic shifts. Considerable
regional variation exists: affluent coastal areas, historically leading in
demand, are nearing saturation, while less affluent inland regions are
also approaching peak demand, though at comparatively lower levels.
Given these disparities, it will be important to avoid overcapacity as
demand declines.

China has transitioned from natural to manufactured aggregates
to meet growing demand and address environmental concerns, sup-
ported by policies since 2010**". As buildings and infrastructure age,
the increase in waste at the end of their lifecycle makes recycling CDW
critical for resource circularity®’. However, challenges remain, includ-
ing a lack of detailed data®*** and limited use of recycled materials in
high-quality and load-bearing structures®“. From a technical per-
spective, the key difference between recycled aggregates (RA) and
primary aggregates is the residual cement mortar that remains
attached to the RA surface. This attached mortar leads to inherent
defects in RA, including high porosity, high water absorption, and a
weakened interface. These defects can adversely affect the perfor-
mance of recycled aggregate concrete (RAC), influencing its compat-
ibility, mechanical properties, and durability in fresh mixtures®” (and
see more details in the Supplementary Notes Section 3.10).

However, discussions with industry experts often suggest that
market factors may be more important. To foster the recycled aggre-
gate market, economic incentives such as subsidies or tax reductions
for recycled products, incorporating recycled materials in procure-
ment requirements, and promoting the standardization of reusable
concrete components may be necessary®®. China’s “green mine” policy,
which encourages intelligent operations, environmental protection,
and high-quality production, aligns with this transition. Innovation
recognition programs and targeted incentives further support these
objectives®. Our study indicates that with targeted support, recycled
aggregate production could meet a sizeable share of future demand at
reasonable recycling rates.

China’s shift in aggregate sources—from natural aggregates to
crushed stone—is contributing to a global trend in which worldwide
crushed stone production may peak between 2020 and 2030". Post
2030, China is expected to increase its use of recycled aggregates,
reducing the demand for natural sand, gravel, and crushed stone.
However, global peak’ aggregate demand is projected for 2060-2070,
driven by population stabilization, after which China may no longer be
the leading consumer. Given the challenges in aggregate supply—such
as the social and environmental impacts of natural aggregate extrac-
tion and rising demand—it is essential to evaluate how urban devel-
opment and the need for sustainable aggregates will evolve in regions
like the Middle East, Africa, South Asia, and South America, which may
become the primary markets for aggregates in the future.

In response to the potential shifts in both aggregate demand and
CDW generation, economies undergoing industrial transition must
coordinate supply-demand dynamics and prepare for corresponding
changes in logistics, facility upgrades, and technology deployment.
Policy support is essential for optimizing the aggregate industry’s
value chain. For instance, implementing tax incentives for all stages of
recycled aggregate production (e.g., collection, processing, and

transportation), along with subsidies for procurement, could enhance
economic viability’®”". Recent studies indicate that recycled aggregate
concrete can reduce the Global Warming Potential by more than 30%
compared to concrete made with natural aggregates’’; however, the
net benefit depends strongly on transport distances, production
technology, and mixture design. Given the anticipated large-scale
expansion of recycled aggregate use, the total energy consumption
and carbon emissions associated with its production and consumption
remain substantial. Although the aggregate industry is not considered
energy-intensive, with lifecycle carbon footprints ranging from 3.67 to
38.2 kg CO,-eq per ton, its combined production and transport emis-
sions account for about 1% of global carbon emissions” . In China, a
carbon intensity target of 5kg CO»-eq per ton has been proposed in
policy documents as a guiding benchmark for aggregate production®.
Among these, transportation contributes a disproportionately large
share, exceeding 30%’¢, and the variability in distance and mode
introduces further uncertainties in both energy use and emissions.
Therefore, optimizing transportation logistics, shortening transport
distances, and shifting long-distance haulage from road to rail or
waterborne transport can substantially contribute to decarbonization
and sustainability in the aggregate sector. In the longer term, deploy-
ing electric or low-emission vehicle fleets could further reduce sectoral
energy and climate impacts.

Regional differences will require tailored approaches. China’s
successful transition from natural to manufactured aggregates
through strong policies has shown how targeted regulations can work
to mitigate impacts®”’. This may offer a potential model for other
regions, yet its universal applicability is uncertain. For example, the
availability of sufficient quarries in each region remains unclear, and
transporting aggregates or rocks (whether recycled or extracted) over
long distances may be costly, posing logistical challenges. In addition,
international trade in aggregates accounts for only a small portion of
total consumption®. However, localized analyses remain necessary for
island regions such as Singapore, the United Arab Emirates, and Hong
Kong SAR, where cross-border aggregate trade plays a more
prominent role.

Material flow analysis is essential for understanding resource
stocks, flows, and the extraction-processing-use patterns. When com-
bined with lifecycle assessment’, it provides a deeper evaluation of
environmental and social impacts. Integrating MFA with Geographic
Information Systems (GIS) helps identify local usage patterns relevant
to policymakers. For instance, using CHAMPS and GIS, we explored the
JingJin-Ji (Beijing-Tianjin-Hebei) region (Fig. S34) to locate aggregate
consumption and stocks. Future studies focusing on specific regions
can refine site-level data on extraction, use, decommissioning, and
recycling, thereby improving the practical applicability of the model.

Additionally, ore-sand (from tailings and waste rock) is considered
asubset of manufactured aggregates’®. However, the share of ore-sand
in aggregate production in China remains relatively low (less than 2%),
primarily due to concerns about pollution, excessive density, and the
preference for prioritizing metal extraction from tailings. While the
stockpile of tailings and waste rock in China has reached 60 billion
tons®’, which could potentially serve as an alternative source for pri-
mary aggregates, the energy consumption required to transform these
materials into usable aggregates, as well as the risks of leachate con-
tamination affecting infrastructure, must be carefully considered.
Statistics and research on tailings ponds are generally lacking®, and
whether or how to use these materials in a sustainable way still requires
work. Future research can also assess any potential burden-shifting
impacts from recycling strategies (see Supplementary Notes 3.9 for an
extended discussion).

While our analysis focuses on the material flows associated with
aggregate production and use, it does not explicitly account for the
physical and financial risks that climate-related impacts may pose to
coastal infrastructure. This is particularly relevant for China, where
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highly urbanized and economically vital coastal regions could face
substantial damage due to sea level rise and extreme weather events.
For example, a study estimated that $3.4 trillion of annual sea flood
costs would take in China by 2100 under the SSP2, 1.5° scenario®?. This
may increase future aggregate demand beyond our current estimates.
We acknowledge this as a limitation of the model and highlight the
need for future research to integrate climate exposure, spatial risk
distribution, and post-disaster reconstruction dynamics.

Finally, we emphasize that the sand crisis is not a global issue but a
local one, making regional and localized studies essential. The crisis
stems from local imbalances between demand and resource avail-
ability, leading to environmental impacts on water bodies, biodi-
versity, and socioeconomic issues, including illegal extraction”®, It is
crucial to note that framing this crisis may oversimplify its complex
political, social, and environmental dynamics, potentially missing key
perspectives and solutions”. Therefore, policymakers should engage
in evidence-based modeling to evaluate these factors comprehen-
sively. Finally, we conclude that strong, evidence-based policy support
and local supply-demand planning are essential to address sustain-
ability challenges, including sand crisis and supply shortages of the
aggregate industry, particularly in rapidly growing economies.

Methods

Definition of aggregates

There is still no unified global definition of aggregate resources. In our
model, we adopted a definition of aggregate resources that aligns with
both China’s industry standards®**° and internationally recognized
reports®®, ensuring that the terminology is accessible and under-
standable to a global audience. For a detailed definition of aggregate
resources, please refer to Supplementary Fig. S1.

Primary aggregate resources encompass natural sand and gravel
as well as raw rock, the latter of which is processed into crushed stone.
This form of aggregate is particularly prevalent in China’s aggregate
industry as of 2025. Secondary aggregates mainly consist of recycled
aggregates, processed from CDW, and can serve as substitutes for
primary aggregates. The quality of recycled aggregate, potentially
matching that of virgin aggregates, depends on the source material
(CDW) and the processing technology used®*°. Additionally, tailings
and waste rock can also be processed into a form similar to crushed
stone, akin to raw rock. In some cases in China, these materials are
considered by-products of other ore extraction processes®**°. Aggre-
gates are roughly classified in three different ways:

(1) Natural aggregates comprise river sand, lake sand, desalinated
sea sand, mountain sand, pit sand, and pebbles. These materials
are naturally occurring rock particles, extracted and screened
using manual labor or excavation equipment.

(2) Manufactured aggregates include artificial sand and crushed
stone. They are processed from raw rock, tailings, and waste
rock through processes such as soil removal, mechanical
crushing, and screening.

(3) Recycled aggregates are produced from CDW and can sub-
stitute primary aggregates in various applications. However, due
to specific material requirements and technical constraints,
some recycled aggregates are not suitable for certain uses, such
as in the construction of load-bearing structures, where primary
aggregates are necessary.

It is important to note that primary aggregates include both nat-
ural and manufactured aggregates derived directly from raw materials.
Secondary aggregates refer to recycled aggregates as well as manu-
factured aggregates sourced from tailings and waste rock. Given the
low utilization rate of tailings and waste rock for aggregate production
in China, secondary aggregate consumption primarily involves the use
of recycled materials. Furthermore, when considering manufactured

aggregates, tailings and waste rock form part of the overall mix,
although they are not classified as separate categories (see Supple-
mentary Notes).

China Aggregate Metabolism and Provincial Scenario Modeling
(CHAMPS)
We build the CHAMPS based on the stock-driven and flow-driven
dynamic material flow analysis model (see details in Supplementary
Figs. S3-S8). The model includes eight categories (Building, Road, Rail,
Pipeline, Rail transit, Building sublayers, Waterworks, Parks, etc.) and
30 subcategories of final uses.
The framework depicted in Supplementary Fig. S3 illustrates the

lifecycle of aggregate resources, categorizing it into five main stages:

* extraction, processing, and manufacturing;

* international trade;

¢ accumulation and metabolic transformation;

* waste generation and management;

* waste recycling and sustainable use.

Each stage is visually differentiated by colors for clarity: yellow
denotes the initial stages of extraction, processing, and manufactur-
ing; blue represents international trade; orange indicates the phase of
accumulation and metabolic transformation; gray is for waste gen-
eration and management; and green highlights the stage of waste
recycling and sustainable use.

The retrospective part of China Aggregate Metabolism and Pro-
vincial Scenario Modeling (CHAMPS), as shown in Supplementary
Fig. S4, utilizes both economy-wide material flow analysis and dynamic
material flow analysis. This approach starts with the extraction of
resources through mining and other techniques, followed by the
refinement of these raw materials and other secondary materials into
construction-ready aggregates. These aggregates are subsequently
used in construction, combined with binding agents, or traded on the
international market in relatively small volumes. Once incorporated
into structures, these materials eventually transform, culminating in
their waste conversion, which is then managed through disposal or
recycled for sustainable use. In analyzing some trends, we used a 5-year
moving average to smooth fluctuations of inflows and applied a dif-
ferential analysis to identify peaks (see “Methods” and Supplementary
Information).

We develop several scenarios drawing on the SSP2**?', general
scenarios which align with China’s current social metabolism, as
depicted in Supplementary Figs. S5-S8. These scenarios incorporate
additional circular economy measures and have been employed to
create a detailed future scenario model for the social metabolism of
aggregate resources at the provincial level in China, detailed in Table 1
and Section 2 of the Supplementary Notes.

We divided the model into stock-driven and flow-driven accord-
ing to the statistical data of final uses. See Supplementary Notes Sec-
tion 1 for details. Here we set a flow-driven model, for example.

The annual aggregate stock growth is the net inflow in the year, so
the stock in year n equals the stock in year n-1 plus inflow in year
n minus outflow in year n (Eq. 1). The inflows are obtained from statis-
tical data and coefficients (see Supplementary Notes Section 1.2). The
outflows are measured on lifetime distribution functions based on the
regular patterns of social metabolism (Eq. 2). ¢ represents time (year); i
and o are the shape parameters of a log-normal distribution.

Nature Communications | (2025)16:9294

Stock [n]=Stock [n — 1]+ (inf low [n] — outflow [n]) )
n-1

outflow[n]=" " inflow[n — t] f(t,p1,0) )
t=1

9


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64349-3

The lifetime distribution functions are based on the log-normal
distribution function®” in Eq. 3.
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We constructed the aggregate inflow, outflow, and stock of 31
provinces based on the model (see Supplementary Fig. S2 for
grouping).

We have built a large-scale, province-level foundational database
for aggregate resource calculations (Fig. S4), covering all years from
1978 t0 2020, 31 provinces in mainland China, as well as the underlying
data, intensity coefficients, and lifetime distribution functions for
30 subcategories of aggregate end uses. Through these calculations,
we obtained the inflows, stocks, and outflows of aggregates for various
end uses in each province. Data sources are detailed in Supplementary
Notes Section 1.2.

This study crafts a future scenario model to explore the social
metabolism of aggregate resources across China’s provinces, inte-
grating trends in the industry, SSP, circular economy principles, and a
tailored social metabolism model. Through a detailed framework,
depicted in Supplementary Figs. S5-S8, it considers local resource
characteristics and developmental differences across provinces,
leveraging historical data to predict changes in stock and flow under
various scenarios, including adjustments in the industrial structure on
the supply side. The analysis employs a dynamic material flow model,
incorporating circular economy strategies to project demand and
supply dynamics for natural, manufactured, and recycled aggregates
in the future, aiming to align with China’s developmental goals through
2050.

Stock, = Saturated , Stock “
" 1+pl- exp(=p2 - (In(GDP,) - In(GDP))) )

Demand side

We created a scenario analysis framework for examining future soci-
etal use of aggregate resources, focusing on the demand side (Sup-
plementary Fig. S6). The methodology begins with calculating
historical per capita stocks and densities (demographics and factors
influencing demographics) across diverse applications (e.g., popula-
tion density and built-up area density: urban road density is calculated
as the total length of urban roads divided by the built-up area of the
city), subsequently establishing future targets grounded in relevant
plans and documents. The progression of stock is expected to adhere
to an S-shaped curve aligned with economic growth®. This curve is
derived through logistic regression analysis and connected to future
per capita GDP to estimate future per capita stock. The calculation of
future stock involves determining the future stock density and its
foundational parameters. In this scenario analysis, leveraging the
SSP2 scenario indicators, we constructed the distribution for various
end uses. Lifetime distributions for these uses were devised based on
local standards and insights from developed economies. The analysis
encompasses nine major categories and 17 subcategories (Fig. S8),
streamlining the parameters of 30 categories of final uses identified in
the historical model into eight sets of scenario variables.

In the scenario settings presented in Supplementary Fig. S6, the
study introduces demand-side strategies following the “3R” principle
of the circular economy: Intensive Use and Lightweight Design to
reduce aggregate demand, and a Lifetime Extension scenario to max-
imize utilization. All strategies are conducted based on the Baseline
scenario. /ntensive Use aims to limit the saturation stocks of buildings
and infrastructure, major consumers of aggregates, by 20% for build-
ings, highways, and high-speed railways, and 10% for general-speed
railways, encouraging the use of existing resources and contributing to

energy conservation and emissions reduction. Lightweight Design
initiatives seek to decrease per unit aggregate demand through design
optimizations, reducing aggregate use with a projected decrease in the
intensity coefficients of aggregates for buildings to 90% by 2050. The
Lifetime Extension scenario, acknowledging the current 30-40-year
lifespan of buildings falls well short of that in developed economies,
proposes extending the service life of new housing from 2021 to 2050
by 90% and for houses built between 2000 and 2020 by 30%, and for
infrastructure, considering for the future high-quality development,
from 2021 to 2050 the lifespan of infrastructure will gradually increase
by 60% compared to 2020. Details on specific parameter settings can
be found in Supplementary Notes Section 2.4 and Supplementary
Dataset.

Supply side

The framework for analyzing supply-side scenarios of aggregate
resources in China is outlined in Supplementary Fig. S7. The structure
for supplying aggregate resources within the country is divided into
primary aggregates and recycled aggregates. Primary aggregates
consist of both natural aggregates (like river sand and lake sand) and
manufactured aggregates. Since the import and export of aggregates
represent a very small portion of overall consumption and China’s
aggregate mineral resource base is largely self-sufficient, the scenario
analysis excludes the consideration of aggregate imports and exports.

The approach to calculating the supply of aggregate resources on
the supply side includes: (1) Calculating the production of recycled
aggregates is based on the outflow of aggregate waste generated from
various stocks, as determined by the demand-side scenario analysis,
and applying the set recycling rate®*>** (detailed in Supplementary
Notes Section 2.3 and Supplementary Dataset). Assuming that the
maximum recycling rate within a technically feasible range is reached
in 2050. (2) Setting future extraction volumes for natural aggregates
based on historical extraction data of natural sources like river sand
and lake sand, as well as river sediment transport volumes®. (3)
Determining the future supply of manufactured aggregates by asses-
sing the aggregate inflow from the demand-side scenario analysis and
using the principle of material conservation to subtract the quantities
of recycled and natural aggregates supplied from the total required
supply.

The supply-side scenario analysis in Supplementary Fig. S7 also
introduces an Improved Recycling scenario, in line with the recycling in
the “3R” principle, aiming to enhance the future recycling of aggregate
waste and the supply of recycled aggregates. The scenario presents an
increase in the recycling rates” of aggregate waste from various end
uses, with recycling rates of waste from buildings and infrastructure
rising to high levels evenly from 2021 to 2030 and 2021 to 2035,
respectively, before both gradually continue to climb at a steady pace
until 2050. The specific recycling rate adjustments for aggregate waste
from different end uses are detailed in Supplementary Notes Sections
2.4 and 3.10, and Supplementary Dataset.

Uncertainty analysis

This study integrates various parameters like material intensity coef-
ficients and lifespans, drawn from literature, standards, and expert
advice, into its model, acknowledging inherent uncertainties. To assess
the impact of these uncertainties on model outcomes, a Monte Carlo
simulation was used’®” with 10,000 iterations and normally dis-
tributed parameter variations weighted according to the data avail-
ability and precision of each variable (see Table S15) at a 95.5%
confidence level. This analysis focused on the model’s core—dynamic
material flow analysis—particularly its stock linkage. The other parts of
the model, based on conservation of mass, indicate a strong linear
correlation between parameter variations and model outputs, so it is
not necessary to include a further Monte Carlo simulation in other
model segments. The simulation validated the core model’s reliability,
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with results (Supplementary Figs. S28-S33) showing most variations
stay within +30.9% of inflows, +16.9% of stocks, and +49.9% of outflows
across provinces.

Data availability

The result data generated in this study are provided in the Supple-
mentary Data file (Source data). The Underlying data and Parameters
of the model are provided in the Supplementary Data file (Supple-
mentary Data 1). The source of the data used in this study is available in
the EPS database under accession code “https://www.epschinadata.
com”. The minimum dataset to verify the research can be found in
“https://doi.org/10.24433/C0.0218285.v1”. Source data are provided
with this paper.

Code availability
The code can be used to reproduce the results of this study. The core
code can be found in “https://doi.org/10.24433/C0.0218285.v1".
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