
ARTICLE

Revealing the sustainability transitions in China’s
metal resource-based cities
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Achieving sustainable development in mining cities is a pressing global challenge, particularly

in resource-dependent economies such as China. By applying an improved Inclusive Wealth

Index (IWI) and a geographical detector model, this paper examines the spatial and temporal

evolution of sustainable development capacity across the life cycles of China’s metal

resource-based cities (MRBCs). Our findings reveal a notable spatial heterogeneity among

MRBCs, across 17 studied cities in 2021, with averages of 38.4%, 34.1%, and 27.6% for

natural, human, and produced capital, respectively. From 2011 to 2021, the sustainability of

MRBCs has increased by 31.8%, driven by increased produced capital and a rising emphasis

on human capital. Renewable natural capital was identified as the most critical factor influ-

encing the sustainability of MRBCs. Furthermore, as MRBCs progress through their life

cycles, they experience a gradual decrease in natural capital, coupled with gradual increases

in produced and human capital, with recessionary cities exhibiting the lowest levels of overall

sustainability. This paper contributes by demonstration how the IWI framework can guide

resource optimization, strengthen urban resilience, and inform sustainability strategies in

mining cities globally.
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Introduction

Metal resources are foundation to stable supply chains,
essential for ensuring resource availability and fostering
emerging industries (Lèbre et al., 2020). Metals such as

copper and aluminum are particularly vital to sectors like elec-
trical, construction, and transportation due to their high con-
ductivity, strength, and recyclability, qualities that make them
indispensable for renewable energy systems and clean energy
technologies (Akcil et al., 2020). As the world transitions toward a
low-carbon economy, these key metals have become central to
clean energy development, playing a critical role in shaping
renewable energy markets (Sovacool et al., 2020). They support
energy storage and transmission systems vital for integrating
renewable energy sources. However, their critical role in low-
carbon technologies confers both strategic and economic
importance, while also exposing them to heightened risks of
supply shortages and price volatility due to limited availability
(Akcil et al., 2020). Against a backdrop of growing global
demand, whether metal resources can adequately support the
low-carbon transition in energy systems has become a key con-
cern for global sustainability.

Metal resource-based cities (MRBCs) represent a unique urban
category where the extraction and processing of metal minerals
have driven the primary economy (Sovacool et al., 2020). These
cities hold strategic significance and have greatly contributed to
China’s industrial foundation (Sun et al., 2023). After the
founding of the People’s Republic of China in 1949, annual
production of non-ferrous metals was only 13,300 tons. By 2002,
production exceeded 10 million tons, marking a growth of
roughly 760% (China Non-Ferrous Metals Industry Association,
2009). In recent years, this trend has continued, with output
rising from 60 to 70 million tons in just four years (Ministry of
Industry and Information Technology, 2024). However, the high-
intensity resource exploitation has triggered severe sustainability
challenges in MRBCs, with over half of these cities now in
recession (Qing et al., 2022; Jiang et al., 2021). Compared to other
cities, MRBCs suffer more severe environmental degradation,
declining fiscal revenues, and large-scale population migration,
complicating efforts for ecological restoration and economic
transformation. These challenges are further exacerbated by
China’s declining domestic metal reserves and growing depen-
dence on external supplies, underscoring the urgent need to
promote sustainable development in MRBCs. As the world’s
largest metal producer, consumer, and trader, China accounts for
over 50% of global metal consumption. Given China’s key posi-
tion in the global metal industry chain, the spatial and temporal
evolution of sustainability in China’s MRBCs provides a lens
perspective for understanding the complex mechanisms of
resource-based cities (RBCs) through the interaction among
population, capital and environment. Thus, evaluating the sus-
tainability of MRBCs in China has implications for the similar
cities worldwide.

The United Nations’ 17 Sustainable Development Goals
(SDGs) provide a global blueprint for addressing critical areas
affecting humanity and the planet. Resource-intensive cities like
MRBCs are essential for driving the sustainable development
agenda, yet they face social risks and environmental degradation
driven by urbanization, population growth, and supply volatility,
threatening current and future generations (Wan et al., 2015;
Wiedmann and Allen, 2021). Despite these challenges, MRBCs
have the potential to balance economic growth, social inclusive-
ness, and environmental well-being, positioning them as pivotal
players in the global sustainable development transition (Xiao
et al., 2022). To achieve successful transformation, MRBCs
require effective monitoring, evaluation, and target-setting, gui-
ded by quantitative and qualitative metrics to inform policy and

ensure long-term resilience. However, implementing the SDGs at
the city level is complex (Sharifi et al., 2024), particularly given
the varied stages of transformation among MRBCs. China has
committed to international responsibilities for sustainable gov-
ernance and has prioritized the transformation RBCs through
targeted initiatives (The State Council, 2013; NDRC, MOF, MNR,
2021).

Emerging literature on RBCs covers topics, such as land use
efficiency (Li et al., 2024; Song et al., 2022), ecological sustain-
ability (Wu and Bai, 2022; Wang, 2024), and urban resilience
(Sun et al., 2023; Wang et al., 2023), all aiming to foster sus-
tainable prosperity. Researchers have also explored policy impacts
on transformation outcomes, including civilized city policy (Fan
and Zhang, 2021; Li et al., 2022) and unintended social and
environmental benefits of sustainability policies (Wang et al.,
2022; Zhang et al., 2022a; Chen, 2023). Special attention has been
given to MRBCs, whose ability to sustain resource supply is
crucial. If transformation efforts stall, these cities risk dual eco-
nomic and social crises, stemming not only from unbalanced
ecological development caused by resource depletion and indus-
trial homogeneity (Yang et al., 2023a; Wang et al., 2021), but also
from social instability exacerbated by institutional inadequacies
and governance dilemmas (Yang et al., 2023b; Svobodova et al.,
2022). However, there remains a significant gap in assessing the
sustainability and transformation drivers of MRBCs. Given their
heavy reliance on metal resources and the recessionary state of
many, a focused examination of their sustainability is crucial to
identifying viable pathways for accelerated transformation
in China.

The urgency of this study is heightened by rapid shifts in the
global energy landscape and China’s sustainability commitments,
as reflected in China’s alignment with the Millennium Develop-
ment Goals (2000-2015) and its subsequent commitment to the
SDGs. These milestones mark China’s effort to balance indus-
trialization with sustainability, especially under its “dual carbon”
goals. Consequently, a comprehensive framework capable of
measuring long-term sustainability at the city level is urgently
needed (Engelbrecht, 2016). The Inclusive Wealth Index (IWI), a
multi-dimensional indicator of sustainable development, offers a
promising approach by integrating ecosystem services and loca-
lizing metrics to cities. The IWI provides a holistic assessment of
sustainable development (UNEP, 2023; Dasgupta et al., 2022) and
insights into economic well-being (Arrow et al., 2004; Dasgupta
et al., 2015). Previous studies have widely applied the IWI at
national and regional levels, including analyses of long-term
wealth change in Japan (Ikeda et al., 2017), natural capital
management (Islam and Managi, 2022), provincial-level sus-
tainability performance in China (Fan et al., 2022), and trans-
formation monitoring of capital in national innovation
demonstration zones (Xue et al., 2022). The IWI’s capacity to
quantify capital across economic, social, and environmental
dimensions makes it suitable for assessing the wealth accumula-
tion and depletion in MRBCs at various stages. Localizing the
theoretical and empirical approaches of the IWI provides valuable
insights into human well-being and targeted sustainability mea-
sures for MRBCs.

MRBCs differ in their resource endowments and development
pathways, leading to varied capital accumulation and life cycle
stages. Sustainable MRBCs emphasize social inclusiveness and
equity, supporting regional resource allocation and enhancing
long-term competitiveness and resilience. Analyzing the spatial
distribution of inclusive wealth and capital structure in these
cities helps reveal sustainable development potential and facil-
itates high-quality urban transformation. Prior studies indicate
that while human and produced capital drive sustainable
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economic growth, natural capital is often constrained (Zafar et al.,
2019). Assessing the evolution of inclusive wealth in MRBCs
allows us to evaluate sustainability and explore transformation
drivers, and guide strategies for achieving balanced economic
development and social well-being. According to the National
Sustainable Development Plan for RBCs (2013–2020), MRBCs
are categorized by the life cycle stage: growing, mature, reces-
sionary, and regenerative. Analyzing their sustainable evolution
pathways across these stages can identify common characteristics
and challenges, enabling targeted policies to avoid the “resource
curse”.

The contributions of this research are multifaceted: (1) First,
this study assesses the sustainability capacity of MRBCs by
examining variations in capital structure and the heterogeneity of
spatial distribution. (2) Second, it analyzes the spatial and tem-
poral evolution of inclusive wealth, identifying the impact of
different capital types on sustainability and discussing the
mechanisms by which these capitals promote inclusive wealth
development. (3) Third, it investigates the spatial differentiation
and correlation characteristics of MRBCs, using the geographical
detector model to uncover sustainability drives and inform tar-
geted interventions. (4) Finally, it provides based on identified
evolutionary pathways, provides policy recommendations tailored
to promote sustainability across the different life cycle stages
of MRBCs.

Methods and data
Inclusive wealth index. The inclusive well-being accounting
method calculates the marginal contribution of each asset type to
social welfare, represented by the shadow price of evaluated
assets. Capital assets in the IWI are categorized into human
capital (HC), produced capital (PC), and natural capital (NC).
Unless otherwise specified, all values are expressed in Chinese
currency (CNY) at constant year 2000 prices.

IWIit ¼ HCit þ PCit þ NCit

¼ PHCit �Hit þ PPCit � Pit þ PNCit � Nit

ð1Þ

In Eq. (1), the variables PHCit, PPCit, and PNCit represent the
stock of HC, PC and NC in city i in year t. The shadow prices are
denoted as Hit, Pit, Nit respectively. Due to the finite carrying
capacity of resources and population growth, wealth dilution can
occur (Hamilton and Clemens, 1999). Therefore, assessing
regional sustainability requires a combination of IWI and IWI
per capita, which is calculated as the ratio of IWI to the resident
population. This study adopts key parameter values and capital
indicators adjusted according to localized capital accounting
practices in China, aiming to improve the applicability of the IWI
framework within the context of China’s social and economic
environment. To assess the robustness and validity of the IWI
results, we conduct a sensitivity analysis to examine how
variations in these key parameters may affect the outcomes and
conclusions (see supplementary material 1).

(1) Human capital accounting
HC is calculated from the stock (H) and the shadow price per

unit of HC (PHC) (UNU-IHDP, 2012).

H ¼ eEdu�ρ � P ð2Þ

PHC ¼
Z T

0
r � e�δ�tdt ð3Þ

In Eq. (2), the term eEdu·ρ depends on the region’s educational
level, where Edu represents educational attainment, ρ represents
the rate of return on education of 6.8% (according to Li, 2023),
and P represent the working age population. Here, Edu is proxied
by the average number of schooling years per person in each city.

Equation (3) reflects the present value of lifetime income for
PHC, calculated using the average employee salary on duty (�r)
from 2000 to t, expected working years (T), and the discount rate
set at 8% (Cheng et al., 2022).

Titk ¼ ð1� CDRitÞ �∑
k
avdk � proak ð4Þ

In Eq. (4), CDRit represents the crude death rate in city i at year
t, with k as the age groups, and the population ratio (proa)
reflecting the proportion of different age groups within the total
population aged 15–64. The distance to the retirement age, avdk,
is the absolute difference between the midpoint of each age group
and the retirement age (set at 57.5, the average for Chinese men
and women). The labor force aged 15-59 is divided into age
groups.

(2) Produced capital accounting
The perpetual inventory method is used to calculate the PC

stock.

Kit ¼ K0ið1� δÞt�l þ ∑
t

l¼1
Ilið1� δÞt�l ð5Þ

K0i ¼
I0i

δ þ γ
ð6Þ

For produced capital, Eq. (5) defines K0i, as the initial capital
stock of city i, with the base year set at 1978. The constant
depreciation rate (δ) is assumed at 6%. Investment in city i at year
t is denoted by Ili. In Eq. (6), I0i denotes the investment level of
city I in 1978, and γ represents steady growth rate, derived as the
geometric annual GDP growth rate from 1978 to t.

Gross fixed capital formation serves as primary indicator for
investment (Zhang et al, 2004), with investment data (Iit)
calculated using city-level fixed capital investment (FCIit)
adjusted by a provincial correction factor (CF).

Iit ¼ FCIit � CF ð7Þ

IIDit ¼
FCFit

FCFIut � FCFi�t�1
ð8Þ

The investment price index, based on the provincial fixed asset
investment price index (IPI) is used as the investment price index.
The investment implied deflator (IID) serves as a proxy for
missing IPI data prior to 1990. It is calculated using gross fixed
capital formation (FCF) and the gross fixed capital formation
index (FCFI) (Ye, 2010; Zhang et al., 2004).

(3) Natural capital accounting
The NC consists renewable capital (NCR) and non-renewable

natural capital (NCN).

NCit ¼ NCNit þ NCRit ð9Þ

NCNit ¼ WFOit þMWit ð10Þ

WFOit ¼ SWfit � PFft � RFft ð11Þ

MWit ¼ SMfit � PMft � RMft ð12Þ
Equation (10) details the wealth of coal (WFOit) and metal

resourced (WMit), including iron, copper, lead, manganese, zinc,
gold and silver. In Eqs. (11) and (12), f, SWfit (SMfit), PFft (PMft),
and RFft (RMft) refer to resource type, reserves, shadow price, and
rental rate of fossil or metal resource. The shadow prices of coal,
iron, and manganese are calculated as the ratio of industrial
output value by mineral yield from 2000 to year t, while the prices
of other resources are based on international market data,
adjusted to 2000 constant prices using the US GDP deflator from
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World Bank data source. Rental rates are determined from the net
profit of listed companies in respective industries.

NCR is accounted for by improving the UNEP framework
through the incorporation of ecosystem service value equivalence
factors per unit area, following the method of Xie et al.
(2003, 2015).

NCRit ¼ ESVit ¼
Z 1

0
∑
m

j¼1
∑
n

k
Ajk � Vjkdt ð13Þ

Dit ¼ D � e ð14Þ
In Eq. (13), Ajk denotes the area of ecosystem j, and Vjk

represents the per-unit value coefficient of ecosystem service type
k within that ecosystem. Equation (14) introduces Di the standard
equivalence coefficient for city i at year t, with D representing the
national standard equivalence coefficient. The correction factor e
is computed as the ratio of city-level grain yield per unit area in
2010 to the national grain yield per unit area in the same year.

Geographical detector model. Geodetector is employed to detect
spatial heterogeneity in geospatial data and to reveal the driving
forces behind spatial and temporal evolution (Goodchild and
Haining, 2004; Wang et al., 2010). The factor and interaction
detection modules are used to analyze the sustainability driver,
with the spatial correlation between X and Y represented by q.

q ¼ 1�∑L
h¼1Nhσh

2

Nσ2
ð15Þ

In Eq. (15), L is the number of levels of each IWI impact factor,
Nh is the number of IWI samples associated with the factor at
level h, N is the total sample size, σh is the variance for factor level
h, and σ is the total variance across the study area.

Data sources. For human capital (HC) indicators, data on edu-
cational attainment (Edu) and working age population (P) are
sourced from the Sixth and Seventh National Population Cen-
suses. Data on mortality, salary, and permanent resident are
obtained from each city’s statistical yearbook. For produced
capital (PC), fixed capital investment (FCI) data are obtained
from city or provincial Statistical Yearbook. Data of IPI is from
the China Price Statistical Yearbook, and the FCFI is from the
Gross Domestic Product of China (1952–1995). For natural
capital (NC) data on mineral reserves are collected from the
Mineral Resources Plan, city Statistical Yearbooks, and official
government websites. For missing values, provincial data are
allocated to cities based on industrial output. Resource market
prices of coal, iron, and manganese are from the China Land and
Resources Statistical Yearbook. The grain yield per unit area is
from the Statistical Yearbook of City and the China Statistical
Yearbook. Ecosystem services encompass farmland, forests,
grasslands, wetlands, and land designated for water resources and
water conservancy facilities. Data on these areas are sourced from
the Statistical Yearbook of City, the Second and Third National
Land Survey, and official government websites.

According to the Macroeconomic Research Group of National
Planning Commission (2002), 12 cities were initially classified as
non-ferrous metal cities and 8 as ferrous metal cities. Subse-
quently, the State Council identified typical depleted RBCs in
three phases, comprising 14 non-ferrous metal and 6 ferrous
metal cities. This paper integrates the list of RBCs outlined in the
National Sustainable Development Plan for RBCs (2013–2020),
selecting county-level cities and above as the unit of analysis.
Based on the dominant type of metal mineral resource, a total of
17 MRBCs are identified as the final study sample (Table 1).

To explore the temporal evolution of the IWI, this study selects
2011 and 2021 as key reference year for China’s MRBCs. The year
2011 represents a critical baseline, making a decade after the
adoption of the Millennium Development Goals (MDGs), while
also reflecting preconditions prior to the release of the national
sustainable development plan. The year 2021 is a key year for the
implementation of the SDGs five years after their adoption and
represents the latest available data. This option allows a more
comprehensive assessment of the evolution of long-term IWI.

A set of potential drivers influencing IWI changes in MRBCs
was identified, based on a comprehensive framework encom-
passing HC, PC, and NC. Specifically, demographic factors such
as education attainment (Edu) and working age population (P)
were selected to reflect key attributes of human capital. To
represent industrial development, the proportion of primary and
secondary industries was used as a proxy indicator of traditional
capital (TC), while the proportion of tertiary industries reflects
intangible capital (IC). Renewable natural capital wealth (NCR)
and non-renewable natural capital wealth (NCN) were chosen to
represent NC conditions.

Results
Spatial heterogeneity in inclusive wealth performance among
China’s MRBCs. In 2021, the IWI among MRBCs varied nearly
twenty-fold, ranging from 250.5 billion yuan to 5152.9 billion
yuan (see Fig. 1a). This significant gap highlighted substantial
inequality in inclusive wealth distribution. To further examine
regional inequality by capital structure, three urban clusters were
identified based on their capital composition, with sample cities
illustrated in the pie charts in Fig. 1a.

Natural capital (NC)-dominated cities constituted majority of
the sample, with an average NC share of 54.6% in 2021. The high
proportion largely depended on initial endowments, placing these
cities primarily in China’s south-central and north-western
regions. The result was a wide variation in wealth within these
clusters, including the highest IWI in Altay prefecture and the
lowest in Dexing. Notably, Dexing ranked first in the proportion
of non-renewable natural capital (NCN), which raise serious
sustainability concerns. To assess MRBCs sustainability, both IWI
and IWI per capita in 2021 were analyzed (see Fig. 1b). Cities
dominated by NC generally demonstrated greater sustainability
capacity, as shown by their above-average IWI (2029.3 billion
yuan) and IWI per capita (1883.3 thousand yuan). This strength
was attributed to a high share of renewable natural capital (NCR)
averaging 52.9%, which will remain stable with sustainable
management. For example, Altay Prefecture and Shaoguan
ranked first and third, respectively, in IWI and IWI per capita
among MRBCs. However, smaller populations could yield lower
IWI but higher IWI per capita, as seen in Jinchang and Dexing,
ranked 14 and 17th in IWI but second and fifth in IWI per capita.
These cities urgently need capital restructuring to support long-
term sustainability. Research indicates that HC and PC levels have
been increasing over time (UNEP, 2019), suggesting that this
cluster should manager its NC wisely while adjusting capital
composition to meet future needs.

Human capital (HC) and produced capital (PC) dominated
cities both faced sustainability challenges, especially those
dominated by PC. Due to regional advantage, HC-dominated
cities were primarily located in China’s eastern and central-
southern regions, with the average HC share of 43.9% in 2021.
Among these cities like Huludao and Changning, despite having
similar HC shares (50.3% and 44.8%, respectively), their total
capital differed significantly, with Huludao’s 119.6 billion yuan
nearly three times Changning’s 36.8 billion yuan. The relatively
low IWI and IWI per capita in HC dominated cities reflected
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weaker sustainability and inclusiveness. For instance, Changning
and Panzhihua ranked 16th and 11th in IWI and 16th and 12th in
IWI per capita, respectively, indicating that HC alone could not
compensate for deficiencies in NC and PC, particularly in cities
with limited high-quality HC and insufficient investment under
growing population pressure. Cities dominated by PC were the
smallest in number, with an average PC share of 41.6%, yet an
average PC of 359.6 billion yuan slightly above the overall average
of 316.1 billion yuan in 2021. Low investment in PC among
MRBCs resulted in lower productivity, as these cities were
primarily recessionary, further hampering productivity and
sustainability. With an average IWI and IWI per capita of 880.1
billion yuan and 737.3 thousand yuan of PC dominated cities,
both significantly below the overall averages of 1393.4 billion
yuan and 1167.3 thousand yuan, the over-exploitation of
resources had left HC and PC insufficient to offset the rapidly
depletion of NC. Thus, strategic interventions are essential to
foster socio-economic growth in these cities.

Spatial-temporal evolution of inclusive wealth in
China’s MRBCs. Between 2011 and 2021, the IWI and IWI per
capita improved in most MRBCs, except for Huludao, albeit
growth patterns varied significantly (Figs. 2 and 3). On average,
the total IWI increased from 1057.4 billion yuan in 2011 to 1393.5
billion yuan in 2021, representing an average annual growth rate
of 2.8%. IWI per capita also rose from 949.9 thousand yuan to
1167.3 thousand yuan, growing 2.1% annually, suggesting that the
current and past consumption of MRBCs is not compromising
the consumption potential of future generations. Tongling
experienced the highest overall IWI growth rate of 166.7%, while
Ma’anshan led in IWI per capita growth rate of 105.0%. Con-
versely, Huludao’s IWI and IWI per capita decreased by 21.0%
and 18.2%, respectively.

Produced capital (PC) emerged as the primary driver of IWI
and IWI per capita growth in MRBCs from 2011 to 2021. On
average, PC contributed to increase of 27.5% in IWI and 26.0% in
IWI per capita, respectively. This trend underscores the role of PC
investment as a critical component of inclusive wealth,

particularly in helping poorer areas achieve economic lift-off.
Among MRBCs, 13 cities recorded PC growth rates exceeding
14%, with Tongling leading at 74.1%. Although PC growth rate
generally exceeded those of human capital (HC), the total amount
of PC remained modest in many cities. For instance, Tongling,
Ma’anshan, and Xinyu, which had the highest PC pull rates,
reported PC levels of 342.6 billion yuan, 699.9 billion yuan, and
374.6 billion yuan in 2021, only slightly above the average
of 316.1 billion yuan. This is likely due to major investments in
the secondary sector while underfunded persists in the tertiary
sector.

In recessionary cities such as Changning and Baiyin, human
capital (HC) played a vital role in enhancing inclusive wealth.
Specifically, HC increased by 43.6% in Changning (from 114.8
billion yuan to 164.8 billion yuan) and 23.3% in Baiyin (from
372.0 billion yuan to 458.6 billion yuan), contributing 18.5%
and 10.0% to IWI growth, and 20.4% and 18.3% to IWI per
capita growth, respectively. This demonstrates that HC invest-
ment, fostering skills and innovation, are crucial for sustainable
development. In contrast, although HC also contributed
positively to IWI and IWI per capita in Huludao (9.7% and
11.2%, respectively), the city’s overall IWI and IWI per capita
declined by 21.0% and 18.2%. This decline is largely attributed
to the depletion of non-renewable capital suggesting that gains
in HC and PC may come at the expense of natural capital in
resource-dependent cities. More broadly, HC’s impact remains
limited across many MRBCs. For instance, Benxi experienced a
negative HC contribution to IWI (-4.8%), indicating a
pronounced “brain drain” that may severely hinder long term
development.

Natural capital (NC) has had a significant yet heterogeneous
impact on the IWI and IWI per capita in resource-dependent
cities over the past decade. From 2011 to 2021, extensive resource
extraction in Huludao led to a dramatic 61.7% decline in NC,
causing a loss of 319.0 billion yuan in IWI and 97.9 thousand
yuan in IWI per capita. However, strategic reinvestment in PC
and HC can offset wealth erosion from NC depletion, supporting
a transition to sustainable development. For example, in
Huangshi, despite a 36.2% decline in NC, HC, and PC grew by

Table 1 Comprehensive classification of MRBCs.

City Advantageous metal resource types The stage of life cycle Number of cities

Altay prefecture (Xinjiang uygur
autonomous region)

Ferrous metal: iron; Non-ferrous metal: copper, lead, zinc,
gold

Growing 1

Jinchang (Gansu) Non-ferrous metal: nickel, copper, silver Grown-up 5
Benxi (Liaoning) Ferrous metal: iron; Non-ferrous metal: copper, lead, zinc
Chenzhou (Hunan) Non-ferrous metal: zinc, tungsten, bismuth, molybdenum,

lead, manganese
Dexing (Jiangxi) Non-ferrous metal: copper, gold, lead, zinc, silver
Panzhihua (Sichuan) Ferrous metal: iron
Zhongxiang (Hubei) Non-ferrous metal: phosphorus, copper, gold Recessionary 9
Shaoguan (Guangdong) Ferrous metal: iron; Non-ferrous metal: zinc, lead,

manganese, indium
Baiyin (Gansu) Non-ferrous metal: copper, silver, lead, zinc
Changning (Hunan) Non-ferrous metal: lead, zinc, copper
Tongling (Anhui) Non-ferrous metal: copper, gold, silver
Huangshi (Hubei) Ferrous metal: iron; Non-ferrous metal: copper, gold
Lingbao (Henan) Non-ferrous metal: gold
Xinyu (Jiangxi) Ferrous metal: iron
Shizuishan (Ningxia hui autonomous
region)

Ferrous metal: iron

Ma’anshan (Anhui) Ferrous metal: iron; Non-ferrous metal: copper Regenerative 2
Huludao (Liaoning) Non-ferrous metal: molybdenum, manganese, zinc, gold

The State Council issued the National Sustainable Development Plan for RBCs (2013–2020) in 2013 (The State Council, 2013), in which the RBCs are categorized into four types, grown-up, growing,
regenerative and recessionary. The minerals highlighted in bold in advantageous resources are those with higher national reserves ranking.

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/s41599-025-05980-9 ARTICLE

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |         (2025) 12:1717 | https://doi.org/10.1057/s41599-025-05980-9 5



26.0% and 71.7%, respectively, leading to overall IWI and IWI per
capita increase of 26.1% and 25.6%. In cities with newly
discovered or exploited mineral resources, NC was a major
driver of IWI and IWI per capita growth from 2011 to 2021. For

example, in Jinchang and Shaoguan, NC contributed to IWI
growth rates of 38.5% and 19.2% and IWI per capita growth rates
of 44.7% and 18.8%, surpassing the contributions of HC and PC.
In contrast, restricted resources extraction in Altay Prefecture

Fig. 1 Inclusive wealth of 17 MRBCs in 2021. a The map shows color gradients indicating total IWI (unit: billion yuan), from light (low IWI) to dark (high
IWI). MRBCs are categorized into three groups by capital share, and pie chats illustrate the capital composition within each cluster. b Comparison of IWI
per capita and IWI by four capital types.
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resulted in a slight negative impact on IWI per capita (-1.3%).
Moreover, in certain cities, the contribution of NC to IWI and
IWI per capita can vary widely; for example, in Benxi and
Zhongxiang, the NC pull rate on IWI per capita was nearly

12 times and four times that of IWI, respectively. Both cities
experienced substantial population losses of 45,810 and 15,840
over the past decade. The high NC per capita pull rate merely
reflects this substantial population decrease.

Fig. 2 Contribution of three capital types to IWI growth in MRBCs’ (units: billion yuan) from 2011 to 2021. Percentage on each color bar represent the
growth of each type of capital, and arrow show its contribution to overall IWI growth.
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Drivers of spatial-temporal evolutionary differentiation.
Renewable natural capital (NCR) emerged as the primary driver
of changes in the IWI for MRBCs in both 2011 and 2021, with
q values of 0.770 and 0.751, respectively (Fig. 4a). However, its

relative influences declined slightly, with a 2.4% reduction in q
value over the period. Meanwhile, the weakest driver of the IWI
shifted from non-renewable capital (NCN) in 2011 (q value of
0.178) to traditional capital (TC) in 2021 (q value of 0.119),

Fig. 3 Contribution of three capital types to IWI per capita growth (units: thousand yuan) from 2011 to 2021. Percentages on each color bar represent
growth of each type of capital, and arrows show its contribution to IWI per capita growth.
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making TC the least explanatory factor for IWI variation among
in MRBCs. With the discovery and large-scale exploitation of
resources, the explanatory power of NCN surged by 81.4% in
q value since 2011. In contrast, reduced investment in TC led to a
62.8% drop in its q value, while intangible capital (IC) increased
modestly by 6.0%. From a human capital perspective, MRBCs
have undergone notable demographic shifts: education attain-
ment (Edu) increased by (10.7%) due to enhanced attention and
investment, while the working age population (P) declined by
5.3%.

Understanding the explanatory power of key drivers in IWI
changes for both grown-up and recessionary cities is essential for
interpreting urban dynamics, especially given the dominance of
such city types in MRBCs. NCR and P remained core drivers of
IWI in both city types (Fig. 4b); However, both q values declined
from 2011 to 2021, particularly in recessionary cities, where the
reductions reached 22.0% and 18.3%, respectively. IC, in contract,
had a weak impact in both city type in 2011, with q values of
0.016, 0.123, respectively. The influence of various drivers
strengthened in grown-up cities from 2011 to 2021, including
Edu, TC, IC, and NCN, with IC showing the most substantial
increase from a q value of 0.016 to 0.430. Recessionary cities,
however, followed a contrasting trend: TC became more
influential, with its q value rising from 0.176 to 0.286, while the
contribution of NCN declined by 38.8%.

The interaction detection results (Fig. 4c, d) reveal that the
combined effect of any two driver interactions on IWI is stronger
than that of individual drivers. By 2021, there was a more
nonlinear interactions accounted for 52.4% of all interactions,
while in 2011, two-factor enhancement interactions were more
prevalent. Notably, the overall interaction effect was more

pronounced in 2021, particularly the strongest interaction
between P and TC. In 2011, the synergy between Edu and other
drivers was especially beneficial for sustainability improvement,
as NCN moved from a minor to a major influence when
interacting with Edu. The interaction of NCN with P and Edu,
despite the relatively low independent influence, also proved
significant. This highlights the catalytic potential of driver
interactions in advancing sustainable development, demonstrat-
ing that these synergies can have a substantial, often unexpected
impact.

Comparative analysis of sustainability evolution paths and
wealth across different city life cycles. The upward trend in
inclusive wealth of MRBCs from 2011 to 2021 (Fig. 5a) highlights
their steady progress toward achieving the SDGs. The trajectory
and the wealth of MRBCs are largely influenced by urban metal
resources and associated industries, but each type of city exhibits
varying characteristics across life cycle stages. As shown in
Fig. 5b, growing cities, rich in bulk metals like iron and copper,
have the lowest productivity in NC but the highest in NCN.
However, income and capital productivity in growing cities lag
behind that of other city types. This lag is primarily due to limited
mineral exploration efforts, technological capacity for foundation
development, low product value-add in metal-intensive indus-
tries, and regional development constraints in the northwest. For
instance, in the Altay prefecture, over 70% of copper ore supports
primary processing industries such as wire, cable and machinery
manufacturing, with only a minimal share of high-value-added
products. Additionally, NC continues to degrade in these cities
from 2011 to 2021, indicating that long-term sustainability will be
jeopardized without increased investment in other forms of

Fig. 4 Analysis of drivers for sustainable development capacity of MRBCs using the geographical detector model. a Power of determinant (q value) for
each driving factor in MRBCs in 2011 and 2021. b Power of determinant (q value) for each driving factor in grown-up and recessionary cities in 2011 and
2021. c Interaction detection results for drivers in MRBCs in 2011. d Interaction detection results for drivers in MRBCs in 2021.
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capital. Thus, enhancing capital structure, improving capital
quality, optimizing resource usage, and converting resource
advantages into economic ones are essential priorities.

Evolutionary processes of grown-up cities over 2011–2021
show progressively reducing their dependence on natural
resources, shifting instead towards human capital (HC) driven
economies. These cities typically exhibit a favorable capital
structure characterized by high individual welfare and capital
productivity, especially in cities where HC is dominant. Their

transition often involves moving away from traditional steel
industries and developing advanced, high-value industries
through digitalization and technological innovation. For example,
Panzhihua has developed vanadium and titanium industries, with
the social workforce in the tertiary sector accounting for 48.2% in
2021, slightly above the national average of 48.0%. Conversely,
grown-up cities with a predominant NC focus (e.g., coal and
copper-zinc mining cities) tend to rely more heavily on the
secondary sector, with an average share of 47.4% in 2021,

Fig. 5 Dynamic evolution of the sustainable development capacity of MRBCs from 2011 to 2021. a Dynamic patterns of capital structure and IWI growth
in cities dominated by various capital types from 2011 to 2021. b Bar chart illustrating individual welfare (in Chinese yuan), capital productivity, and
resource endowment (in billion yuan) across different life cycle stages dominated by distinct types of capital. Error bars indicate the minimum and
maximum values.
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significantly higher than the national level of 39.4%. These cities
often leverage their primary resources to integrate the upstream,
midstream, and downstream industry chains, such as materials,
chemicals, and energy. Although their IWI and IWI per capita are
generally higher than HC dominated cities, they face challenges in
capital productivity due to industry entrenchment, which crowds
out high-quality human capital and stifles innovative technology.
Notably, despite relatively high NC productivity, both HC
dominated and NC dependent grown-up cities face risks to
sustainability, as high mineral reserves productivity may pose a
threat to future development by depleting essential mineral
reserves crucial for both ecosystems and human well-being.

Recessionary cities exhibit relatively poor overall sustainability,
particularly cities dominated by PC. In these cities, lower capital
productivity is often a result of weak endogenous growth
dynamics, with average HC and PC productivity rates of 23.3%
and 19.4% in 2021, respectively. This low productivity is mainly
driven by the income inequality inherent in these cities’
development history, which further hampers the growth of both
PC and HC. Recessionary cities also tend to have lower income
per capita relative to GDP per capita, reflecting homogeneous
economic structure, incomplete industrial chains, and lagging
transformation efforts. Converting GDP growth into inclusive
wealth growth is crucial for these cities (Almulhim et al., 2024).
Historically, recessionary cities focused on increasing PC, albeit at
a modest and constrained rate. Although investment in produc-
tion does foster economic growth, it does not necessarily enhance
inclusivity (SDG8), and sustainable consumption and production
patterns (SDG12) require significant improvement. Regenerative
cities, which have successfully transitioned from recessionary
status, have reduced dependence on natural resources, but GDP
per capita remains relatively low at 50,804.7 Chinese yuan in
2021. Even among HC dominant regenerative cities, average HC
productivity remains relatively low, mainly due to continued
investment in resource-intensive industries. Consequently, these
cities have the highest NC productivity.

Discussion
Mechanisms driving the development of inclusive wealth. This
study employs the IWI to explore the spatial and temporal
dynamics of various capital assets and their roles in promoting
the high-quality and resilient development of MRBCs. The
findings reveal that produced capital (PC) significantly con-
tributes to sustainable development, aligning with existing studies
(Zhang et al., 2025; Wu and Xu, 2025). PC refers to the
improvement of the infrastructure and manufacturing capacity
that increase the capital asset of the economy, further divided into
traditional tangible and intangible capital. While traditional
capital spurred early growth in MRBCs, intangible capital has
emerged as a more influential driver of sustainable development.
By improving labor efficiency and innovation capabilities,
intangible capital supports the continued growth of these indus-
tries, thus reinforcing the city’s sustainable development path
(Xue et al., 2022). Furthermore, the expansion of PC can spur
investment in human capital (HC), enhancing education and
reinforcing the driving force behind innovation growth (Managi
et al., 2024). The interaction of PC and HC is more significant in
enhancing IWI in MRBCs, indicating that synergies between
talent attraction and productivity investment enhance urban
inclusiveness (Huo et al., 2024).

The impact of natural capital (NC) on the sustainable
development of MRBCs is complex. Resource endowment
promoted urban development and accumulated PC and HC in
their early stages of development (Dasgupta et al., 2022).
However, the undervaluation and over-exploitation of natural

resources have led MRBCs into the resource curse mechanism
(Yang and Li, 2024). Although human labor and production
activities can partially offset the decline in well-being caused by
NC depletion, ongoing ecosystem degradation triggers conflicts in
health, food security, and biodiversity, resulting in population
decline and the gradual obsolescence of technology and capital in
MRBCs (Dai et al., 2024). Despite the development of policies
aiming to eliminate the chain effects of natural capital destruction
through technological progress, achieving this goal remains
challenging (Huo et al., 2024). Notably, increased investment in
renewable capital can significantly reduce dependence on fossil
fuels and lower greenhouse gas emissions, bringing multiple
benefits to the sustainable development of MRBCs (Qing et al.,
2022), which is consistent with our findings. The growing
influence of renewable capital in driving IWI growth in MRBCs
lays the foundation for the sustainable transformation of these
cities.

The sustained and stable policies and governance mechanisms
under the strong leadership of the central government are key to
promoting the sustainable development of MRBCs (Feng et al.,
2024). The State Council issued the “Sustainable Development
Plan for Resource based Cities (2013–2020)” in 2013 (The State
Council, 2013), which defined the strategic goals and policy
directions for urban transformation, marked a strong political
commitment and provided a systematic roadmap, and succes-
sively issued a series of policies to support sustainable
transformation (Supplementary materials 2). Green, low-carbon,
and SDGs are the shared vision for RBCs worldwide, especially
the proposal of the global low-carbon economy. It is worth noting
that while the “dual carbon goals” pose challenges to MRBCs in
terms of metal industry production and processing, they also
present greater opportunities. Stimulating low-carbon technolo-
gical advancement, along with integrating innovative technologies
into the industrial system of MRBCs, can attract high-quality
human capital. In turn, the knowledge spillover from HC
accumulation provides sustained momentum for technological
innovation (Yang et al., 2023b).

Discussion on policy implications. Global demand for metal
resource is expected to remain high, given their role in modern
industries (Owen et al., 2023). Ensuring stable resource supply of
mineral resources necessitates enhancing MRBCs’ sustainable
suitability. Additionally, global carbon reduction goals present
new challenges to energy-intensive industries in MRBCs, espe-
cially in the context of the continuous increase in dependence on
key metals for new energy technologies, requiring policymakers
to bolster support through industrial, technological, and talent
development, along with greater investment in innovation (Zhang
et al., 2022b). By objectively measuring the welfare and evolution
of MRBCs, it can not only support adaptive development deci-
sions at the current stage, but also provide policy guidance for
sustainable transition practices in different life cycles in the
future.

As the growth model of growing cities continues to be based on
resource investments (Lu et al., 2025), policies should focus on
improving efficiency and productivity through industrial chain
extension and technology upgrades, especially for metals critical
to the clean energy transition, such as aluminum and copper. This
approach would allow strategic balancing in the international
metal resource market and support high-quality development in
the global context, avoiding the dilemma of “value chain lock-in
effect” (Mao et al., 2021). Specifically, it is recommended that
growing cities learn from the successful experiences of cities at
different stages and plan ahead. For example, the full industrial
chain layout and advanced recycling technologies in the metal
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circular economy models of Nordic countries have enabled them
to become frontrunners in the efficient utilization of metal
resources (Petelin, 2025). Furthermore, enhanced research and
development investment in MRBCs is critical for translating
technological progress into sustainable growth. On one hand,
dedicated research funding should be allocated across the
industrial chain of metal smelting, deep processing, and
remanufacturing. On the other hand, R&D strategies should
focus on green metallurgy and energy-saving technologies. For
instance, the innovation-driven city of Taiyuan has achieved a
remarkably high growth rate in both the IWI and IWI per capita
(Cheng et al., 2022).

Notably, R&D investment in grown-up cities not only boosts
resource extraction technology but also drives innovation in
downstream industries, promoting economic diversification and
long-term growth. Most of the grown-up MRBCs in this study
have gradually shifted towards a tertiary driven economic model,
which differs significantly from grown-up cities in coal RBCs
(Hou et al., 2020) and RBCs (Wang et al., 2022). In fact, other
studies indirectly support our conclusion. For example, MRBCs
exhibit better dynamic adaptability in industrial factor allocation
and green transformation performance, especially highlighting
the key role of labor mobility in upgrading the national value
chain (Lu et al., 2025). The injection of new industries and clean
energy can significantly improve the spatial resilience of grown-
up resource-dependent MRBCs (Zhang et al., 2025).

For resource-scarce or recessionary regions, cities face the most
significant transformation challenges. Comprehensive actions are
needed to improve labor skills and production capacity while
protecting natural resources. As demonstrated in the United
Nations Environment Program (2023), natural capital losses can
be partially compensated through the accumulation of other
capital types. This emphasizes the importance of human and
produced capital for the growth of well-being (Managi et al.,
2024). Sensitivity analysis further confirms that the accumulation
of human capital through education investment is more sensitive
to the IWI changes in such cities. Simultaneously, the govern-
ments should actively promote the circular economy model,
focusing on the reuse and recycling of high-recyclability metals
like steel and aluminum to foster “urban minerals”. Such actions
would help stabilize local economies and secure employment. For
example, active metal recycling models have been implemented
worldwide in the construction industry and power systems
(Halkos et al., 2024; van Oorschot et al., 2022). Such actions not
only help stabilize metal supply and local economy, but also
create new green employment opportunities. Based on the
abundance and recyclability of waste metal resources in such
cities, the government should take a leading role and promote
industrial collaboration to build an urban circular economy on
the foundation of the tradition of the mineral industry chain, with
the aim of fostering “urban minerals”.

Regenerative cities are often at the crossroads of decline and
revival, and policy and financial support are essential for the
growth of alternative industries and urban services. Particularly
for resource-dependent cities, such initiatives can help buffer
social unrest and create institutional space for urban transforma-
tion (Chen, 2023). Furthermore, technological innovation and
fostering innovation hubs are vital for sustainability, as digitiza-
tion can improve energy efficiency and provide sustainable
alternative pathways (Maria et al., 2021). The integration of the
digital economy with metallurgy, using AI and big data for
predictive maintenance and resource optimization, will enhance
MRBCs resilience globally. Digital technology can drive “digital
green transformation” and “intelligent low-carbon transition” in
mining cities (Luo et al., 2024). The regeneration practice of coal
RBCs shows that the effectiveness of transformation often

depends on the introduction of emerging technologies and the
reconstruction of industrial structure (Yang et al., 2023b).
Learning from the economic innovation models of non-RBCs
helps mitigate the volatility associated with cyclical energy price
fluctuations and promotes comprehensive and sustainable
transformation.

Limitations and future work. This study employs an innovative
and improved IWI accounting framework to assess the sustain-
ability performance, capital composition evolution, and spatial
drivers of China’s MRBCs, providing a multi-dimensional fra-
mework for policymakers to assess and address the unique sus-
tainability challenges facing MRBCs. However, there are valid
limitations in exploring stable patterns or laws at different stages
of the urban development lifecycle due to the limited sample size
of MRBCs in China. Despite the sample size limitations, our
findings represent initial exploratory insights rather than defini-
tive conclusions, positioning this study as the foundation for
future research. Moreover, the classification of the lifecycle stages
of RBCs is highly endogenous, and their dynamic evolution
mechanisms are complex and variable (Wu and Bai, 2022). The
current life cycle stages and future trajectories can be explored in
future research, especially for grown-up and recessionary RBCs.
Furthermore, to conduct a comprehensive assessment of econo-
mies, future research could consider the synergies and physical
thresholds between different capitals, and incorporate the effects
of carbon emissions and the feedback mechanisms of climate
change.

Conclusions
Achieving sustainable development in mining cities is a critical
global goal, requiring shifts in human settlement, socio-economic
structures, and ecological governance. This study examines the
sustainable development performance, capital composition
changes of China’s MRBCs using an enhanced IWI framework.
Using the GeoDetector tool, we identify the key drivers and
mechanisms that impact sustainability, aiming to provide pol-
icymakers with actionable insights to support balanced develop-
ment across economic, environmental, and social dimensions.
Key findings are as follows:

(1) MRBCs exhibit spatial heterogeneity in inclusive wealth
and capital composition. Most MRBCs are dominated by natural
capital, driven by regional differences in resource endowments
driving wealth disparities. The east and south-central regions
have human capital dominated cities, though IWI per capita
remains low due to rapid population growth. Low production
capital investment also limits MRBCs’ productive capacity,
reflecting broader structural challenges related to regional
inequality and labor dynamics.

(2) Variations in the spatial-temporal evolution of inclusive
wealth in MRBCs. Over the past decade, both IWI and IWI per
capita of MRBCs have generally increased. However, the accu-
mulation remains uneven. Produced capital is the primary driver
of inclusive wealth growth but remains limited in most cities.
MRBCs driven by human capital face challenges such as low
attraction and retention rates due to brain drain, while natural
capital plays a complex role, influencing sustainability both
positively and negatively in resource-dependent cities.

(3) The inclusive wealth growth is influenced by a complex
interplay of multiple factors. Renewable natural capital, intangible
capital, non-renewable natural capital, and the working age
population significantly impact IWI. However, traditional capital
and education attainment have weaker effects. The interplay of
multiple factors often has nonlinear or dual-factor enhancement
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effects on IWI, highlighting the need for coordinated strategies in
sustainable development planning.

(4) The evolution of MRBCs at different life cycles reveals
distinct patterns. Growing cities continue to experience declines
in natural capital, while regenerative cities experience gradual
increases in human capital. Recessionary cities show slow growth
in produced capital, posing sustainability concerns. The pre-
dominance of recessionary cities underscores the urgency for
transformative measures. These different trajectories reflect the
necessity of differentiated governance strategies based on lifecycle
and social inclusion.

In conclusion, this study reveals the key roles of human, social
production and institutional factors in supporting sustainable
MRBCs development by understanding the spatial and temporal
dynamics of capital assets and their interactions. Our findings
deepen the understanding of the development mechanisms and
transformation paths of MRBCs at different stages of their life-
cycle. Policymakers can create targeted interventions to drive
high-quality, resilient development in RBCs.

Data availability
All data used in this study is reported in the supplemental
information section or obtained from the sources cited in the
study. Any additional information required to reanalyze the data
reported in this article is available from the lead contact on
request.
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