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ARTICLE

Global urban subway development, construction
material stocks, and embodied carbon emissions
Ruichang Mao1, Yi Bao2, Huabo Duan 3 & Gang Liu 1✉

Urban subway system, as an important type of urban transportation infrastructure, can

provide mass mobility service and help address urban sustainability challenges such as traffic

congestion and air pollution. The continuous construction of subways, however, causes large

amounts of construction materials and embodied greenhouse gas (GHG) emissions. In this

study, we characterized the patterns of subway development, construction material stocks,

and embodied emissions covering all 219 cities in the world in which subways are found by

July 2020. The global subway length reached 16,419 km in 2020, and the construction

material stocks amounted to 2.5 gigatons, equaling to an embodied emission of 560

megatons. In particular, China’s subway system contributes to ~40% of the total global

stocks, with a pattern of moderate and steady stocks growth before 2010 and a rapid

expansion afterwards, implying the late-development advantages and infrastructure-based

urbanization mode. Our results demonstrated that identifying the spatiotemporal char-

acteristics of subway materials stocks development is imperative for benchmarking future

resource demand, informing sustainable subway planning, prospecting urban mining and

waste management opportunities and challenges, and mitigating the associated environ-

mental impacts for global GHG emission reduction.
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Introduction

Transportation infrastructures provide connectivity and
mobility services to modern societies. They are essential for
ensuring human development and addressing sustain-

ability challenges (Wann-Ming, 2019; Thacker et al., 2019). As a
widely acknowledged planning concept for maximizing space use,
the transit-oriented development has boosted public transport
development, promoted sustainable and low-carbon urban
growth, and accelerated transportation networks in the past
decades (Renne, 2016; Nasri and Zhang, 2014). Nowadays,
transportation networks have already occupied over 25% of the
global urban built-up area (May, 2013).

The subway system, in particular, is one of the most sought
urban transportation infrastructures in addressing urban traffic
congestion (Yang et al., 2018) and air quality issues (Li et al.,
2019). Subways were constructed and operated firstly in Europe
(1863 in London) and North America (1892 in Chicago) in the
late nineteenth century. Since then, it has developed rapidly
worldwide, especially for cities in developing countries such as
China and India in the past decade (UITP, 2018). However, the
continuous subway construction caused significant construction
materials demand and greenhouse gas (GHG) emissions
throughout the entire lifespan (Müller et al., 2013; Lanau et al.,
2019). Furthermore, due to the long lifetime of subways and for
safety and/or heritage reasons, only a small share of the subway
built-in materials are potentially available as secondary resources
(e.g., 3% for Vienna’s subway network within 100 years) (Lederer
et al., 2016a), leading to both challenges and opportunities for
urban mining and waste management at the end of subway ser-
vice life. Therefore, understanding the development patterns and
accumulated material stocks of subways is essential to estimate
future resource demand, waste generation, recycling potentials,
and identify effective environmental mitigation strategies for
sustainable urban subway planning and management.

Most studies on subway development in the transportation
literature focused on evaluating its effectiveness in commuting
behaviors (Wu and Hong, 2017), reducing traffic congestion
(Prud’homme et al., 2012), and improving air quality (Chenyihsu
and Whalley, 2012), while the resource and waste perspectives are
not often investigated. The past years have seen several studies on
characterizing the quantity, quality, and composition of urban
infrastructure stocks such as roads (Nguyen et al., 2019), high-
ways (Guo et al., 2017), railways (Wang et al., 2016), and water
pipes (Pauliuk et al., 2014). However, only a few of these studies
have specifically addressed subway system for a handful case
cities, e.g., Vienna (Lederer et al., 2016b; Gassner et al., 2020),
Toronto (Saxe et al., 2017), Beijing (Mao et al., 2020), and
Shanghai (Han et al., 2018). Furthermore, a few knowledge gaps
remain unaddressed in these case studies on subway stocks:

● They often cover only subway tunnels in the material
composition indicators (MCIs) used for stock calculation
(Han et al., 2018), and neglect other large parts such as
subway stations, entrances and exits, and ventilation systems,
which present extensive materials as well.

● The subway stock results are often derived from statistics in
aggregated values (Gassner et al., 2020; Saxe et al., 2017), thus
the spatial patterns and material stocks distribution are not
analyzed, which would be essential for practical urban mining
and waste management (e.g., for spatial planning and
optimization of waste supply and demand).

● Previous studies often address individual cities, so cannot
benchmark subway material stocks results across cities and
reveal spatiotemporal variations and growth patterns in the
long run. For example, the subway material stocks

contributed to 13.9% of materials in Vienna’s transport
sector (Gassner et al., 2020), while only accounted for 2.6%
and 0.5% in the urban built-environment stocks of Beijing
(Mao et al., 2020) and Shanghai (Han et al., 2018),
respectively. Moreover, the quantity, composition, location,
and embodied GHG emissions of the global subway material
stocks are hitherto poorly understood at the global level.

In this paper, we aim to address the above-mentioned gaps by
identifying the historical subway patterns and estimating the
global subway construction material stocks up to 2020. Owing to
data availability and as a large country that is experiencing an
unprecedented urbanization process and an upgrading infra-
structure investment (Zhou et al., 2019), China was further
selected as a case to explore the spatiotemporal characteristics of
subway material stocks development. Specifically, several ques-
tions are emphasized in the research: (1) What are the historical
development patterns of the subway system over 150 years of
history? (2) What are the quantity, composition, growth, dis-
tribution, and associated environmental impacts of global subway
material stocks? (3) What is China’s subway system’s role in a
global context, and what are the spatiotemporal characteristics of
subway material stocks in China? (4) Based on the identified
features, what are the sustainable policy implications for future
stock development in subway systems?

Methods
City selection and data source. Based on exhaustive data col-
lection, we have included all the 219 cities in the world in which
subways are found by July 2020 in this research. These cities are
further grouped into seven regions: 37 cities in China (mainland
China only, excluding Hong Kong, Macau, and Taiwan), 58 in
other Asia (Asian cities except for mainland China), 76 in Europe,
23 in North America, 22 in Latin America, 2 in Africa, and 1 in
Oceania. The list is presented in the Supplementary Information
Table S1 to S7.

For Chinese cities, subway-related information on operation
time, length of tunnels, number of stations, number of lines,
number of entrances and exits, and ventilation systems were
collected from official websites of respective metro corporations
(e.g., Beijing Mass Transit Railway Operation Corporation
Limited for the case of Beijing) (Beijing Mass Transit Railway
Operation Corporation Limited, 2020), as detailed in Table S8 to
S44 in the Supplementary Information. Socioeconomic data
including the population and the urban built-up area were
obtained from their respective Statistical Yearbooks (e.g., Beijing
Statistical Yearbook 2019 for the case of Beijing) (Beijing
Municipal Bureau of Statistics, 2020) (detailed in Table S45 in
the Supplementary Information). The geolocalized data of subway
infrastructures, including polyline data for tunnels and polygon
data for stations were retrieved from AutoNavi Company
(AutoNavi Company, 2020).

For the other 182 world cities except those in China mainland,
we referred to World Metro Database (Serradell and Kennes,
2017) for subway network length, the number of subway stations,
and opening year. Gross Domestic Product (GDP) data of 153
cities (including the 37 Chinese cities) for the year 2014 are
collected from Global Metro Monitor database (Brookings
Institute, 2018), which were adjusted by a purchasing power
parity (PPP) conversion factor. Population in 2018 and built-up
area data are collected from respective national statistics (e.g., the
U.S. Census Bureau for the U.S. cities) (U.S. Census Bureau,
2020). See details in Table S46 to S51 in the Supplementary
Information.
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In addition, we have compiled annual ridership data of
subways for a total of 25 cities with the busiest and longest
subway systems from respective official reports (e.g., data for New
York from Metropolitan Transportation Authority of New York
City Transit) (Metropolitan Transportation Authority (MTA),
2019). The population densities of these 25 cities were retrieved
from the London Datastore database (Greater London Authority
(GLA), 2014) (see details in Table S52 in the Supplementary
Information). The historical population and GDP data since 2000
of five selected Chinese cities with the longest subway history
(Beijing, Shanghai, Guangzhou, Shenzhen, and Chengdu) were
obtained from respective Statistical Yearbooks (e.g., Shanghai
Statistical Yearbook 2019 for the case of Shanghai) (Shanghai
Municipal Bureau of Statistics, 2020) (detailed in Table S53 and
S54 in the Supplementary Information).

Compiling subway material composition indicators. For Chi-
nese cities, we compiled the MCIs from construction bill of
quantities provided by construction companies and archives in
three cities for data around 2015, i.e., Shenzhen (South China),
Wuhan (Central China), and Shenyang (North China) (see a
snapshot of subway bill of quantities in Fig. S1 in the Supple-
mentary Information). Over 300 material use processes are found
in each subway construction project. These material consump-
tions are further aggregated into five large components: subway
tunnel, station, ancillary road (pavement construction around the
station), entrance and exit, and ventilation system. We used the
mean values from material inventories of the three case cities for
MCIs of the subway tunnel, entrance and exit, ventilation system,
and the weighted average for the material composition in stations
and ancillary roads between transfer and normal stations due to
large material composition variance. In the end, 11 construction
materials are presented as they constitute over 99% of the total
consumption (Table 1).

For global cities, we compared the subway MCIs in China with
the available literature MCIs data of six subway lines in Vienna
(Lederer et al., 2016a) and one line in Toronto (Saxe et al., 2017),
and simplified the non-Chinese subway MCIs in two components
(i.e., subway tunnel and station) and five material types (i.e.,
cement, gravel, sand, steel and copper). We then further used the
minimum and maximum values of the MCIs for uncertainty
analysis (See Table S55 in the Supplementary Information).

Subway material stocks calculation. Based on the subway spe-
cific data (e.g., tunnel length and number of stations, detailed in
the Supplementary Information) and MCIs data compiled (see in
Table 1 and Table S55), a bottom-up stock accounting approach

is adopted for estimating subway material stocks (by five com-
ponents for Chinese cities and by two components for non-
Chinese cities). As shown in Equation 1, the construction mate-
rials used in the subway system were calculated based on the
length of subway tunnels, the number of subway stations,
entrances and exits, ventilation systems, and their corresponding
MCIs.

MSmðtÞ ¼ ∑m LstðtÞ ´MCIst;m þ NsðtÞ ´ ðMCIs;m þMCIa;mÞ
þNeðtÞ ´MCIe;m þ NvðtÞ ´MCIv;m

ð1Þ

where MSm(t) is the subway stock of material m in year t; Lst(t)
refers to the length of subway tunnel constructed in year t; Ns(t),
Ne(t), and Nv(t) are the number of subway station, entrance and
exit, and ventilation system, respectively; and MCIst,m, MCIs,m,
MCIa,m, MCIe,m, and MCIv,m are the composition indicator of
material m in one kilometer subway tunnel, and in one unit
subway station, ancillary road, entrance and exit, and ventilation
system, respectively.

Spatial analysis of subway material stocks in China. Owing to
data availability and as the country with the world’s largest
subway material stocks, we have chosen China for further spatial
analysis of its subway material stocks across cities. Polyline data
of subway tunnels and polygon data of subway stations are geo-
graphically transformed to raster data in a resolution of 500 ×
500 m in QGIS software (QGIS, 2018). In total, 15,858 grids
across the 37 Chinese cities with stock data are plotted to identify
the spatial stock distributions and the above- and underground
characteristics. By integrating the gridded population data
(acquired from WorldPop dataset) (WorldPop Mainland China
dataset, 2020), the correlations between subway stocks and
population densities are revealed for more in-depth implications.

Embodied emissions estimation. The embodied emissions of
subway materials stocks, implying the environmental impacts of
subway construction materials in production and manufacturing
phases, are calculated based on the estimated subway stocks and
corresponding GHG emission factors. The GHG emission factors,
which represent cradle-to-gate requirements for raw material
extraction, manufacture, and processing, are taken from a Life
Cycle Database in eBalance software (CLCD Database, 2015) for
estimating the embodied emissions in subway material stocks (see
the GHG emission factors of selected materials in Table S56 in
the Supplementary Information). Equation 2 illustrates the
quantification of embodied GHG emissions (measured in CO2

Table 1 Subway material composition indicators (MCIs) of Chinese cities.

Material Tunnel (t/km) Station (t/unit) Ancillary road (t/unit) Entrance and exit (t/unit) Ventilation system (t/unit)

Asphalt / 9.4 3021.0 0.7 1.0
Cement 1440.2 9233.9 1250.7 637.2 814.8
Copper / 4.5 / / /
Fly ash 593.0 3802.2 515.0 262.4 335.5
Geotextile 0.04 / 1.3 / /
Gravel 8471.9 54,317.3 8035.9 3748.2 4793.2
Silica fume 677.8 4345.4 588.6 299.9 383.5
Mortar / 2612.4 / 37.8 397.6
Sand 7201.1 46,169.7 6253.5 3186.0 4074.2
Steel 1144.6 9121.6 / 690.6 1042.2
Waterproof 0.5 8.5 / 10.0 12.2
Total 19,529 129,625 19666 8873 11,854

Note: “/” indicates no material used in this component.
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equivalent, CO2e) in the subway system.

ECm;i ¼ ∑
m;i

EFm ´MSm;i

� �
ð2Þ

where ECm,i is the total embodied GHG emissions of material m
in component i; EFi represents the emission factor of material m;
and MSm,i refers to the material stocks of type m in component i.

Uncertainty analysis. Our model results depend on the complied
subway MCIs and the collected subway physical size. The main
sources of uncertainty include the temporal variations of Chinese
subway MCIs from 1971 to 2020 and the estimation of non-
Chinese subway MCIs across global cities. The former is mainly
due to construction technologies improvement, and thus we
assess the MCIs variation of Chinese subways between 1971 to
2020 as a normal distribution, with the deviation of uncertainties
ranging from 0% (in 2015) to 20% (in 1971). For the latter, we
assumed the non-Chinese subway MCIs as a triangular dis-
tribution, by simplifying the MCIs in two components and five
material types with assumed minimum and maximum values.
Monte Carlo simulation in Crystal Ball software was employed
with 95% confidence intervals (CIs) and 100,000 trials to estimate
uncertainties in the results of subway material stocks.

Results and discussion
Global urban subway development patterns. Figure 1 shows the
growth patterns of urban subway networks across the seven
defined world regions from 1860 to 2020. Since the first subway
line started operation in 1863 in London, the number of cities
with subway systems has increased gradually. The increase
appears particularly rapid since the 1970s when the oil crises
boosted social and governmental interests in public transporta-
tion (Faivre d’Arcier, 2014). While European and other Asian
cities dominated such an increase in the past one and half cen-
turies, China experienced a surge since 2010, contributing more
than half of the global number of cities with first-constructed
subways. North American cities developed comparably slowly in
the past decades, due assumingly to its impactful automobile
industry and path dependence on automobile use
(Kennedy, 2002).

As of 1 July 2020, subway networks are found in 219 cities with
a total length of 16419 km. China alone constitutes 36.6%
(6005 km), followed by Europe (3866 km, 23.5%), other Asia
(3756 km 22.9%), North America (1644 km, 10.0%), and Latin
America (1021 km, 6.2%). Africa and Oceania have only two
(Algiers and Cairo) and one (Sydney) cities, respectively, with
subway systems to date. A total of 4891 km subway networks was
constructed after 2010 in China, accounting for 29.8% of the
current global total. This implies the fast urbanization and late-
development advantages of China provoked by its infrastructure
upgrading investment after the 2008 summer Olympics and
global financial crisis (Shi and Huang, 2014).

Although subway growth patterns vary across regions, subway
length is positively correlated with urban population and GDP. In
other words, richer cities (in terms of GDP) and larger cities (in
terms of population size) tend to have longer urban subway
networks (see Fig. 2 and Fig. S2 to S4 in the Supplementary
Information). Also, comparable urban subway length is identified
in cities with larger built-up areas (between 400 and 2000 km2) in
China and Europe. However, in Other Asia, North America, and
Latin America, no correlations were found between subway
length and built-up area, which is due mainly to the greatest
extent of road networks (Miatto et al., 2017) but less developed
subway systems in the U.S. and Canada, as well as the large
differences of urban built-up area across countries in these
regions (e.g., 5802 km2 in Brasilia (Brazil) and 223 km2 in Osaka
(Japan)) (see in Fig. S5 in the Supplementary Information). Word
region wise, the stronger correlation between subway length and
GDP than the population and built-up area in North America
suggests that subway systems were firstly constructed in richer
cities (e.g., New York, Washington D.C, and Vancouver).
Relatively weak correlations in other Asia reflect the socio-
economic disparities among countries in this region (e.g., Japan
vs. India).

The four quadrants in Fig. 2a, b, and c divide world cities into
four groups based on their subway and socioeconomic develop-
ment status. By and large, most Chinese cities locate in the first
quadrants in Fig. 2a, b, and c, indicating the rationality and
urgency of subway development in China with increasing urban
population and booming economy under a rapid urbanization

Fig. 1 The temporal dynamics of the number of cities with subway system and the total length of suways. (a) The decadal increase of cities with subway
system per world region; (b) The increase of total subway length per world region and the ten longest urban subway systems by July 2020. Note: No
subway systems were built in the time period of 1870 to 1889 and 1940 to 1949.
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process (Li et al., 2020). In comparison, European and North
American cities dominate the second quadrant in Fig. 2a and
scattered widely in the first quadrant in Fig. 2b, signifying an
urban expansion pattern with relatively low population, high
GDP, and mature subway infrastructure. Cities in the third
quadrants are mostly Latin American cities, which suggests a
potential further increase in their total subway length as these
cities continue to expand and develop economically. However,
excessive subway construction in the past decade increased debt
burdens of some local governments in China, so balancing the
subway construction speed with needs will be essential for both
financial and environmental sustainability. For example, in 2018,
the Chinese government raised standards for the subway
construction permit, from a threshold of 100 billion Chinese
Yuan for GDP and 1 million for permanent urban residents to
300 billion Chinese Yuan and 3 million population (The State
Council of the People’s Republic of China, 2018).

Figure 3a, b illustrate the annual ridership and crowdedness
(measured by ridership per km subway length) compared with
population density in the selected 25 cities with the world’s
busiest subway lines (5 cities for each world region). Both subway
ridership and population density values in the selected Asian
cities are higher, which reflects this region’s efforts in the
pedestrian-friendly design of subway networks and its signifi-
cance for maximizing accessibility to transit (Jun et al., 2015). As
it was found that a 10% increase in subway length will lead to a
6% increase in subway ridership (Gonzalez-Navarro and Turner,
2018), less crowded networks are found in mainland China
compared with their congested counterparts such as Sao Paulo,
Tokyo, and Hong Kong.

Figure 3c, d and Fig. S6 in the Supplementary Information
present the growth patterns of per capita subway length with
increasing GDP per capita and population density for the five
selected Chinese megacities (Beijing, Shanghai, Guangzhou,
Shenzhen, and Chengdu) in a context of world cities. The
subway length and GDP, on a per capita level, have increased
much more significantly (17-fold and 13-fold, respectively) than
population (twofold) since 2000, reflecting the rapid urban
infrastructure development (Bai et al., 2012; Peng et al., 2018)
over the last two decades. However, a further increase of subway
is still foreseeable in China, because: (i) China has higher
population density, lower GDP, and shorter per capita subway

length (averagely 27 m per thousand persons for the selected five
Chinese cities, compared to 36 m and 120 m per thousand
persons, respectively, for the selected European and North
American cities) compared to industrialized countries; and (ii)
The relative advantages of subways on energy efficiency,
passenger convenience, and economic incentive, compared to
other road transportation (e.g., private cars), have been
particularly emphasized in China (Zhang et al., 2011).

The material stocks in global urban subway systems
The quantity, composition, growth and distribution of global
subway material stocks. In total, 2460 Mt (mean value, with a
minimum of 2159 Mt and a maximum of 2656 Mt) of con-
struction materials are stocked in the subway networks of all the
219 world cities in 2020. This amount is around seven times
larger than the global copper in-use stocks (Wiedenhofer et al.,
2019) (See Fig. S7 and S8 in the Supplementary Information).
Regarding the material composition, subway material stocks are
dominated by nonmetallic mineral materials (93.7%), represented
by gravel (1256 Mt), sand (745 Mt), cement (243 Mt), silica fume
(33 Mt), and fly ash (29 Mt). The material composition result
allows for predicting the overall resource demand and the specific
material requirement for building new subway systems in the
future. For example, subway infrastructure construction requires
significant amount of aggregates like gravel and sand. However,
extensive mining of sand and gravel, as the largest consumed
primary raw material (79% or 28.6 gigatons per year in 2010)
(Torres et al., 2017), are eroding river coastlines and placing
burdens on habitat (United Nations Environment Program,
2019), as well as comprising the carbon uptake capacity of eco-
systems (Torres et al., 2017). Preventing and reducing damages
can thus be achieved by reducing sand and gravel consumption
through better subway planning, simplified station design, and
use of recycled and alternative materials for aggregates in subway
construction. The metallic materials, despite of a very small share
(5.1%) of subway material stocks, in which steel (125 Mt) and
copper (0.21 Mt) are the major two types (see Fig. S9 in the
Supplementary Information), present a valuable source for future
urban mining when these urban subway stocks are transformed
from “probable” to “proved” in the future (McKelvey, 1972).

Temporal wise, the total amount of subway material stocks
shows a significant growing trend in the past (See in Fig. 4a).

Fig. 2 Correlations between subway length and urban socioeconomic parameters for all world regions. (a) population, (b) GDP, and (c) built-up area.
The results are presented in four quadrants based on median values (as dashed lines) of subway length, population, GDP, and built-up area for all cities.
The regression trend lines of Africa and Oceania are not added because they only have a small number of cities with subways.
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With the development of steam engines in the industrial
revolution, London introduced the first subway line in the late
nineteenth century. Since the early twentieth century, subway had
become a feat of modern construction in North America and
Europe, as well as the newest way to travel across the city, with an
annual growth of 8 Mt subway stock from the 1900s to 1920s.
However, the stock accumulation speed slowed down to 3 Mt per
year from the 1930s to 1940s during the World War II. Since the

1970s, nevertheless, subway material stocks regained the
momentum and increased dramatically. This stock expansion
might be attributed to three major reasons: (1) the subway
systems could provide cheap and efficient solutions to satisfy the
increasing demand for commuting by public transportation in
modern urban lives (Kang et al., 2020); (2) the innovations of
tunnel boring machines and ventilation systems facilitated faster
subway constructions (Liu et al., 2013; Agrawal et al., 2019); and

Rio de Janeiro

Madrid

Berlin

Singapore

Shanghai
Beijing

Guangzhou

Shenzhen

Chengdu

Shanghai

Seoul

Shenzhen

Xi’an

(a) (b)

(c) (d)

Fig. 3 Relationship of between subway ridership, crowdedness, and length with key socioeconomic factors in the selected 25 cities with the world’s
busiest subway lines. (a) Subway ridership and population density; (b) Subway crowdedness and population density; (c) Subway length per capita and
population density; and (d) Subway length per capita and GDP per capita. The five selected Chinese cities are shown in the inner figures of (c) and (d), due
to available historical data.
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(3) the accelerating modernization and urbanization in develop-
ing countries in the recent decades, especially for China.

Since the 1990s, the increasing Chinese investment in its urban
infrastructure gathered 975 Mt (or 49 Mt/a) subway stocks from
2000, leading to 47% of the global subway material stocks
accumulated in the past two decades in China. The year 2019 has
witnessed a record high stock accumulation in which 153 Mt
construction materials are consumed in Chinese newly built
subway system (see Fig. S10 in the Supplementary Information).
Consequently, subway in Chinese cities accumulated 1006 Mt of
construction materials and contributed to 41% of global subway
material stocks by 2020. This amount is around six times higher
than the second largest subway stock county (178 Mt in the
United States) and approximately the same as the total
construction materials in all Swiss residential buildings (1075
Mt in 2015) (Heeren and Hellweg, 2019). Moreover, the highest
subway stock cities (in total 17 cities, as marked in yellow and red
in Fig. 4b) are mostly distributed in China, with only a few
exceptions such as New York, Paris, Seoul, Madrid, and Tokyo.
Therefore, identifying the characteristics of subway materials
stocks in China is imperative for forecasting future resource
demand of other Chinese cities and cities in other developing
countries to reach the same subway service level of the present
Chinese and world megacities’ levels, as well as for mitigating the
associated environmental impacts for global GHG emission
reduction.

The spatial characteristics of subway material stocks in China. The
significance of Chinese cities in global subway stocks growth

identified above indicates a necessity to better characterize the
spatial distribution of subway material stocks within China. Fig.
5a and Fig. S11 show that subway material stocks range widely
between 3.95 Mt and 110.27 Mt across cities in China. With the
most complex subway networks, material stocks in Shanghai
(110.27 Mt), Beijing (104.85 Mt), and Guangzhou (71.87 Mt) are
among the top three. Although Beijing has the longest subway
lines, its total subway material stocks are lower than that of
Shanghai (which has the most stations), signifying the consider-
able construction materials stocked in subway stations. Further-
more, the per capita subway stocks in Nanjing (5.65 t/cap) and
Wuhan (5.43 t/cap) are higher than other cities, due mainly to
their smaller population size.

Regionally, the majority of subway material stocks (78% of
total) are distributed in China’s five major urban agglomerations:
the Yangtze River Delta with eight cities accumulate 293 Mt
materials (29% of total), followed by Jing-Jin-Ji Metropolitan
Region (152 Mt), Pearl River Delta (137 Mt), Middle Yangtze
Plain (102 Mt), and Cheng-Yu Metropolitan Region (100 Mt). In
addition, the Hu Line that divides China into two halves and the
southeast half accounted for 43% of the land but 96% of the
population (Qi et al., 2016), also separated the subway material
stocks with 98.4% in the southeast and 1.6% in the northwest.
Only three cities, namely Urumqi (5.5 Mt), Lanzhou (5.2 Mt),
and Hohhot (5.12 Mt), in the northwest of Hu-line operated their
first subway lines in 2019. Under the economic development
policies for central and western China, the government should
further address this unbalanced infrastructure growth in agree-
ment with socioeconomics between east and west China

Fig. 4 The temporal and spatial patterns of global subway material stocks. (a) The temporal growth patterns by world region, 1870–2020; and (b) the
spatial distribution at city and country levels by July 2020.
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(Cao et al., 2014) (See in Fig. 5a). Taking a long-time perspective,
however, the level of subway material stocks is approaching
saturation gradually in the eastern regions, which implies cities in
central and western China deserve future attention.

Components investigation shows differences in Chinese sub-
way material stocks quantity, composition, and above- and
underground distributions (Fig. 5b). Stations contribute almost
half of the total material stocks (491 Mt), followed by ventilation
system (179 Mt) and entrance and exit (145 Mt), implying the
importance of comprehensive subway material stocks estimation
instead of merely focusing on tunnels. Material distributions in
components depict that all copper and half steel are identified in
stations, and 99% asphalt is in ancillary roads. Except for the
ventilation systems and ancillary roads’ surface, most materials
are accumulated underground (812 Mt, or 80.7% of total),
highlighting the challenges of future urban mining and the
importance of pre-demolition resource prospecting (Blasenbauer
et al., 2020). The considerable underground subway stocks also
indicate the huge mass of subway-related excavated soil and rock
generated and dumped in construction periods, and sorting and
recycling these resources will be beneficial and essential
(Zhang et al., 2020).

Fig. 6 and Fig. S12 to S48 in the SI present the urban subway
resource cadaster developed in a high resolution (500 × 500 m),
which could facilitate the secondary resource prospecting based
on the distribution of material types, quantities and locations of
subway stocks over a city. The cases of Shanghai, Suzhou, and
Lanzhou (Fig. 6a) exemplify the material stocks spatial char-
acteristics, distributions, and growth patterns (from linear
distribution in Lanzhou to network characteristics in Shanghai)
among Chinese cities (see group classification for all the 37 cities
in Table S57 in the Supplementary Information). Station related
construction (including station, ventilation system, entrance and
exit, and ancillary road) accumulated considerable materials.
However, the proportion of station stocks in total subway
material stocks decreases when subways expand from linear (e.g.,
51% in Hohhot with one subway line) to networks (e.g., 47% in
Guangzhou with 14 subway lines) because stations are shared
among more lines. The identified patterns behind spatial
materials growth and the importance of location selection for
transit subway stations could help to establish different subway
development plans for other cities.

The vertical distribution of subway material stocks for the case of
Shanghai in Fig. 6b shows the underground subway material stocks
is higher in station locations and lower along tunnels (blue, green,
and yellow colors in Fig. 6b). Above-ground stocks with less
material stocks volume distribute in the ventilation system and
ancillary road. Such a subway secondary resource cadaster also
presents the material composition in each grid. Fig. 6c shows an
example for the largest subway material stocks grid in China (found
around Shanghai Century Avenue subway station), which weighs
973 kt. This weight is dominated by gravel (417 kt) and sand
(352 kt), with 78.9% distributed in underground. Understanding the
vertical stock distributions at grid level across Chinese cities will
facilitate explicit waste management strategies in the future.

Different from the relatively significant correlation between
population density and urban built-environment stocks on a
gridded level in Shanghai (Han et al., 2018) and Beijing (Mao
et al., 2020), gridded subway material stocks arbitrarily distributes
in five categories (with 0 to 4 stations in each grid) and no
correlations are observed with gridded population density (see in
Fig. S49 in the Supplementary Information). This can be
explained by the fact that: (i) subway networks offer commuting
services to all city residents; and (ii) built-environment stocks in
the denser area reflect more working and living spaces they
provided to people.

It should be pointed out that, when data allow, such analysis
for China, as the world’s largest subway stock contributor, could
be extended to other countries and cities as well (which is
currently not possible due to data gaps on geolocalized subway
information including polyline data for tunnels and polygon data
for stations for non-Chinese cities). In general, identifying these
spatiotemporal characteristics of subway materials stocks devel-
opment is imperative for benchmarking future resource demand
of other developing countries and cities as they continue to
urbanize, as well as for informing sustainable subway planning,
prospecting urban mining and waste management opportunities
and challenges, and mitigating the associated environmental
impacts for global GHG emission reduction.

The characteristics and mitigation of embodied emissions in
global subway systems. In 2020, the construction materials in
global subway systems equal to 560 Mt of embodied GHG
emissions (mean value, with a minimum of 494 Mt and a

Fig. 5 The spatial characteristics of China’s subway material stocks. (a) Subway material stocks, geographical locations, and spatial boundaries of the 37
Chinese cities; and (b) The stock quantity and vertical distribution (above- and underground) by construction material and by component. Note: The five
major urban agglomerations in a are ① Yangtze River Delta, ② Jing-Jin-Ji Metropolitan Region, ③ Pearl River Delta, ④Middle Yangtze Plain, and ⑤ Cheng-Yu
Metropolitan Region; the gray dashed line is the Hu Line.
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maximum of 604 Mt), in which steel contributes the most (333
Mt, 59%), followed by cement (205 Mt, 37%) and mortar (12 Mt,
2.2%). This amount of embodied GHG emissions is about 37% of
the global cement production emissions in 2019 (1.5 gigatons)
(Andrew, 2019). While it is true that subways contribute much
less to the total operational emissions of the transportation sector
(3% of the total (Liu et al., 2018); see details in Fig. S51 in the
Supplementary Information), especially when compared to pas-
senger vehicles (36% of the total), the embodied emissions of
construction materials in the future subway development should
not be overlooked. By comparing the operational carbon emis-
sions of subway transport (including subway driving traction and
station power and lighting), the embodied emissions equal to
about 23 years of operational emissions, which need to be
addressed for an even more sustainable and low-carbon trans-
portation transition (Dong et al., 2018).

Significantly, the embodied emissions in China’s subway
networks are calculated as 261 Mt, accounting for almost half
(47%) of the global total. Along with the subway stock growth,
Fig. 52a presents a dramatic emission increase in China since
2011, with an annual increase of 19 Mt CO2e. Construction of
subway station (50%), ventilation system (22%), and entrance and
exit (15%) create staggering climate impacts in China due to the
use of energy-intensive materials, particularly for steel (182 Mt or
70%) and cement (71 Mt or 22%) (see in Fig. S52b in the
Supplementary Information).

Globally, Shanghai contributes with the largest share of
embodied CO2 emissions (28.6 Mt) among all 219 world cities
with subways, followed by Beijing (27.2 Mt), Guangzhou (18.6
Mt), and Wuhan (15.7 Mt). New York (14.8 Mt) is the only
outside China city among the top 10 cities regarding embodied
emissions. Moreover, the embodied GHG emissions correlate well
with the length of subway networks (R2= 0.906) among global
cities (see in Fig. S53 in the Supplementary Information).

However, cities with denser subway stations show higher
embodied emissions because of the large consumption of
energy-intensive materials (i.e., cement and steel) in station
construction. For example, London (402 km) is operating longer
subway line than New York (380 km), but the embodied GHG
emissions in New York (14.8 Mt) is larger than that in London
(9.9 Mt) due to denser subway stations (424 in New York vs. 270
in London).

The wave of global subway development associated with the
consumption of steel, cement, and other construction materials
will cause an increasing amount of GHG emissions. Our findings
in this study, correspondingly, help identify a few key socio-
economic, technological, and planning strategies to support
relevant industry stakeholders and policy makers for mitigating
such emissions. Firstly, as for the materials with high GHG
emission burdens such as steel and cement, reducing the fossil
fuels by renewable energy sources during manufacturing is
presumably one of the most effective approaches (Davis et al.,
2018). For example, introducing energy-saving technologies for
steel plants (Yu et al., 2015) and cement kilns (Gao et al., 2017)
will significantly decrease the process emissions. Improving the
recycling rate of steel scrap could also meet the continuing steel
demand in subway construction and mitigate climate change
(Pauliuk et al., 2013). Secondly, our results identified that station
construction contributes to 72% of total embodied emissions in
the global subway systems. Thus, better architectural designs of
subway stations through the leaner structures and less material-
intensive architecture will significantly mitigate the impacts in
stations construction (Saxe et al., 2017). Thirdly, timber and other
traditional bio-based materials (e.g., bamboo, straw, and hemp)
could store a considerable carbon with a relatively small ratio of
emissions to the material mass, while the most-widely used
subway materilas hardly store any carbons (Churkina et al.,
2020). Timber subway stations have been proved successful and

Fig. 6 Spatial distribution of subway material stocks, as of July 2020, for case Chinese cities. (a) For Shanghai, Suzhou, and Lanzhou; (b) For above- and
underground in Shanghai; and (c) For vertical distribution of the largest subway stock grid in China (found in central Shanghai). Note the orange and red
colors, respectively, represent one and two to four stations in (a) and (b).
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sustainable at Norwest Station in Sydney (Sydney Metro, 2019).
Partial substitution of concrete and steel with bio-based materials
in station construction should be considered. Last but not least, as
demonstrated in the case of spatial analysis of Chinese subway
stocks, optimized spatial planning for the distribution of both
subway lines and stations will minimize material and energy
consumptions through the entire lifespan including subway
construction, operation, and waste management stages.

Limitations and uncertainties. The subway material stock results
presented above unavoidably bear limitations and uncertainties.
For example, our sensitivity analysis of stock estimation shows
that the year 2019 (42.1%) and 2010 (9.8%) contribute most to the
uncertainty of subway material stocks in China, while the MCIs of
gravel (76.8%) and sand (17.8%) consumed in subway station
influence most of the non-Chinese subway material stocks (see in
Fig. S50). Further, due to the untraceable subway construction
history in the 182 non-Chinese cities, we assumed that all of their
subway material stocks by 2020 were accumulated in the first year
of operation, which would result in an overestimate of historical
subway stocks for these cities. Moreover, a small share of subway
tunnels is constructed above ground according to local geological
conditions, but this is not considered (so all tunnel material stocks
are assumed underground) due to data gaps. The estimation of
embodied emissions in global subway systems can be thus affected
by these uncertainties in stock quantification. Also, the waste
generation from subway construction activities or maintenance
works is not included either, which should be further addressed by
linking subway stocks with flows (construction, maintenance, and
demolition) in a prospective model. Nevertheless, our results
provide a good overview on the quantity, quality, growth patterns,
and spatial distributions of global subway material stocks, which
could be used to inform decision-makers in waste management
about where materials are to be replaced and/or recycled in the
future and enable sustainable subway planning with circular
economy strategies (Schiller et al., 2017).

Data availability
The supported data sources are publicly available, and their
citations are mentioned in references of this paper and the Sup-
plementary Information file. Additional information regarding
the study can be obtained from the corresponding author upon a
reasonable request.
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