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Over the past three decades, China has experienced rapid economic growth along with a rapid increase in urbanization and living
standards, leading to a boom in infrastructure demand. A large part of China’s newly constructed infrastructure is through urban
construction; thus, cities have become a major source of material consumption and carbon emissions. Understanding the
relationship between material consumption, carbon emissions, and the economic growth of cities is key to ensuring that the
construction of infrastructure satisfies the needs for both economic development and dematerialization. In this study, we first
accounted for material consumption and the carbon emissions of infrastructure construction of 34 cities in Northeast China and
characterized spatial and temporal changes from 2010–2017.-ematerial use and carbon emissions of infrastructure construction
declined by 34.6% and 30.2% during this period. Specifically, material consumption decreased from 305.2 million tonnes to 199.6
million tonnes, and carbon emissions decreased from 77.7 million tonnes to 54.3 million tonnes. Furthermore, we used a
decoupling indicator to evaluate the decoupling of material consumption or carbon emissions fromGDP in these cities. We found
that most cities have achieved the absolute decoupling of material consumption and carbon emissions from GDP over the study
period. Finally, we proposed several policy recommendations for promoting the sustainable development of the infrastructure of
cities. To ensure that cities realize low-carbon urbanization, policymakers need to promote modular buildings and low-emission
construction materials. -is paper also serves as a practical reference for the improvement of relevant materials and carbon
emissions management strategies for other developing regions.

1. Introduction

Infrastructure has a transformative impact on social de-
velopment and living standards and provides a variety of
services, including construction, energy, water, and waste
management [1]. At the same time, it also provides a means
of storage for the extraction of natural resources from the
environment. -e scale of Chinese infrastructure con-
struction has shown unprecedented growth to meet the
growing demands of society and the economy and ac-
commodate the continual improvement in living standards.
However, the widespread use of construction materials has
an important impact on resource consumption [2–4].

Furthermore, infrastructure development also results in
substantial resource-related and environmental problems,
such as increasing the scarcity of natural resources [5], land
use [6], climate change [7], mercury emissions [8, 9], SO2
emissions [10], and CO2 emissions [11–14]. Related impacts
can also occur during the construction phase (materials
production, manufacturing, and construction), in the use
phase, and finally in the post-construction phase when in-
frastructure needs to be replaced [15, 16]. -ese impacts are
especially notable for China. Indeed, investment and con-
struction of infrastructure have grown rapidly since the start
of the gradualist economic reform in 1978, as the economy
has developed rapidly and the average income of citizens has
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increased [17]. Construction in China accounts for nearly
half of the world’s new buildings on an annual basis [18, 19].
-ere is no doubt that these construction activities directly
lead to increases in the overall level of CO2 emissions in
China. However, the key to slowing global warming is to
control and reduce CO2 emissions. China has pledged to
reduce the CO2 per unit of GDP by 60–65% of the 2005 level
by 2030 [20]. To achieve this goal, understanding the current
status and characteristics of carbon emissions during in-
frastructure construction is imperative.

Cities have become the center of economic and social
activities at the country and regional level after the Industrial
Revolution, and the development of urban infrastructure
provides the foundation for the operation and development
of cities. Over the past 30 years, China’s infrastructure
development has rapidly developed, as the scale of invest-
ment, the scope of construction, and the construction level
of infrastructure have continuously increased. A large part of
China’s newly constructed infrastructure consists of urban
construction to accommodate urban economic activities and
urban expansion [21, 22]. Construction materials, such as
steel and cement, are the most utilized resources in urban
areas after water by mass [4, 23]. -erefore, a deeper un-
derstanding of the relationship between material con-
sumption and CO2 emissions in the context of the economic
development of China’s urban infrastructure construction is
crucial for low-carbon development and policymaking.

In recent years, a number of papers have investigated
material flows and stocks at various scales, including global
[24–26], national [27, 28], regional [29], and urban levels
[30–32]. Material flow analysis is the most popular and
standardized approach for analyzing inflow and outflow
data, such as the import, export, and transfer of material in a
system [33, 34].-is method can be further divided into top-
down and bottom-up approaches, which are used to study
the relationship between material flow and CO2 emissions.
Remote sensing (RS) and geographic information system
(GIS) tools have also been used to address data shortages and
to compile local infrastructure information to study material
flow at different spatial scales.

In Table 1, we provide a summary of the material flows in
infrastructure studies at different scales, temporal scopes,
and sector coverage. Additionally, research on the material
flow of infrastructure has also been focused on the CO2
emissions of construction. For example, Shi and Huang
measured the CO2 emissions associated with the con-
struction of China’s buildings and road network using
dynamic material flow analysis [38, 54]. Guo studied the
stock changes and lifecycle greenhouse gas emissions (GHG)
emissions of the urban road system, showing that the two
major periods with GHG emissions are production and
maintenance [55].

Although these studies provide a solid foundation of
accounting methods and have enhanced our understanding
of material flows and CO2 emissions associated with in-
frastructure, a few major gaps remain that require further
research. First, these previous studies have mostly focused
on the embodied CO2 emissions associated with a single type
of infrastructure or material in a specific area rather than the

infrastructure system as a whole at the city level. Second, the
relationship between material consumption, the carbon
emissions of infrastructure construction, and economic
development has been seldom discussed. -ird, few studies
have examined cities in Northeast China. In China, a large
number of people have moved from rural areas to cities.
-is, along with economic development, has led to the
increased development of infrastructure and, in turn, the
consumption of more materials and the emission of more
CO2. -erefore, understanding the material consumption
and carbon emissions associated with infrastructure con-
struction is important for promoting the sustainable de-
velopment of cities.

Here, we used a bottom-up accounting method to es-
timate the material consumption of seven major infra-
structures and 10 types of materials, estimate the CO2
emissions of infrastructure construction, and analyze the
relationship between material consumption, CO2 emissions,
and GDP in 34 selected cities in Northeast China. Specifi-
cally, we aimed to thoroughly characterize material con-
sumption and carbon emissions as well as identify potential
ways for optimizing infrastructure resources and promoting
sustainable urbanization.

2. Methods and Data

2.1. Study Area. -e prefecture-level city is one of the major
administrative divisions in China between the level of the
province and county. Northeast China consists of three
provinces—Liaoning, Jilin, and Heilongjiang—each of
which includes 14, eight, and 12 prefecture-level cities, re-
spectively. -e study area in this paper includes all 34
prefecture-level cities in the three provinces of Northeast
China (Figure 1). By 2017, these 34 cities in Northeast China
had approximately 7.3% of the country’s population and
contributed to 6.3% of national GDP (http://www.stats.gov.
cn), demonstrating the important role that this region plays
in the Chinese economy.-e list of prefecture-level cities for
each province is shown in Table 2.

2.2. Data Sources. -is article divides the infrastructure of
China into three main units based on their importance and
availability of data: building, transportation, and public
facility (Figure 2). -e dataset included infrastructure-re-
lated data for 34 prefecture-level cities in the three north-
eastern provinces of China in 2010, 2012, 2015, and 2017.
Statistical data regarding the size of their subtypes, including
the floor areas of newly built residential and non-residential
buildings, length of road systems, tap water pipelines, sewer
pipelines, gas distribution pipelines, and street lamp data,
were primarily collected from Statistical Yearbooks pub-
lished by local statistical departments and institutes [56–59]
and the “China Urban Construction Statistical Yearbook
(2010–2018).” Population data for cities came from the
annual average population estimates noted in the “China
Statistical Yearbook (2010–2018),” which represented the
population that was using urban infrastructure. -e ten
main types of construction materials were considered for
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accounting, as they reflect the specificity of the infrastruc-
ture.-ematerial intensity of each type of infrastructure and
material was compiled from published literature (Table S1).
-e carbon emission intensity of construction materials was
estimated by calculating the carbon emission coefficient.-e
carbon emission intensity of construction materials was
expressed as the CO2 emitted per unit of construction
materials during production and processing from the life
cycle assessment (LCA) database and published papers.
Additional carbon emission intensity data are shown in
Table S2.

2.3. Estimates of Material Consumption and Embodied Car-
bon Emissions. -e material consumption of infrastructure
construction was calculated using the bottom-up accounting
method. -e mathematical equations used to estimate

China’s infrastructure construction material consumption
and embodied carbon emissions were the following:

S
k
i,j � A

k
j × MIi,j, (1)

where S is the building material consumption, A is the new
floor space of buildings completed, and MI is the material
intensity. -e indices k, i, and j are the year, building
functional type, and construction material type, respectively.

R
k
a,j � P

k
a,j × MIa,j + N

k
a,j × MIa,j, (2)

where R is the material consumption for roads, P is the
length of newly constructed road, and N is the road
maintenance length. -e indices k and a are the year and
type of road, respectively.

G
k
c,j � Q

k
c,j × MIc,j, (3)

Table 1: Studies on the material flow of infrastructure. Top-down� top-down account method. Bottom-up� bottom-up account method.
RS� remote sensing. GIS� geographical information system.

Scale Method Study area Temporal scope Material Sector coverage Reference

Global Top-down Global 1900–2010 Construction
materials

Buildings, infrastructure, and
machinery [25]

RS Global 2012 Steel Buildings and infrastructure [39]

Country

GIS-based
bottom-up Japan 1945–2010 Construction

materials Buildings and infrastructure [40]

Bottom-up -e United States and
Japan 1930–2005 Construction

materials Buildings [41]

Bottom-up China 1950–2050 Construction
materials Buildings and transport network [36]

GIS-based
bottom-up Japan 1965–2010 Construction

materials Buildings and infrastructure [42]

Bottom-up China 2000–2010 Steel Buildings [43]

Bottom-up EU25 2004–2009 Construction
materials

Residential buildings and
transportation networks [44]

Bottom-up China 1900–2100 Steel Buildings [45]

Top-down Japan 1970–2000 Construction
materials Buildings [46]

Region
Bottom-up 31 provinces in China 1978–2008 Construction

materials
Residential buildings and

infrastructure [47]

RS 30 provinces in China 1992–2008 Construction
materials Buildings and infrastructure [48]

City

GIS-based
bottom-up Vienna (Austria) 1918–2013 Construction

materials Buildings [49]

Bottom-up Rio de Janeiro (Brazil) 2010 Construction
materials Residential buildings [50]

GIS-based
bottom-up Chiclayo (Peru) 2007 Construction

materials Buildings [51]

GIS-based
bottom-up Wakayama (Japan) 1855–2004 Construction

materials Buildings [52]

Bottom-up Beijing (China) 1949–2008 Construction
materials Residential buildings [53]

Bottom-up Beijing, Shanghai, and
Tianjin (China) 1978–2013 Construction

materials Buildings and infrastructure [54]

GIS-based
bottom-up Philadelphia (US) 2004–2012 Construction

materials Buildings [55]

RS Canberra (Australia) 1955, 1981, 2015 Construction
materials Buildings [56]
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Figure 1: Map of the study area.

Table 2: Cities within each of the three provinces of Northeast China examined in this study.

Provinces Prefecture-level cities covered

Liaoning Shenyang, Dalian, Anshan, Fushun, Benxi, Dandong, Jinzhou, Yingkou, Fuxin, Liaoyang, Panjin, Tieling, Chaoyang,
Huludao

Jilin Changchun, Jilin, Siping, Liaoyuan, Tonghua, Baishan, Songyuan, Baicheng
Heilongjiang Harbin, Qiqihar, Jixi, Hegang, Shuangyashan, Daqing, Yichun, Jiamusi, Qitaihe, Mudanjiang, Heihe, Suihua

Infrastructure construction dataset

Building Transportation Public facility

Tap water
pipelines

Sewer
pipelines

Gas distribution
pipelines Street lampsRoadsNon-residential

buildings
Residential
buildings

Material intensity:
Ten types of material composition indicators

Carbon emission intensity:
Life cycle assessment database

Re
su

lts

Construction material consumption

Embodied carbon footprint

Figure 2: -e framework underlying the material consumption and carbon emissions of infrastructure construction.
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where G is the material consumption of public facilities and
Q is the newly added length or unit of public facilities. -e
index c corresponds to the type of public facility.

E
k

� 
j

S
k
i,j × ej + 

j

R
k
a,j × ej + 

j

G
k
c,j × ej, (4)

where E is the embodied carbon of infrastructure con-
struction and e is the embodied carbon emissions intensity
of the material.

2.4. Decoupling Indicator. -e decoupling analysis method
was used to provide an indicator for analyzing the degree to
which environmental load and economic growth were
decoupled. In recent years, growing concerns relating to
resource use and climate change have prompted organiza-
tions to use decoupling analysis for research and develop-
ment [60]. “Decoupling” involves breaking the link between
environmental hazards and economic development. Gen-
erally, there are two modes of decoupling: resource
decoupling (or dematerialization) and decreasing negative
environmental impacts, such as CO2 emissions. Lu et al.
derived a pair of decoupling indicators for resource use and
CO2 emissions from the IPAT equation [61–63]. -e
decoupling indicator is given by the following formula:

D �
t

g
×(1 + g), (5)

where D is decoupling indicator (Dm represents the
decoupling of the materials consumption of infrastructure
construction and GDP, and De represents the decoupling of
CO2 emissions of infrastructure construction and GDP), g is
the geometric average growth rate of GDP, and t is the
geometric average rate of decline in the material con-
sumption or CO2 emissions per unit GDP. According to the
values of D (Dm or De), the degree to which material
consumption is decoupled from CO2 emissions and GDP
can be divided into three states: absolute decoupling, relative
decoupling, and non-decoupling (Table 3) [64].

3. Results and Discussion

3.1.OverviewofMaterialConsumption. -e ten categories of
construction materials of the seven subtypes within the three
types of infrastructure for 34 cities and trends of material
consumption from 2010–2017 are shown in Figures 3 and 4.
Over the past seven years, the total material consumption of
infrastructure construction in 34 cities has decreased by
34.6% from 305.2 million tonnes in 2010 to 199.6 million
tonnes in 2017. -e overall trends can be divided into three
stages. -e growth rate of GDP (33.8%) was faster than that
of the consumption of construction materials (11.4%) from
2010–2012 (Figure S1), indicating that the economic de-
velopment caused by infrastructure construction has in-
creased. From 2012–2015, GDP growth slowed sharply to
6.3%. At the same time, the material consumption of in-
frastructure also showed negative growth, with the rate of
decline reaching 10.3%. However, from 2015–2017, the
overall infrastructure material consumption and

construction scale of 34 cities, along with GDP, declined by
7.8% and 34.6%, respectively. -is decline primarily stems
from the fact that the amount of infrastructure investment
and the scale of construction in Northeast China are largely
dependent on the development of local economies [65].

Buildings are the unit with the greatest amount of
materials (Figure 3). At the same time, the improvement in
living standards has promoted an increase in the con-
struction of non-residential buildings; indeed, the annual
material accumulation of non-residential buildings exceeds
that of residential buildings every year. -e second largest
use comes from transportation, in which the share of total
material consumption has increased slightly from 9.8% in
2010 to 16.2% in 2017. Transportation was followed by
public facilities, including tap water pipelines, sewer pipe-
lines, gas distribution pipes, and street lamps, which
accounted for 5.1% of total material consumption in 2010
and 11.9% in 2017. -is increase may be related to the fact
that the proportion of natural gas in China’s primary energy
consumption has increased to 10% by 2020 [66]. Con-
struction of the China-Russia East Natural Gas Line began in
2015, and this project has undoubtedly led to the con-
struction of public facilities [67].

Sand and gravel, cement, brick, and steel are the top four
materials that have been accumulated for use in infra-
structure, accounting for 96–98% of all materials used
(Figure 4). Because of changes in the size of buildings
constructed, the amount of cement used decreased from
16.9% in 2010 to 14.8% in 2017. -e proportion of steel
consumption increased from 3.7% in 2010 to 5.8% in 2017,
reflecting the wide application of steel in infrastructure. -e
impact of infrastructure development on the environment is
substantial, and these materials, including cement and steel,
consume several different resources, such as fossil fuels and
water, during the production process. -erefore, extending
the lifespan of infrastructure with proper maintenance is
necessary.

3.2. Spatiotemporal Variation in Material Use. -e devel-
opment of 34 cities in Northeast China has been uneven.
-us, analyzing the consumption of construction materials
in different cities separately is necessary for characterizing
the material management problems faced during the de-
velopment of different cities.

-e total consumption of infrastructure construction
materials of cities in Northeast China is shown in Figure 5.
Shenyang, Changchun, and Harbin were the largest con-
sumers of construction materials, with total consumption
more than 20 million tonnes within these cities in 2010.

Table 3: Division of the degree of decoupling based on the values of
the decoupling indicator of material consumption or CO2 emis-
sions (Dm or De).

Degree of decoupling Economic growth Economic decline
Absolute decoupling D≥ 1 D≤ 0
Relative decoupling 0<D< 1 0<D< 1
Non-decoupling D≤ 0 D≥ 1
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Compared with 2010, most cities have reduced the con-
sumption of infrastructure construction materials in 2017.
However, cities with large total material consumption have
still been concentrated in cities with greater degrees of
economic development in the region, such as Changchun,

Shenyang, and Harbin, indicating that infrastructure
construction is one of the factors driving economic de-
velopment. Figure 6 shows the per capita consumption of
urban infrastructure construction materials. -e per
capita material consumption in cities, such as Yingkou,
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Figure 3: -e distribution of material consumption structure across infrastructure types in 34 cities in Northeast China in 2010, 2012, 2015,
and 2017.
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Figure 4: Distribution of construction material consumption across infrastructure types in 34 cities in Northeast China in 2010, 2012, 2015,
and 2017. Note: the width of the streamline represents the amount of material consumption. (a) Year of 2010. (b) Year of 2012. (c) Year of
2015. (d) Year of 2017. -e units in the figure are million tonnes.
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Figure 5: Spatial patterns of the total material consumption of infrastructure construction of 34 cities in Northeast China in 2010, 2012,
2015, and 2017.
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Figure 6: Spatial patterns of per capita material consumption of the infrastructure construction of 34 cities in Northeast China in 2010, 2012,
2015, and 2017.

8 Complexity



Daqing, and Shenyang, was much higher than the average
use, which made these cities the largest per capita con-
sumers of materials in 2010. In 2017, in contrast to the
pattern for total material consumption, the top three
largest per capita consumers of materials were Baishan,
Changchun, and Mudanjiang. Per capita material con-
sumption relative to the degree of infrastructure devel-
opment reflected an uneven distribution of the scale of
infrastructure construction across 34 cities in Northeast
China. -e distribution of total material consumption and
per capita material consumption of infrastructure was
consistent with the disparity in economic development
across cities. In general, cities with a high degree of
economic development, such as Shenyang, Changchun,
and Harbin, can take full advantage of radiation effects to
coordinate regional development.

For the 14 cities in Liaoning province, trends in the
total material consumption and per capita material
consumption of infrastructure construction can be di-
vided into two stages. From 2010 to 2012, the 14 cities
experienced rapid growth in the material use of infra-
structure. -e average rate of increase for this two-year
period was 18.6%. -e average annual growth rates of
infrastructure material consumption per capita and GDP
were 18.9% and 15.3%, respectively. During this period,
the large-scale construction of infrastructure has pro-
moted the development of the local economy and ur-
banization. In the second period from 2012–2017, total
material consumption and per capita consumption de-
clined at an average annual rate of 19.6% and 19.3%,
respectively. For the eight cities in Jilin province, total
material consumption decreased between 2010 and 2015,
while material consumption increased between 2015 and
2017. In contrast, total consumption and per capita
consumption of infrastructure construction materials in
Heilongjiang’s 12 cities decreased from 2010–2017. -e
total material consumption decreased from 91 million
tonnes in 2010 to 68 million tonnes in 2017. -is decrease
may stem from the fact that the average annual population
decreased on an annual basis, and the decrease in the size
of the city has been more pronounced.

Material intensity of use is an indicator of material ef-
ficiency that is most often expressed as the amount of
material consumption per unit of economic output [68].
Greater material intensity of use corresponds to less effi-
ciency in the degree to which material use contributes to
GDP growth. Figure 7 shows the material intensity of use of
urban infrastructure construction materials. From 2010 to
2017, cities with the highest GDP among the 34 cities, such as
Dalian, Changchun, and Shenyang, had lower material in-
tensity of use values, which usually corresponded to lower
material intensities. Cities with a greater degree of economic
development thus enjoy lower material consumption in-
tensity, while several cities with higher total material con-
sumption had higher material consumption intensity.
Developing cities can improve resource efficiency by con-
trolling the extensive sprawl of urban land, improving the
compactness of cities, and reducing their dependence on
materials [69].

3.3. Embodied Carbon Footprint. Based on the above anal-
ysis, steel, brick, and cement account for a large proportion
of infrastructure materials, which are the primary causes of
CO2 emissions and other toxic pollutants in the mining and
manufacturing processes [70–72]. -is paper further esti-
mates the amount of CO2 emissions by the infrastructure
construction activities of 34 cities. Figures 8 and 9 map the
amount of total CO2 emissions and per capita CO2 emissions
of 34 cities in Northeast China across several sample years.
In 2010, Shenyang, Harbin, and Changchun had the highest
levels of CO2 emissions, while Qitaihe, Liaoyuan, and Heihe
had the lowest levels of CO2 emissions. Cities with the
highest CO2 emissions generated from infrastructure con-
struction were Shenyang, Changchun, and Harbin, which
was consistent with the pattern observed in total material
consumption across cities from 2010 to 2015. Similarly,
during this period, most cities showed high levels of CO2
emissions stemming from the construction of infrastructure.
-e emissions per capita varied among cities because of
differences in city size and material consumption. Shenyang
showed the greatest change in per capita emissions among
cities, which largely stemmed from its higher urbanization
rate. However, changes in total CO2 emissions and per capita
emissions were notable between 2015 and 2017 with most
cities showing reduced CO2 emissions associated with re-
ductions in infrastructure construction. A few exceptions,
such as Changchun, still maintained a high level of CO2
emissions. During this period, the growth rate of GDP in
most cities declined and even showed negative growth,
leading to decreased investment in infrastructure con-
struction. -e reduction in infrastructure investment di-
rectly led to a decline in the scale of infrastructure
construction. As a result, both total emissions and per capita
emissions decreased. In addition, the reduction in material
consumption intensity in each city improved material effi-
ciency and played an important role in reducing the carbon
footprint [25].

-e carbon emissions intensity (CEI), defined as CO2 per
unit of GDP, is an important indicator for capturing the
relationship between carbon emissions and the economy
[73]. For example, Shenyang is one of the highest emitters of
CO2. In 2017, Shenyang’s emission level was 1.3 times higher
than that of Huludao’s emission level. However, Huludao’s
CEI was 6.1 times higher than that of Shenyang’s CEI.
China’s 13th Five-Year Plan (2016–2020) introduced a new
national carbon intensity indicator assessment system and
proposed energy reduction targets based on carbon inten-
sity. Hence, focusing on CEI facilitates the consideration of
CO2 mitigation strategies independent of their economic
impact. Figure 10 shows the CEI distribution of 34 cities in
Northeast China from 2010 to 2017. Overall, CEI decreased
from 2010 to 2017. -e three cities with the highest CEI
values were Yingkou, Tonghua, and Suihua, which all
exhibited CEI values greater than 0.3 tonnes/104 CNY in
2010. By 2017, the CEI of most cities had declined to less than
0.2 tonnes/104 CNY. Notably, only Huludao continued to
show a CEI above 0.4 tonnes/104 CNY, and this stability was
driven in part by the lower degree of economic development
in this city within Liaoning province.
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Figure 7: Spatial patterns of the material consumption intensity of infrastructure construction of 34 cities in Northeast China in 2010, 2012,
2015, and 2017.
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Figure 8: Spatial patterns of the total CO2 emissions associated with infrastructure construction of 34 cities in Northeast China in 2010,
2012, 2015, and 2017.
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Among the 34 cities in Northeast China with greater
degrees of economic development, Shenyang, Dalian,
Changchun, and Harbin showed high levels of total

emissions and per capita emissions from infrastructure
construction, but CEI values were lower than the provincial
average.-is finding indicates that infrastructure tends to be
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Figure 9: Spatial patterns of total per capita CO2 emissions of infrastructure construction of 34 cities in Northeast China in 2010, 2012, 2015,
and 2017.
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Figure 10: Spatial patterns of carbon emissions intensity (CEI) of infrastructure construction of 34 cities in Northeast China in 2010, 2012,
2015, and 2017.
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built in cities showing robust economic performance that
would thus profit more from urban economic services and
technical development. In contrast, cities with higher CEI
values showed much lower levels of infrastructure con-
struction with lower levels of urbanization from 2010–2017.

3.4. Decoupling Analysis. Here, the results of the decoupling
analysis of material consumption and the CO2 emissions of
infrastructure construction from GDP in 34 cities of three
provinces in Northeast China from 2010–2017 are presented.
Based on GDP,material consumption, and carbon emissions
data for 34 cities, we calculated the values of g and t for each
city. -e decoupling indicators (Dm and De) were calculated
by equation (5). In this study, there is a strong correlation
between material consumption and carbon emissions in
infrastructure construction. -e two decoupling states of
each city will appear similar to some extent.

Figure 11 shows the decoupling of the material con-
sumption of infrastructure construction from economic
growth in 34 cities of Northeast China from 2010–2017.
Among cities that showed economic growth during the
study period, a total of 21 cities achieved the absolute
decoupling of the material consumption of infrastructure
construction from GDP growth. Among cities showing
absolute decoupling, the decoupling level of Liaoyang was
the highest (Dm of 22.5). Meanwhile, cities that managed to
decouple carbon emissions and GDP growth were also the
same as those that had managed to decouple the material
consumption of infrastructure built and GDP growth
(Figure 12). During this period, the decoupling of these 10
cities indicates that there was an improvement in the sus-
tainable infrastructure construction of economic develop-
ment. Because of the slow economic growth (only 1–10%),
the government has focused on ensuring that the devel-
opment of the economy is in harmony with the material
consumption of infrastructure built and the environment,
which has facilitated the growth of the economy to some
extent but has reduced the pressure on the environment.
-erefore, growth in material consumption and carbon
emissions reduced, and the sustainability of development
improved.

Songyuan, Baishan, and Qiqihar achieved the relative
decoupling of the material consumption of infrastructure
and carbon emissions of infrastructure construction and
positive economic growth. -e environmental impact also
increased along with GDP, but the growth rate was lower
than that of GDP. In this period, Huludao, Liaoyuan,
Shuangyashan, Mudanjiang, and Jiamusi did not achieve the
decoupling of the material consumption or carbon emis-
sions from GDP, indicating that the growth rate of the
environmental impact as a consequence of GDP growth has
exceeded the growth rate in GDP. -e eight cities in the
relatively decoupling and non-decoupling areas were more
dependent on infrastructure construction for economic
development, but the problem was that the structure of
economic development was relatively simple. Furthermore,
economic growth was accompanied by an acceleration of
environmental disruption.

Four cities had achieved the absolute decoupling of
material consumption or carbon emissions of infrastructure
construction and economy among cities with negative
economic growth, which reduced the pressure on the en-
vironment to some extent. Economic development in these
cities is heavily dependent on carbon-intensive industry.
-us, improving the technical aspects of economic devel-
opment should be a priority for reducing material use and
carbon emissions. However, Qitaihe achieved non-decou-
pling despite its economic downturn.With the advantages of
being close to Harbin, there is an urgent need for this city to
promote economic development by expanding the scale of
incoming investment to adapt to the existing industrial
structure.

3.5.Policy Implications. Northeast China developed into one
of the largest industrial centers during the First Five-Year
Plan (1953–1957) andmade outstanding contributions to the
Chinese economy [74]. However, as a consequence of re-
source depletion, environmental pollution, and commercial
reconstruction, the economic development of Northeast
China experienced a recession in the 1990s. -e imple-
mentation of the strategy of “Revitalizing the Old Industrial
Base of Northeast China,” proposed in 2003, provided a
unique opportunity to facilitate the development of the
Northeast region [75]. At the same time, economic recovery
in the Northeast depended on infrastructure construction
and indirectly resulted in the emission of a large amount of
CO2. -us, means by which economic growth could be
accelerated while suppressing material consumption and
carbon emissions should receive increased attention from
policymakers and researchers.

-e northeastern region of China has experienced rapid
urbanization and industrialization, which has been ac-
companied by a large amount of material consumption
associated with infrastructure construction and carbon
emissions. Based on the above research, we provide the
following suggestions for promoting the coordinated de-
velopment of the economy, resources, and the environment
in Northeast China.

(1) According to the above results, steel, brick, and
cement account for a large proportion of infra-
structure materials, which impose a huge load on the
environment. -erefore, the local government
should increase its direct investment in research on
energy-saving and low-emission construction ma-
terials in view of future urban infrastructure con-
struction. Innovative energy-efficient construction
technologies and material applications will greatly
benefit urban ecology. Given that the economic
development of the 34 focal cities in Northeast China
will still need to rely on infrastructure construction
in the coming decades, there is a need to identify
infrastructure alternatives, study material flows, and
use less energy-intensive construction materials. -e
increase in prices caused by resource depletion will
become an obstacle to promoting economic devel-
opment, identifying alternative sociotechnical
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systems, and reducing GHG emissions. -erefore,
the utilization of green modular buildings and low-
emission construction materials is of great impor-
tance in developing cities. All of these relevant
policies need to be developed so that the findings of
scientists are bridged with the interests of local of-
ficials [76].

(2) From 2010 to 2017, the population size of most cities
in Northeast China also decreased (see Tables S4 for
population change data). -e decline in urban
populations is one of the characteristics of urban
shrinkage [77–79]. City shrinkage involves the dual

loss of population quantity and quality. Additionally,
in some shrinking cities, the reduction in demand
may be detrimental for the control of the material
consumption of infrastructure construction, which
slows the decoupling of materials and the environ-
mental impact on GDP. Hence, policymakers and
city planners should improve the infrastructure
planning system to protect from the risk of over-
exploitation, thereby increasing the utilization rate of
infrastructure in the context of population outflow.

(3) Cities with low per capita carbon emissions that have
achieved the absolute decoupling of material
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Figure 11: Decoupling chart of the material consumption of infrastructure construction for 34 cities in Northeast China during 2010–2017
(Dm). (a) shows the decoupling of the material consumption of infrastructure construction in 14 cities of Liaoning province. (b) shows the
decoupling of material consumption of infrastructure construction in eight cities in Jilin province. (c) shows the decoupling of the material
consumption of infrastructure construction in 12 cities of Heilongjiang province. Dm � the decoupling indicator for the material con-
sumption of infrastructure; g � geometric average of the growth rate of gross domestic product (GDP) in a certain period.
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consumption from GDP, such as Suihua, Dandong,
and Heihe, which are in less-developed states and
losing population, should pay more attention to
effectively use the existing infrastructure. -is is a
vital piece of information for those cities in
Northeast China to rationally allocate investment to
establish a comprehensive and efficient infrastruc-
ture network and enhance management level based
on existing infrastructure rather than blindly
expanding the scale of construction. Specifically,
Huludao, Liaoyuan, Shuangyashan, and Qitaihe have
achieved non-decoupling. -ese types of cities
should adjust the structure of their economic

development, improve the efficiency of infrastruc-
ture construction material use, and change their
current excessive dependence on infrastructure for
driving the economy. In contrast, Anshan, Benxi,
and Daqing are cities well known for the decoupling
of their “nonmetal and metal industry” production,
material consumption, carbon emissions associated
with infrastructure construction, and GDP. -ese
cities have experienced negative economic growth
during this period. -rough special subsidies and
lower taxes, policymakers need to encourage
adjusting the industrial structure and establishing a
synergistic feedback mechanism between urban
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Figure 12: Decoupling chart of the carbon emissions of infrastructure construction for 34 cities in Northeast China from 2010–2017 (De).
(a) shows the decoupling of the carbon emissions of infrastructure construction in 14 cities of Liaoning province. (b) shows the decoupling
of the carbon emissions of infrastructure construction in eight cities in Jilin province. (c) shows the decoupling of the carbon emissions of
infrastructure construction in 12 cities in Heilongjiang province. De � decoupling indicator for the material consumption of infrastructure;
g � geometric average of gross domestic product (GDP) growth rate in a certain period.
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infrastructure systems and industry with the aim of
promoting economic development.

3.6. Limitations. -is study aims to analyze temporal-spatial
material consumption and carbon emissions in 34 cities and
the decoupling conditions of material use and carbon
emissions from GDP for infrastructure construction. -ere
are still some limitations in this study. -is study ignores the
material loss generated by transportation and construction
in other stages because of the lack of data. In addition, it is
hard to access data to take no account of the disposal of some
types of public facilities such as sewer pipes and gas dis-
tribution pipes.-e lack of datamight slightly underestimate
the total material consumption and carbon emissions. -ese
factors will be considered in future research to adequately
and accurately estimate the material consumption and
carbon emissions in infrastructure construction at the city
scale.

4. Conclusions

In this study, we examined the material consumption and
carbon emissions associated with the infrastructure con-
struction of 34 cities in Northeast China.

-e material consumption of infrastructure built has
increased rapidly from 305.2 million tonnes to 339.9
million tonnes from 2010–2012 and then slightly de-
creased to 304.9 million tonnes from 2012–2015, fol-
lowed by a significant decline to 199.6 million tonnes by
2017. -e total carbon emissions of infrastructure con-
struction reached 77.7 million tonnes, 87.0 million
tonnes, 81.3 million tonnes, and 54.3 million tonnes,
across several sample years, respectively. Material con-
sumption and carbon emissions varied among cities, and
most carbon emissions were concentrated in Shenyang,
Dalian, Changchun, and Harbin. Additionally, the ma-
terial consumption intensity and carbon emission in-
tensity of infrastructure construction in most cities
decreased, indicating that the efficiency of material use
and emission efficiency had increased. -e proportion of
energy-intensive materials, such as cement, brick, and
steel continued to increase, which may thus have com-
paratively higher environmental impacts.

We also found that the overall distribution of infra-
structure construction was uneven. -e distribution of in-
frastructure construction was consistent with the disparity in
economic development across cities. Based on the overall
trend in development from 2010–2017 across the 34 cities,
there is still a long way to go before the complete decoupling
of material consumption or carbon emissions with GDP can
be achieved. Over the next few decades, there is an urgent
need to increase the application of green modular buildings
and improve the infrastructure planning system given that
an increased amount of infrastructure is being built to
support the development of the urban economy. -is study
provides comparable spatial-temporal city-level material
consumption and carbon emissions data for future research
on the relationships between economic development and

infrastructure construction in Northeast China. Moreover,
this paper also aimed to provide practical values that could
serve as references for other cities to achieve sustainable
development.
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