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ABSTRACT: China’s unprecedented change offers a unique opportunity for uncovering relationships between economic
growth and environmental pressure. Here we show the trajectories of China’s environmental pressure and reveal underlying
socioeconomic drivers during 1992—2010. Mining and manufacturing industries are the main contributors to increasing
environmental pressure from the producer perspective. Changes in urban household consumption, fixed capital formation, and
exports are the main drivers from the consumer perspective. While absolute decoupling is not realized, China has in general
achieved relative decoupling between economic growth and environmental pressure. China’s decoupling performance has four
distinguishable periods, closely aligning with nation-wide major policy adjustments, which indicates significant impact of China’s
national socioeconomic policies on its environmental pressure. Material intensity change is the main contributor to the mitigation
of environmental pressure, except for ammonia nitrogen, solid wastes, aquatic Cu, and aquatic Zn. Production structure change is
the largest contributor to mitigate ammonia nitrogen emissions, and final demand structure change is the largest contributor to
mitigate emissions of solid wastes, aquatic Cu, and aquatic Zn. We observe materialization trends for China’s production
structure and final demand structure during 2002—2007. Environmental sustainability can only be achieved by timely technology
innovation and changes of production structure and consumption pattern.

B INTRODUCTION emissions.”® For example, China is the world’s top consumer of
The question of whether environmental pressure can be primary energy’ and minerals,” top producer of greenhouse
reduced simultaneously along with economic growth has been gases (GHGs)® and atmospheric mercury,'"® and major
intensively discussed.”” As the largest emerging economy,
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producer of carbonaceous aerosols."" The unprecedented
change in China offers a unique opportunity to uncover the
relationship between economic growth and environmental
pressure,”'> which is important for achieving environmental
sustainability in both China and the world. This effort in the
literature has been limited mainly to energy usage,'>”'°
aggregated resource productivity,'"® CO, emissions,'” > and
atmospheric pollutant emissions.”*”>® There still remains a
great need and major challenge in comprehensively under-
standing the relationship between China’s economic growth
and environmental pressure from multiple aspects.

In this study we explore the environmental pressure of
China’s economic growth through (1) compiling inventories
for 31 types of resources and emissions in China during 1992—
2010; (2) examining the relationship between economic growth
and environmental pressure during this period using a
decoupling index; and (3) analyzing relative contributions of
six socioeconomic drivers—material intensity, production
structure, final demand structure, final demand composition,
per capita final demand, and population—to China’s environ-
mental pressure.

B MATERIALS AND METHODS

Environmental Pressure Inventories. We use the
amount of material flows to represent environmental
pressure.””*® Considering 31 categories of material flows
including 7 types of resources and 24 types of emissions, we
analyze China’s environmental pressure inventories from both
the producer and consumer perspectives based on an
environmentally extended economic input-output (EE-EIO)
model,*" as described by egs 1 and 2. The producer perspective
ties environmental pressure to resident institutions (sectors)
generating goods and services, while the consumer perspective
ties environmental pressure to final demand by considering life
cycle impacts throughout supply chains.**>%*73%

Environmental pressure from the producer perspective = F&

(1)

Environmental pressure from the consumer perspective = Fijc (2)

Assume that the economy has # sectors and k types of final
demands, and interact with the environment through the flows
of m categories of materials. The m X n matrix F indicates the
intensity of environmental pressure per unit of each sector’s
total output. The n X n matrix L = (I — A)™" is the Leontief
inverse matrix,”® in which I is the n X n identity matrix and A is
the n X n direct requirement coefficient matrix. The n X 1
vector x stands for each sector’s total output, whereas the n X 1
vector f; represents the k* category of final demand. The
notation “” diagonalizes the column vectors.

Decoupling Index (DI). The DI is used to illustrate
environmental pressure of economic growth. It reflects the
responsiveness of environmental pressure to unitary gross
domestic product (GDP) change during a certain period of
time. It is calculated by dividing the relative percentage change
of environmental pressure (Am;) with the relative percentage
change of GDP (AGDP) measured in constant price, as eq 3:

DI = Am,/AGDP 3)

Low values of the DI indicate that an economy is producing
lower marginal environmental pressure per unit GDP growth,
and hence is relatively decoupling economic growth from
environmental pressure.
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Structural Decomposition Analysis. We conduct struc-
tural decomposition analysis (SDA)*” for the quantity (v) of
environmental pressure, expressing these variables as the
product of several independent variables representing factors
to be decomposed, as shown in eq 4.

v= FLYSyggp *)

The m X 1 vector v indicates the amount of material flows to
represent environmental pressure. The n X k matrix Y,
represents the share of each of the n sectors in each of the k
categories of final demands. The k X 1 vector y, shows the
allocation of total final demand among the k categories of final
demands. The scalars g and p in eq 4 are per capita final
demand volume and population, respectively.

The decomposition form of eq 4 is

Av = AFLYSyggp + FALYSyggp + FLAYSyggp + FLYSAyggp

+ FLYSygAgp + FLYsyggAp )

The terms on the right-hand side of eq S represent the
contribution to the change of environmental pressure Av
during a certain period of time due to, from left to right,
material intensity change AF, production structure change AL,
final demand structure change AY,, final demand composition
change Ay,, per capita final demand change Ag, and population
change Ap. Many equivalent decomposition forms exist which
is the nonuniqueness issue in the SDA. In this study we use the
average of all possible decompositions.>®

B DATA SOURCES

Monetary Input—Output Tables. China’s monetary
input-output tables (MIOTs) in 1992, 1997, 2002, 2007, and
2010 are from National Bureau of Statistics of China.”*~** These
MIOTS and the Chinese statistics on resources and pollutants
are all based on different sectoral classifications. We aggregate
these MIOT' except the 2010 one to the same 45-sector format
to be consistent with the sectoral classification for the
environmental data (Supporting Information (SI) Table S1).
The original 2010 MIOT has only 41 sectors. We disaggregate
it into 45 sectors by constructing a prorating matrix based on a
binary concordance matrix.**** Total outputs of each sector
used to construct the binary concordance matrix are from
China Statistical Yearbook 2011.*

Define the m X n matrix C as the binary concordance matrix
representing how the value is split between the two sectoral
classifications, that is, from m sectors to n sectors. The
normalized map M corresponding to matrix C is then expressed
as eq 6.

M = (Cx)'C# (6)

Define the n X n matrix Z as the intermediate delivery matrix of
the MIOT, Y as the diagonal final demand matrix, and V as the

diagonal primary input matrix. The original MIOT is then
transformed into the one as follows:

ZHEW = M/ZM (7)
Yoew = MY (8)
View = VM ©)

In addition, the final demand column named “others” in
Chinese MIOTs are removed, as it is regarded as errors of
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Table 1. Data Sources for Compiling China’S Material Flow Inventories During 1992—2010

material flow inventories

resources energy

freshwater

biomass (including agricultural products and forestry products)
and mineral ores (including ferrous metal ores, nonferrous
metal ores, and nonmetallic ores)

pollutants  water pollutants; conventional air pollutants; and conventional

solid wastes
greenhouse gases; atmospheric heavy metals; crop straws; animal
manure; and construction wastes

data sources

China Energy Statistical Yearbooks

China Environment Yearbooks; Annual Statistic Reports on Environment in China;
water usage of service sectors is estimated based on some assumptions.

China Agriculture Yearbooks; China Statistical Yearbooks; China Mining Yearbooks;
China Statistical Yearbooks; aggregated data are decomposed based on
intermediate allocation data in Chinese MIOTs.

China Environment Yearbooks; Annual Statistic Reports on Environment in China;
Reports on the first nationwide survey of polluters

calculation methods from peer-reviewed literature

different data sources.””***’ Focusing on China’s domestic
supply chains, we remove imports from Chinese MIOTSs using
existing method.*® All MIOTS are converted into ones in 2007
constant price using the double deflation method.'***~>
Each sector’s Producer Price Indexes (PPI) are from China
Statistical Yearbooks.*® The SDA is based on the MIOTs in
2007 constant price, whereas environmental pressures from the
producer and consumer perspectives are based on original
MIOTs in current prices. Chinese MIOTs in 2007 constant
prices and related PPI are provided in an excel file as a SL

Material Flow Inventories. This study considers 7
categories of resource flows and 24 type of waste flows (listed
in SI Table S2). Data sources are mainly from government
statistics and published literature, as listed in Table 1. The SI
provides detailed information on data sources and calculation
methods. Detailed material flow inventories are also provided in
an excel file as a SL

Energy. Energy usage data are from China Energy Statistical
Yearbooks.>® Energy usage by agricultural sectors is aggregated.
We disaggregate this data for each agricultural sector using the
intermediate allocation data of energy sources in China’s
MIOTs.”® In particular, China’s coal consumption during
1996—2003 is regarded to be under-reported.”* We hence
adjust China’s coal consumption data in 1997 and 2002 using
empirical correlation methods during 1953—2010, as shown in
our previous study.”® Related pollutant emissions calculated
based on coal consumption data are also adjusted.

Freshwater. Freshwater usage data in 1992 are unavailable
from government statistics. We estimate each sector’s fresh-
water usage in 1992 according to the following method: (1) As
freshwater usage data during 1992—1996 are all unavailable, we
obtain freshwater usage and wastewater emission data for the
year of 1997. Each sector’s ratio of freshwater to wastewater is
calculated in 1997. (2) We obtain each industrial sector’s
wastewater emission for the year of 1992 from China
Environment Yearbook 1993.° Assuming that each sector’s
ratio of freshwater to wastewater in 1992 is the same as that in
1997, we calculate each industrial sector’s freshwater usage for
the year of 1992 by multiplying its wastewater emission in 1992
with corresponding ratio in 1997. (3) For freshwater usage and
wastewater emission data of agriculture, construction, services
and residents, they are all unavailable for the year of 1992. We
first obtain freshwater usage data of agriculture, construction
and residents for the year of 1993 from published literature.>®
We then estimate freshwater usage of agriculture and
construction in 1992 by multiplying their freshwater usage in
1993 with ratios of their total output in 1992 to that in 1993 (in
1992 constant prices). We also estimate freshwater usage of
residents in 1992 by multiplying their freshwater usage in 1993
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with the ratio of the population in 1992 to that in 1993. We
assume the freshwater intensity of Transport, storage and postal
services in 1992 to be the same as that in Chinese 2005 physical
input-output table (PIOT).*”*® Subsequently, freshwater usage
of Transport, storage and postal services in 1992 is calculated by
the freshwater intensity in 2005 PIOT multiplied by
corresponding monetary total outputs for the year of 1992 in
2005 constant price. Freshwater usage for other services is
regarded as the sum of $5% domestic living water™ and
ecological water compensation and then minus freshwater
usage of Transport, storage and postal services. Ecological water
compensation in 1992 is zero according to China Statistical
Yearbooks 2012.%°

Freshwater usage of agriculture, industrial sectors and
construction in 1997 and 2002 is from China Environment
Yearbooks,®®* while that in 2007 and 2010 is from Annual
Statistic Reports on Environment in China.>* Freshwater usage
for agricultural sectors from 1997 to 2010 and that for
industrial sectors in 1992 and 1997 are highly aggregated. We
disaggregate these data using the intermediate allocation data of
water in the MIOTs, which is similar to the disaggregation of
energy usage data. Freshwater usage for services sectors from
1997 to 2010 is unavailable from Chinese statistics. We assume
the freshwater intensity of Transport, storage and postal services
in 1997, 2002, 2007, and 2010 to be the same as that in
Chinese 2005 PIOT.”® Subsequently, freshwater usage of
Transport, storage and postal services in 1997, 2002, 2007, and
2010 is calculated by the freshwater intensity in 2005 PIOT
multiplied by corresponding monetary total outputs in 2005
constant prices. Freshwater usage for other services is regarded
as the sum of 55% domestic living water>” and ecological water
compensation and then minus freshwater usage of Transport,
storage and postal services. Data for domestic living water and
ecological water compensation are from China Environment
Yearbooks®"®* and Annual Statistic Reports on Environment in
China.*>%*

Biomass and Mineral ores. Only aggregated data for
biomass and mineral ores are available from government
statistics and existing literature. Resource usage data reported
for aggregated sectors are disaggregated using intermediate
allocation data of sectors representing similar resources in
existing MIOTSs, based on the unique sectoral price
assumption.””® Each sector’s biomass usage is calculated
based on the intermediate allocation data of agricultural
products (the Cultivation sector) and forestry products (the
Forestry sector) in the MIOTs. Each sector’s usage of mineral
ores is calculated based on the intermediate allocation data of
ferrous metal ores (the Mining and processing of ferrous metal
ores sector), nonferrous metal ores (the Mining and processing of
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Figure 1. Changes of China’s environmental pressure from the producer and consumer perspectives during 1992—2010. Quantity change means the
percentage change of environmental pressure measured by the amount of material flows. Intensity change indicates the percentage change of
environmental pressure intensity. Intensity is calculated as dividing the quantity by GDP in constant price. GDP in this Figure is equal to the sum of
each sector’s value added from the Chinese MIOTS in constant prices. The columns for producer and consumer perspectives represent relative
contributions of industries and final demand categories to quantity changes of environmental pressure, respectively. For quantity increase/decrease
of environmental pressure, positive values from the producer and consumer perspectives indicate that corresponding drivers push the increase/
decrease. Detailed data for the producer and consumer perspectives are shown in SI Figures S1 and S2.

nonferrous metal ores sector), and nonmetallic and other ores
(the Mining and processing of nonmetallic and other ores sector)
in the MIOTs.

Taking biomass for example, we first obtain the domestic
extraction, imports and exports of biomass from Chinese
statistics. For a particular kind of biomass, we calculate its
domestic consumption by domestic extraction plus imports and
then minus exports.29’30 For a particular row of monetary input-
output tables, domestic consumption also equals to the sum of
intermediate allocations, final consumption, and gross capital
formation of described materials. We then calculate proportions
of the intermediate allocations of each kind of biomass to each
sector in domestic consumption of this kind of biomass based
on MIOTs. Each sector’s biomass usage is finally calculated by
its proportion multiplied by domestic consumption of this kind
of biomass.

Domestic extraction of agricultural and forestry products in
1992, 1997, 2002, 2007, and 2010 comes from China
Agriculture Yearbooks.%*~”° Imports and exports of agricultural
and forestry products in 2002, 2007, and 2010 are from China
Agriculture Yearbooks,®*~7° whereas those in 1992 and 1997 are
from China Statistical Yearbooks.*® In addition, domestic
extraction, imports and exports of mineral ores in 2002,
2007, and 2010 are from China Mining Yearbooks.”' ™73
Domestic extraction of mineral ores in 1992 and 1997 is
obtained from Xu and Zhang’s study,74 while imports and
exports of minerals ores in 1992 and 1997 are from China
Statistical Yearbooks.*®

Wastes and Emissions. Data for wastes and emissions
mainly come from Annual Statistic Reports on Environment in
China,®*** China Environment Yearbooks,>>*"** and Reports on
the First Nationwide Survey of Polluters.”> We use methods
proposed by the literature to estimate those data that are not
available from government statistics, including GHGs,76
atmospheric mercu1'y,26’77_79 nitrogen oxides,* crop straws,’
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animal manure,®* and construction wastes.®> Aggregated data
for emissions are disaggregated according to ratios of total
outputs of related sectors. In particular, sludge emission is not
included in Chinese environmental statistics on wastewater
treatment activities of Production and distribution of water. We
then extend the scope of solid wastes emissions of Production
and distribution of water to cover sludge emission. Sludge
emission of wastewater treatment activities in 2007 and 2010
are from Annual Statistic Reports on Environment in China.®>%*
Detailed methods for obtaining wastes and emissions data are
described in the SI.

B RESULTS

China’s Environmental Pressure during 1992—-2010.
Our results show that the amount of resources consumed and
waste discharged in China during 1992—2010 has sharply
increased, except for dust emissions and most water pollutants
(Figure 1). During the same period, producing unitary GDP in
China requires decreasing amount of resources except for
nonmetallic ores and nonferrous metal ores and produces
decreasing amount of wastes and emissions (Figure 1).

We attribute China’s environmental pressure to different
sectors from the producer perspective and to final demands
from the consumer perspective. Changes in mining and
manufacturing industries are the main direct contributors to
the increasing environmental pressure (Figure 1), primarily due
to increased production of nonferrous metal ores, chemical
products, nonmetallic mineral products, ferrous metals, electric
and heat power, and other services (SI Figure S3A). This is also
evidenced by the fact that China experienced rapid
industrialization and urbanization during 1992—2010, which
has driven the increasing demand for raw materials and
manufactured products especially for construction materials
and fossil fuels. Services dominate emissions of petroleum
pollutants and ammonia nitrogen, whose rapid development

dx.doi.org/10.1021/es4042429 | Environ. Sci. Technol. 2014, 48, 1103—1113
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Figure 2. Decoupling indexes indicating environmental pressure of China’s economic growth during 1992—2010. The length of each pie indicates
the decoupling index value (as labeled) of corresponding environmental pressure. The relationship between economic growth and environmental
pressure is negative decoupling when the decoupling index is larger than 1 (e.g, nonferrous metal ores and nonmetallic ores in the left subfigure),
relative decoupling when between 0 and 1, and absolute decoupling when smaller than 0 (e.g., the right subfigure).
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Figure 3. Temporal variation of China’s decoupling indexes (horizontal axis) during 1992—2010. The relationship between economic growth and
environmental pressure is negative decoupling when the decoupling index is larger than 1, relative decoupling when between 0 and 1, and absolute
decoupling when smaller than 0. The dotted lines indicate that the value of decoupling index equals to 1.

mainly induces the increase of petroleum pollutants and emissions during 1992—2010 (Figure 1). For the decreased
ammonia nitrogen emissions (Figure 1). Agriculture dominates dust emissions and water pollutant discharges, changes in rural
emissions of aquatic Cu and aquatic Zn, and its change has the household consumption, urban household consumption, and
largest contribution to reductions of aquatic Cu and aquatic Zn fixed capital formation play an important role (Figure 1). These
(Figure 1). drivers represent the improved quality of lives in China’s

Next we identify underlying drivers for increased environ- households as well as China’s large-scale investment in
mental pressure throughout supply chains. The increasing final infrastructure development and sharply increased exports in
demand for transport equipment, electrical and electronic the past two decades. In particular, increased demands for food,
equipment, construction, and other services is mainly transport equipment, construction, and other services dominate
responsible for the increased environmental pressure from the the increasing environmental pressure caused by urban
consumer perspective (SI Figure S3A). Changes in urban household consumption during 1992—2010 (SI Figure S3B).
household consumption, fixed capital formation, and exports Key drivers in fixed capital formation include the increased
are the main drivers for the increased resource usages and waste demands for general purpose machinery, transport equipment,
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Figure 4. Relative contributions of socioeconomic factors to environmental pressure change during 1992—2010. Taking Figure A for example, the
first column named “Quantity change” indicates the percentage change of environmental pressure. The other six columns indicate relative
contributions of changes in six socioeconomic drivers. The sum of relative contributions of changes in six socioeconomic drivers for an
environmental pressure equals to 100%. For quantity increase/decrease of environmental pressure, positive values indicate that corresponding drivers
push the increase/decrease. Detailed quantity results are provided in an excel file as a SL

electrical equipment, construction, and other services (SI
Figure S3B). Increasing exports of textiles, raw chemical
materials, equipment and machinery, and other services are also
key drivers for increasing environmental pressure (SI Figure
S3B).

Decoupling of Economic Growth and Environmental
Pressure. Decoupling in this study means achieving economic
growth with minimum additional environmental pressure.
Negative decoupling—environmental pressure growing faster
than the economy—is observed for the consumption of
nonferrous metal ores and nonmetallic ores. China’s GDP
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doubling from 1992 to 2010 is accompanied by the increasing
use of nonferrous metal ores and nonmetallic ores by 131% and
139%, respectively (Figure 2). We calculate sectoral decoupling
indexes for the usage of nonferrous metal ores and nonmetallic
ores based on sectoral added-value in constant prices (SI Figure
S8A). Negative decoupling in ferrous metals production and
other services is the main contributor to the increase of
nonferrous metal ores, while negative decoupling in metal ores
mining and the manufacturing of tobacco, petroleum products
and coke, and rubber is the main driver to the increase of
nonmetallic ores (SI Figure S8A). For dust emissions and most
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Figure 5. China’s possible environmental pressure in 2020 if following development pattern in the past 20 years. Detailed data supporting this Figure

are listed in SI Table S4.

water pollutants, there is absolute decoupling, meaning that
environmental pressure decreases along with economic growth.
In particular, dust emissions and the discharge of most water
pollutants are reduced by 6% and 2%-20%, respectively, during
1992—2010 when China’s GDP is doubled (Figure 2), mainly
driven by the absolute decoupling in the production of petroleum
and natural gas, petroleum products and coke, and fuel gas (SI
Figure S8). Economic growth is in relative decoupling with the
other environmental pressures during 1992—2010, implying
that environmental pressure grows slower than the economy
(Figure 2). Overall, China’s economic growth shows relative
decoupling from the environmental pressure in general, still far
away from absolute decoupling.

China’s decoupling performance during 1992—2010 can be
seen as four distinguishable periods (Figure 3). The economy
first shows negative and relative decoupling for the majority of
environmental pressures in 1992—1997, followed by absolute
decoupling from most environmental pressures in 1997—2002.
During 2002—2007, the economy shows negative and relative
decoupling again for most environmental pressures, followed by
absolute decoupling from water pollutant discharges and
relative decoupling from most other environmental pressures
in 2007-2010. This notable variation of China’s decoupling
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performance closely aligns with the nation-wide major policy
adjustments in China every five years formally known as the
Five-Year-Plan (FYP), indicating significant impact of China’s
national social and economic policies on its environmental
pressure. Chinese Central Government began to pay special
attention to environmental issues in the ninth FYP (1996—
2000), making the decoupling trends better during 1997—2002
than that during 1992—1997. China began the rapid heavy
industrialization process during the 10th FYP (2001—200S).
Heavy manufacturing which are material-intensive developed
quickly in this period, making the decoupling trends become
worse during 2002—2007. China’s “Industrial Structure Adjust-
ment” in the 11th FYP (2006—2010) lowered the share of
heavy manufactured goods, making the decoupling trends
become better again during 2007—2010.

Relative Contributions of Socioeconomic Drivers. We
examine six drivers impacting and their contributions to China’s
environmental pressure in the past two decades, including
material intensity, production structure, final demand structure,
final demand composition, per capita final demand, and
population. The results show that increasing affluence
measured by per capita final demand is the largest driver for
increasing environmental pressure during 1992—2010, followed
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by the change of final demand composition by different final
demands (Figure 4A). The change of production structure
measured by the change of the technical coeflicient matrix in
the input-output model contributed to the reduction of
environmental pressure during 1992—2002 and 2007-2010,
but induced the increasing environmental pressure during
2002—2007 (Figure 4B). Thus, there is a materialization trend
in China’s production structure during 2002—2007.

Material intensity reflects the efficiency of utilizing resources
and reducing emissions in the economy. Material intensity
change is the largest contributor to mitigate environmental
pressure, except for ammonia nitrogen, solid wastes, aquatic
Cu, and aquatic Zn, during 1992—2010 (Figure 4A).
Production structure change is the largest contributor to
mitigate ammonia nitrogen emissions, and final demand
structure change is the largest contributor to mitigate emissions
of solid wastes, aquatic Cu, and aquatic Zn (Figure 4A). The
change of final demand structure, sectoral shares in each
category of final demand, helped mitigate the environmental
pressure during 1997—2002 and 2007—2010, but contributed
to the increasing environmental pressure during 1992—1997
and 2002—2007 (Figure 4B). Thus, there is a materialization
trend in China’s final demand structure during 1992—1997 and
2002—-2007.

The absolute decoupling observed for most water pollutants
during 1992—2010 is mainly due to the changes of material
intensity, except for aquatic Cu and aquatic Zn (Figure 4A).
For the absolute decoupling of emissions of aquatic Cu and
aquatic Zn, changes in production structure and final demand
structure are primary contributors (Figure 4A).

B DISCUSSION

Policy Implications. In November 2012, the Chinese
government proposed a target for doubling its GDP from the
2010 level by 2020. If China follows its development pattern in
the past 20 years, doubling GDP will result in large-scale
increase of resource demand and waste emissions. For example,
China’s industrial energy consumption and ferrous metal ore
usage by 2020 might be equivalent to 16% of the world’s energy
consumption and 84% of the world’s ferrous metal ore
production in 2011, respectively (Figure SA). CO, emissions
in China by 2020 might be equivalent to 47% of the world’s
total CO, emissions in 2011 (Figure SA). China’s demand for
freshwater and nonferrous metal ores during 2011—-2020 might
exceed its known resource reserves, equivalent to 252% and
690% of its known reserves in 2011, respectively (Figure SB).
The total consumption of ferrous metal ores during 2011—2020
might also approach China’s known reserve in 2011 (Figure
5B). In addition, China’s current known fossil fuel reserves
might maintain its economic growth for only 66.7 (=1/0.15 x
10) years (Figure SB). This would imply either a slowdown of
China’s economy due to resource constraints or transferring
resource demand to other parts of the world, such as Africa, and
consequentially environmental impacts in those areas.

China will continue to pursue economic growth to improve
life quality, but with slower and slower growth speed. China’s
population is also expected to grow slowly in the near future.
The growth of economy and population will still push the
increase of environmental pressure. According to Figure 2, to
achieve absolute decoupling, the material intensity needs to be
reduced by a factor of at least 2.39, 2.31, 1.95, and 1.01-1.71
(values are equal to the decoupling index plus 1.00) for
nonmetallic ores, nonferrous metal ores, ferrous metal ores, and
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other materials, respectively. China still has considerable
potential to reduce material intensity, such as developin§
renewable energy sources and low-emission technologies.®

Timely technology innovation is hence crucial for reducing
environmental pressure, which can also stimulate economic
growth.** However, only relying on technology innovation may
not be enough for stabilizing environmental pressure;* special
attention should also be paid to change production structure
and consumption pattern.

During 1992—2002, China’s economic growth was domi-
nated by light manufacturing sectors. However, production
structure change induced increasing environmental pressure in
2002—2007 due to the rapid development of heavy
manufacturing industries.*® During 2007—2010, China focused
on upgrading traditional manufacturing and eliminating
outdated technologies, known as “Industrial Structure Adjust-
ment”. These actions greatly changed the production structure
and led to the mitigation of environmental pressure during this
period.

During 2002—2007, China’s final demand significantly
shifted from labor-intensive manufactured goods to heavy
industrial products®® with higher material intensity.*® Thus,
final demand structure change contributed to the environ-
mental pressure mitigation during 1997—-2002, but to the
increase of most environmental pressures during 2002—2007.
Since 2007, China’s “Industrial Structure Adjustment” has
lowered the share of heavy manufactured goods in the final
demand, leading to the environmental pressure mitigation
during 2007-2010.

Our results also show that a particular driver has different
performances for different environmental pressures. For
example, changes in rural household consumption have primary
contribution to the reductions of aquatic Cu and Zn, but small
influence on other environmental pressures (Figure 1).
Moreover, production structure change has positive contribu-
tion to the reductions of aquatic Cu and Zn, but negative
contribution to the mitigation of aquatic Cr and As (Figure
4A). This indicates that adjusting a driver during policy-making
can produce unintended environmental consequences and
cobenefits. Establishing a “leading group” at institutional level
to coordinate related institutions during policy-making is
necessary to improve policy eﬂiciency.4

In general, China needs timely technology innovation to
reduce material intensity and should further optimize its
production structure and consumption pattern to decouple its
economic growth from increasing environmental pressure. A
“leading group” at institutional level will minimize policy cost
by avoiding unintended environmental consequences and
utilizing cobenefits. These actions are beneficial for the
sustainability of both China and the world.

Uncertainties and Recommendations. Uncertainties of
results in this study mainly come from data sources. In this
study, we have obeyed the following principles to minimize
uncertainties of environmental pressure inventories: (1) using
China’s official national statistical data if available, (2) using
empirical regression analysis to adjust the statistics when there
are discoveries of data under-reporting or over-reporting, such
as the treatment of China’s energy statistics during 1996—
2003,>° and (3) using widely accepted estimation methods
when official statistics are unavailable, such as the estimation of
GHG emissions,”® atmospheric mercury emissions,”®””~"” and
crop straws emissions.”’ Most of our data for material flow
inventory compilation are from China’s official statistics, as
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shown in Table 1, which can be regarded as relatively reliable
data sources. Improving China’s environmental statistics is
beneficial for reducing uncertainties of data sources. China’s
first polluter census in 2007”>% is a good start to improve the
environmental statistics. In addition, we only focus on China’s
domestic supply chains in this study. There are also
interconnections between China and other countries, which
should be another concern of future studies.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information provides additional contents on
data sources and results. This material is available free of charge
via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Authors

*(S.L.) Phone: +1-734-763-8644; fax: +1-734-936-2195; e-
mail: liangsai09@gmail.com, liangsai@umich.edu.

*(M.X.) E-mail: mingxu@umich.edu

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Sai Liang thanks the support of Dow Sustainability Fellows
Program. Moreover, this work is conducted while Zhu Liu is a
joint Giorgio Ruffolo fellow in the Sustainability Science
Program in the Mossavar-Rahmani Center for Business and
Government and Energy Technology Innovation Policy Fellow
at the Belfer Center for Science and International Affairs, both
at the Harvard University Kennedy School of Government. Zhu
Liu thanks the support of Italy’s Ministry for Environment,
Land and Sea. Yafei Wang thanks the support of Program for
New Century Excellent Talents in University (NCET). The
authors also thank the comments on the initial version of this
paper from Raymond Girard R. Tan.

B REFERENCES

(1) Arrow, K; Bolin, B,; Costanza, R; Dasgupta, P.; Folke, C,;
Holling, C. S.; Jansson, B. O.; Levin, S.; Maler, K. G,; Perrings, C.;
Pimentel, D. Economic growth, carrying capacity, and the environ-
ment. Science 1995, 268 (5210), 520—521.

(2) Holdren, J. P. Science and technology for sustainable well-being.
Science 2008, 319 (5862), 424—434.

(3) Liy, J. G; Diamond, ]. China’s environment in a globalizing
world. Nature 2005, 435 (7046), 1179—1186.

(4) WorldBank, 2012 GDP (current US$); The World Bank:
Washington DC, 2012.

(5) SERI, The online portal for material flow data (www.
materialflows.net). Sustainable Europe Research Institute 2013.

(6) Wiedmann, T. O.; Schandl, H.; Lenzen, M.; Moran, D.; Suh, S.;
West, J.; Kanemoto, K., The material footprint of nations. Proc. Natl.
Acad. Sci. US.A. 2013, DOI: 10.1073/pnas.1220362110.

(7) BP. BP Statistical Review of World Energy June 2012; BP: London,
England, 2012.

(8) USGS. 2011 minerals Yearbook; U.S. Department of the Interior,
U.S. Geological Survey: Reston, VA, 2013.

(9) Gregg, J. S.; Andres, R. J.; Marland, G. China: Emissions pattern
of the world leader in CO2 emissions from fossil fuel consumption and
cement production. Geophys. Res. Lett. 2008, 35 (8), L08806.

(10) Pacyna, E. G, Pacyna, J. M, Sundseth, K; Munthe, J;
Kindbom, K.; Wilson, S.; Steenhuisen, F.; Maxson, P. Global emission
of mercury to the atmosphere from anthropogenic sources in 2005 and
projections to 2020. Atmos. Environ. 2010, 44 (20), 2487—2499.

1111

(11) Cao, G.; Zhang, X.; Zheng, F. Inventory of black carbon and
organic carbon emissions from China. Atmos. Environ. 2006, 40 (34),
6516—6527.

(12) Liu, J. G.; Diamond, J. Science and government -
Revolutionizing China’s environmental protection. Science 2008, 319
(5859), 37-38.

(13) Ma, C,; Stern, D. I China’s changing energy intensity trend: A
decomposition analysis. Energy Econ. 2008, 30 (3), 1037—1053.

(14) Zhao, X. L; Ma, C. B,; Hong, D. Y. Why did China’s energy
intensity increase during 1998—2006: Decomposition and policy
analysis. Energy Policy 2010, 38 (3), 1379—1388.

(15) Zeng, L; Xu, M,; Liang, S.; Zeng, S.; Zhang, T., Revisiting
drivers of energy intensity in China during 1997—2007: A structural
decomposition analysis. Energy Policy 2014, DOI: 10.1016/
j.enpol.2013.11.053.

(16) Gan, Y.; Zhang, T.; Liang, S.; Zhao, Z.; Li, N. How to deal with
resource productivity: Relationships between socioeconomic factors
and resource productivity. J. Ind. Ecol. 2013, 17 (3), 440—451.

(17) Guan, D.; Hubacek, K.; Weber, C. L; Peters, G. P.; Reiner, D.
M. The drivers of Chinese CO, emissions from 1980 to 2030. Global
Environ, Change 2008, 18 (4), 626—634.

(18) Guan, D.; Peters, G. P.; Weber, C. L.; Hubacek, K. Journey to
world top emitter: An analysis of the driving forces of China’s recent
CO2 emissions surge. Geophys. Res. Lett. 2009, 36 (4), L04709.

(19) Minx, J. C.; Baiocchi, G.; Peters, G. P.; Weber, C. L.; Guan, D.;
Hubacek, K. A “Carbonizing Dragon”: China’s Fast Growing CO,
Emissions Revisited. Environ. Sci. Technol. 2011, 45 (21), 9144—9153.

(20) Peters, G. P.; Weber, C. L.; Guan, D.; Hubacek, K. China’s
growing CO, emissions: A race between increasing consumption and
efficiency gains. Environ. Sci. Technol. 2007, 41 (17), 5939—5944.

(21) Xu, M,; Li, R; Crittenden, J. C.; Chen, Y. CO, emissions
embodied in China’s exports from 2002 to 2008: A structural
decomposition analysis. Energy Policy 2011, 39 (11), 7381—7388.

(22) Feng, K; Davis, S. J; Sun, L,; Li, X;; Guan, D.; Liu, W; Liu, Z,;
Hubacek, K. Outsourcing CO, within China. Proc. Natl. Acad. Sci.
US.A. 2013, 110 (28), 11654—11659.

(23) Meng, B.; Xue, J.; Feng, K; Guan, D.; Fu, X. China’s inter-
regional spillover of carbon emissions and domestic supply chains.
Energy Policy 2013, 61, 1305—1321.

(24) Wang, Y.; Liang, S. Carbon dioxide mitigation target of China in
2020 and key economic sectors. Energy Policy 2013, 58, 90—96.

(25) Liu, Z; Geng, Y; Lindner, S.; Guan, D. Uncovering China’s
greenhouse gas emission from regional and sectoral perspectives.
Energy 2012, 45 (1), 1059—1068.

(26) Liang, S.; Xu, M; Liu, Z; Suh, S.; Zhang, T. Socioeconomic
drivers of mercury emissions in China from 1992 to 2007. Environ. Sci.
Technol. 2013, 47 (7), 3234—3240.

(27) He, J. What is the role of openness for China’s aggregate
industrial SO, emission?: A structural analysis based on the Divisia
decomposition method. Ecol. Econ. 2010, 69 (4), 868—886.

(28) Zhang, X.; Wu, L; Zhang, R;; Deng, S.; Zhang, Y.; Wy, J; Li, Y;
Lin, L,; Li, L.; Wang, Y.; Wang, L. Evaluating the relationships among
economic growth, energy consumption, air emissions and air
environmental protection investment in China. Renewable Sustainable
Energy Rev. 2013, 18 (0), 259—270.

(29) Eurostat. Economy-wide Material Flow Accounts and Derived
Indicators: A Methodological Guide; Office for Official Publications of
the European Communities: Luxembourg, 2001.

(30) Liang, S.; Zhang, T. Urban metabolism in China: Achieving
dematerialization and decarbonization in Suzhou. J. Ind. Ecol. 2011, 15
(3), 420—434.

(31) Leontief, W. Quantitative input-output relations in the
economic system. Rev. Econ. Stat. 1936, 18, 105—125.

(32) Lenzen, M.; Murray, J.; Sack, F.; Wiedmann, T. Shared producer
and consumer responsibility—Theory and practice. Ecol. Econ. 2007,
61 (1), 27—42.

(33) Liang, S.; Liu, Z.; Xu, M.; Zhang, T. Waste oil derived biofuels
in China bring brightness for global GHG mitigation. Bioresour.
Technol. 2013, 131, 139—148.

dx.doi.org/10.1021/es4042429 | Environ. Sci. Technol. 2014, 48, 1103—1113


http://pubs.acs.org
mailto:liangsai09@gmail.com
mailto:liangsai@umich.edu
mailto:mingxu@umich.edu
www.materialflows.net
www.materialflows.net

Environmental Science & Technology

(34) Peters, G. P. From production-based to consumption-based
national emission inventories. Ecol. Econ. 2008, 65 (1), 13—23.

(35) Wang, Y; Zhao, H; Li, L; Liu, Z; Liang, S. Carbon dioxide
emission drivers for a typical metropolis using input—output structural
decomposition analysis. Energy Policy 2013, 58, 312—318.

(36) Miller, R. E.; Blair, P. D., Input-Output Analysis: Foundations and
Extensions, 2nd ed.; Cambridge University Press, 2009; p 782.

(37) Hoekstra, R;; Bergh, J. C. J. M. v. d. Structural decomposition
analysis of physical flows in the economy. Environ. Resour. Econ. 2002,
23, 357-378.

(38) Dietzenbacher, E.; Los, B. Structural decomposition techniques:
Sense and sensitivity. Econ. Syst. Res. 1998, 10 (4), 307—323.

(39) NBS. National Bureau of Statistics. 1992 Input-Output Table of
Ching; China Statistics Press: Beijing, 1996.

(40) NBS. National Bureau of Statistics. 1997 Input-Output Table of
Ching; China Statistics Press: Beijing, 1999.

(41) NBS, National Bureau of Statistics. 2002 Input-Output Table of
China; China Statistics Press: Beijing, 2006.

(42) NBS, National Bureau of Statistics. 2007 Input-Output Table of
China; China Statistics Press: Beijing, 2009.

(43) NBS. 2010 Input-Output Table of China; National Bureau of
Statistics: Beijing, 2013.

(44) Lenzen, M,; Kanemoto, K.; Moran, D.; Geschke, A. Mapping
the structure of the world economy. Environ. Sci. Technol. 2012, 46
(15), 8374—8381.

(45) Lindner, S.; Legault, J.; Guan, D. Disaggregating input-output
models with incomplete information. Econ. Syst. Res. 2012, 24 (4),
329-347.

(46) NBS. National Bureau of Statistics. China Statistical Yearbooks
1993—2011; China Statistical Press: Beijing, 1993—2011.

(47) Liang, S.; Xu, M.; Suh, S.; Tan, R. R. Unintended environmental
consequences and co-benefits of economic restructuring. Environ. Sci.
Technol. 2013, 47 (22), 12894—12902.

(48) Weber, C. L; Peters, G. P.; Guan, D.; Hubacek, K. The
contribution of Chinese exports to climate change. Energy Policy 2008,
36 (9), 3572—3577.

(49) Liang, S.; Zhang, T. What is driving CO, emissions in a typical
manufacturing center of South China? The case of Jiangsu Province.
Energy Policy 2011, 39 (11), 7078—7083.

(50) Boer, S. d.; Broesterhuizen, G., The Simultaneous Compilation of
Current Price and Deflated Input-Output Tables; Oxford University
Press, 1991.

(51) Durand, R. An alternative to double deflation for measuring real
industry value-added. Rev. Income Wealth 1994, 40 (3), 303—316.

(52) Folloni, G.; Miglierina, C. Hypothesis of price formation in
input-output tables. Econ. Syst. Res. 1994, 6 (3), 249—264.

(53) NBS. National Bureau of Statistics. China Energy Statistical
Yearbook 1989—2011; China Statistics Press: Beijing, 1990—2012.

(54) Akimoto, H.; Ohara, T.; Kurokawa, J.-i.; Horii, N. Verification of
energy consumption in China during 1996—2003 by using satellite
observational data. Atmos. Environ. 2006, 40 (40), 7663—7667.

(55) MEP, Ministry of Environmental Protection. China Environment
Yearbook 1993; China Environment Yearbook Press: Beijing, 1993.

(56) Ke, L., The analysis on water usage and development in China
during 1949—2000. Groundwater 2002, 24, (3), 125-130 (in Chinese).

(57) Liang, S.; Zhang, T. Investigating reasons for differences in the
results of environmental, physical, and hybrid input-output models.
Journal of Industrial Ecology 2013, 17 (3), 432—439.

(58) Liang, S.; Zhang, T.; Xu, Y. Comparisons of four categories of
waste recycling in China’s paper industry based on physical input-
output life-cycle assessment model. Waste Management 2012, 32 (3),
603—612.

(59) Wang, Y.; Chen, Y.; Weng, J.; Jiang, Y., Feature analysis of water
usage for urban public life in Beijing. Water & Wastewater Engineering
2008, 34, (11), 138—143 (in Chinese).

(60) NBS. National Bureau of Statistics. China Statistical Yearbooks
2012; China Statistical Press: Beijing, 2012.

1112

(61) MEP. Ministry of Environmental Protection. China Environment
Yearbook 1998; China Environment Yearbook Press: Beijing, 1998 (in
Chinese).

(62) MEP. Ministry of Environmental Protection. China Environment
Yearbook 2003; China Environment Yearbook Press: Beijing, 2003 (in
Chinese).

(63) MEP. Ministry of Environmental Protection. 2007 Annual Statistic
Report on Environment in China; China Environmental Science Press:
Beijing, 2008 (in Chinese).

(64) MEP. Ministry of Environmental Protection. 2010 Annual Statistic
Report on Environment in China; China Environmental Science Press:
Beijing, 2011 (in Chinese).

(65) Weisz, H; Duchin, F. Physical and monetary input-output
analysis: What makes the difference? Ecol. Econ. 2006, 57 (3), 534—
541.

(66) Cai, S; He, R. China Agriculture Yearbook 1993; China
Agriculture Press: Beijing, 1993.

(67) Shen, Z.; Chen, W. China Agriculture Yearbook 1998; China
Agriculture Press: Beijing, 1998.

(68) Fu, Y,; Liang, S. China Agriculture Yearbook 2003; China
Agriculture Press: Beijing, 2003.

(69) Zhang, H; Liu, Z. China Agriculture Yearbook 2008; China
Agriculture Press: Beijing, 2008.

(70) Chen, B.; Yuan, H., China Agriculture Yearbook 2011; China

Agriculture Press: Beijing, 2012.

(71) Chen, S. China Mining Yearbook 2003; Seismological
Beijing, 2004 (in Chinese).

(72) Chen, S. China Mining Yearbook 2008; Seismological
Beijing, 2009 (in Chinese).

(73) Chen, S. China Mining Yearbook 2011; Seismological
Beijing, 2012 (in Chinese).

(74) Xu, M; Zhang, T. Z. Material flows and economic growth in
developing China. J. Ind. Ecol. 2007, 11 (1), 121—140.

(75) MEP/NBS/MA. Reports on the First Nationwide Survey of
Polluters; Ministry of Environmental Protection, National Bureau of
Statistics, Ministry of Agriculture: Beijing, 2010.

(76) IPCC. 2006 IPCC Guidelines for National Greenhouse Gas
Inventories; Intergovernmental Panel on Climate Change, 2006.

(77) Streets, D. G.; Hao, J; Wu, Y,; Jiang, J.; Chan, M; Tian, H;
Feng, X. Anthropogenic mercury emissions in China. Atmos. Environ.
2005, 39 (40), 7789—7806.

(78) Tian, H. Z.; Wang, Y.; Xue, Z. G.; Cheng, K; Qu, Y. P.; Chai, F.
H.; Hao, J. M. Trend and characteristics of atmospheric emissions of
Hg, As, and Se from coal combustion in China, 1980—2007. Atmos.
Chem. Phys. 2010, 10 (23), 11905—11919.

(79) Wy, Y;; Wang, S.; Streets, D. G.; Hao, J; Chan, M,; Jiang, J.
Trends in anthropogenic mercury emissions in China from 1995 to
2003. Environ. Sci. Technol. 2006, 40 (17), 5312—5318.

(80) Hao, J. M.; Tian, H. Z.; Lu, Y. Q. Emission inventories of NO,
from commercial energy consumption in China, 1995—1998. Environ.
Sci. Technol. 2002, 36 (4), 552—560.

(81) Lu, W.; Zhang, T. Life-cycle implications of using crop residues
for various energy demands in China. Environ. Sci. Technol. 2010, 44
(10), 4026—4032.

(82) Lu, W. Waste Recycling System Material Metabolism Analysis
Model and Its Application. Ph.D., Tsinghua University, Beijing, 2010.

(83) Liu, Z.; Guan, D.; Crawford-Brown, D.; Zhang, Q.; He, K; Liu,
J. Energy policy: A low-carbon road map for China. Nature 2013, S00
(7461), 143—14S.

(84) Mitchell, G. R. Global technology policies for economic growth.
Technol. Forecasting. Social Change 1999, 60 (3), 205—214.

(85) Hubacek, K; Guan, D.; Barua, A. Changing lifestyles and
consumption patterns in developing countries: A scenario analysis for
China and India. Futures 2007, 39 (9), 1084—1096.

(86) Xu, M.; Zhang, T.; Allenby, B. How much will China Weigh?
Perspectives from consumption structure and technology develop-
ment. Environ. Sci. Technol. 2008, 42 (11), 4022—4028.

Press:

Press:

Press:

dx.doi.org/10.1021/es4042429 | Environ. Sci. Technol. 2014, 48, 1103—1113



Environmental Science & Technology

(87) MEP/NBS, Ministry of Environmental Protection and National
Bureau of Statistics; Dataset of China’s Polluter Census; China
Environmental Science Press: Beijing, 2011.

B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published ASAP on December 27, 2013. Due to
a production error, the Y-axis labels were missing in Figures S1
and S2 of the Supporting Information. The corrected version
was reposted on December 30, 2013.

1113

dx.doi.org/10.1021/es4042429 | Environ. Sci. Technol. 2014, 48, 1103—1113



