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ABSTRACT: To develop industry-speciﬁc policies for mitigating environmental pressures, previous studies primarily
focus on identifying sectors that directly generate large
amounts of environmental pressures (a.k.a. production-based
method) or indirectly drive large amounts of environmental
pressures through supply chains (e.g., consumption-based
method). In addition to those sectors as important environmental pressure producers or drivers, there exist sectors that
are also important to environmental pressure mitigation as
transmission centers. Economy-wide environmental pressure
mitigation might be achieved by improving production eﬃciency of these key transmission sectors, that is, using less upstream
inputs to produce unitary output. We develop a betweenness-based method to measure the importance of transmission sectors,
borrowing the betweenness concept from network analysis. We quantify the betweenness of sectors by examining supply chain
paths extracted from structural path analysis that pass through a particular sector. We take China as an example and ﬁnd that
those critical transmission sectors identiﬁed by betweenness-based method are not always identiﬁable by existing methods. This
indicates that betweenness-based method can provide additional insights that cannot be obtained with existing methods on the
roles individual sectors play in generating economy-wide environmental pressures. Betweenness-based method proposed here
can therefore complement existing methods for guiding sector-level environmental pressure mitigation strategies.

■

INTRODUCTION
The industrial system contributes to the generation of
environmental pressures (i.e., the usage of resources and
energy and the generation of pollutants and wastes) in two
ways: directly generating environmental pressures in industrial
production, and indirectly driving environmental pressures
through supply chains. To develop sector-speciﬁc policies for
mitigating environmental pressures, previous studies primarily
focus on identifying important sectors that either directly
generate environmental pressures (a.k.a. production-based
method1,2) or indirectly drive supply chain-wide environmental
pressures (e.g., consumption-based method1−3). For approaches dealing with supply chain-wide environmental
pressures, they essentially relate economic activities at the
end (or beginning) of a supply chain path with environmental
pressures occurring at the beginning (or end) of the supply
chain path. For instance, consumption-based method examines
environmental pressures generated in the upstream supply
chain driven by the ﬁnal demand of products.1−3 Note that the
concept of supply chain path is diﬀerent from that of supply
chain which is a generic term usually used to describe the
product system. Supply chain path is instead strictly deﬁned
from structural path analysis (SPA) practice.4−6 A supply chain
path extracted by SPA shows the amount of environmental
pressure generated by the starting sector that is step-by-step
driven by the end sector producing ﬁnal products for ﬁnal uses
© 2016 American Chemical Society

(e.g., households, government, and capital formation). While
supply chain is widely used conceptually, a supply chain path is
deﬁned as a linear chain of sectors in which upstream ones
supply downstream ones sequentially and only the starting
sector’s emissions are counted, as described in the example of
Figure 1.
Identifying critical sectors directly generating environmental
pressures using production-based accounting (e.g., agricultural

Figure 1. A ﬁve-sector example illustrating production-based,
consumption-based, and betweenness-based methods.
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In this study we develop a betweenness-based method to
measure the importance of transmission sectors. The
betweenness of a sector is generally deﬁned as the amount of
environmental pressures generated by all supply chain paths
passing through this sector, borrowing the concept from
network analysis. We propose a structural path betweenness
method based on supply chain paths extracted from structural
path analysis (SPA) to measure the betweenness of sectors. We
use a 135-sector Chinese input-output (IO) table in 2007 with
a CO2 satellite account to demonstrate the betweenness-based
method by identifying critical transmission sectors for China’s
CO2 emissions in 2007.

sectors for water uses and electricity sector for air pollutant
emissions) can guide production-side measures such as
improving the eﬃciency of energy and water uses and
implementing emission removal technologies in production
processes.2 Identifying critical sectors that drive upstream
environmental pressures using consumption-based accounting
(e.g., sectors producing household appliances and sectors
providing residential services) can inform demand-side
measures inﬂuencing the choice of ﬁnal users, such as imposing
consumption tax on products of critical sectors2,7,8 and using
eco-labeling to indicate the amount of environmental pressures
caused by the production of ﬁnally used products.8 While
existing approaches are eﬀective to identify key sectors as either
direct sources or ﬁnal producers (i.e., sectors producing
products ﬁnally used by consumers) for supply chain-wide
environmental pressures, there exist sectors that are also
important to environmental pressure mitigation as transmission
centers. Sectors as transmission centers exist between the two
ends of supply chain paths.9 Intermediate inputs to these
sectors indirectly drive upstream environmental pressures.
Measures on improving the eﬃciency of upstream input use
(instead of only natural resources use) to these sectors, for
example, reducing production tax or placing production subsidy
to encourage eﬃciency improvements in these sectors, may also
help reduce upstream environmental pressures.
Figure 1 shows an example of a supply chain containing ﬁve
sectors. Sectors A and C generate emissions in the amounts of
ea and ec, respectively, while sectors B, D, and E do not generate
any emissions. This supply chain has two supply chain paths:
path 1 as “A → B→C → D→E” (weight: ea) and path 2 as “C
→ D→E” (weight: ec)”. Note that the weight of a supply chain
path is the amount of emissions of its starting sector that is
caused by the ﬁnal demand of products from its end sector.
Sectors A and C are important according to production-based
method, while sector E is important according to consumptionbased method. Sectors B and D will not be identiﬁed as
important according to these existing methods. However,
improving the production eﬃciency of sectors B and D (i.e.,
using less inputs of sectors A and C to produce unitary output,
respectively) might help reduce economy-wide emissions (i.e.,
less requirements for outputs of sectors A and C leading to less
emissions from sectors A and C). Therefore, a new method
(betweenness-based method in Figure 1) is needed to identify
such critical transmission sectors which can help mitigate
environmental pressures through production eﬃciency improvement.
We deﬁne a transmission sector as a sector that exists
between two ends of a particular supply chain path. Identifying
important transmission sectors that transmit large amount of
embodied environmental pressures through supply chains can
help guide developing sector-speciﬁc policies to mitigate
environmental pressures by improving production eﬃciency
(i.e., using less intermediate inputs). Companies may be more
likely to welcome policies encouraging the improvement of
production eﬃciency which also bring the cobeneﬁts of
reducing production costs. Thus, such policy is potentially
more eﬀective than production-side (production-based accounting) and demand-side (consumption-based accounting)
policies. We expect that a new method of identifying critical
transmission sectors can complement existing methods for
guiding sector-level environmental pressure mitigation strategies.

■

BETWEENNESS-BASED METHOD
Betweenness Metric. The concept of betweenness
originates from network analysis.10−13 A network consists of
nodes (vertices) that are connected by links (edges).14 The
betweenness of a node is normally deﬁned as the amount of
information (which is simply proportional to the number of
shortest paths14) passing through this node.12−16 It measures
the inﬂuence a node has over the spread of information (e.g.,
social messages and diseases) through the network.16 A node
with high betweenness may not necessarily be as important as
an initial information sender or a ﬁnal receiver, but has large
control over information ﬂowing between others.16 Betweenness metrics have been widely used in studying social
networks,10,11 world trade networks,17 urban transportation
networks,18,19 and scientiﬁc collaboration networks.16 For
example, the Anchorage International Airport in Alaska has
limited direct connections with other airports around the world,
but is one of the most central airports in the worldwide air
transportation network, functioning as an important bridge
connecting other airports.18
A transmission sector in an economy transmits embodied
environmental pressures through supply chains. This role is
similar to the role that nodes with high betweenness in a
network have over the spread of information. If considering an
economy characterized by an input-output (IO) model as a
network (IO network) in which nodes are sectors and links are
intermediate ﬂows of goods and services between sectors,
potentially we can use the concept of betweenness to measure
the importance of sectors in an economy as transmission
centers.
The betweenness of nodes in network analysis is mostly
measured based on binary networks in which the links between
nodes are often undirected and unweighted (i.e., link from A to
B is the same as the link from B to A, links have no weight).14
However, links in an IO network are directed and weighted
(i.e., the link from A to B is diﬀerent from the link from B to A;
links also have diﬀerent weights). Nodes in an IO network have
strengths and mostly have self-ﬂows. This requires signiﬁcant
modiﬁcation of the betweenness metric commonly used in
network analysis which is developed mostly for undirected and
unweighted networks. The betweenness metric in IO networks
should take into account both direction and weights of links, as
well as both strengths and self-ﬂows of nodes. Details are
shown in the two following subsections.
In this study, we use structural path analysis (SPA) to extract
individual supply chain paths taking into account both direction
and weights of links as well as both strengths and self-ﬂows of
nodes in an IO network. Supply chain paths extracted from
SPA are then used to measure the betweenness of sectors.
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Structural Path Analysis. In IO models, environmental
pressures driven by the consumption in an economy are
expressed by eq 1:20
e = f (I − A)−1y

appearing less times in this supply chain path. Thus, this
sector has larger betweenness value than other sectors,
indicating its importance as a transmission center.
Equation 4 can be written in matrix form. Deﬁne bi(l1, l2) as
the total weight of supply chain paths that pass through sector i,
with l1 sectors to the upstream of sector i and l2 sectors to the
downstream of sector i; integers l1, l2 ≥ 1; and Ji as a matrix
with its (i,i)th element as 1 and other elements as zeros.

(1)

where the scalar e represents the quantity of environmental
pressures in an economy; 1 × n row vector f represents the
intensity of environmental pressures for unitary output of each
sector; n indicates the number of sectors in an IO network; n ×
n matrix I is the identity matrix; n × n matrix A is the technical
coeﬃcient matrix20 the element of which aij represents the
input from sector i directly required to produce unitary output
of sector j; n × n matrix L = (I−A)−1 is the Leontief inverse20 the
element of which lij represents total (direct and indirect) input
from sector i required to produce unitary output of sector j; and
n × 1 column vector y represents the ﬁnal demand of products
from each sector.
One can extract individual supply chain paths by unraveling
the Leontief inverse using its Taylor expansion as eq 2:4−6,21−23
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Since our method considers self-ﬂows of sectors, notations
k1, ..., kl1, j1, ..., jl2 can indicate any one of these n sectors. The
notation ( f Al1)i = ∑i≤k1,..., kl1 ≤ n(f k1ak1k2... akl1i) represents the ith
element of the 1 × n vector fA l 1, while (A l 2 y) i =
∑i≤j1,..., jl2 ≤ n(aij1... ajl2−1jl2yjl2) indicates the ith element of the n ×
1 vector Al2 y.
The Taylor expansion of the Leontief inverse matrix L is
shown in eq 6.
L = (I − A)−1 = I + A + A2 + A3 + ...

(6)

Deﬁning T = LA = AL = A + A2 + A3 + ...., the betweenness
of sector i can be written as

(3)

where the scalar fs represents the intensity of environmental
pressures for unitary output of sector s; yt indicates the ﬁnal
demand of products from sector t; and ask1, ak1k2, . . .,krt are
technical coeﬃcients from matrix A.
Structural Path Betweenness. We deﬁne the betweenness of sector i in an IO network as the amount of
environmental pressure generated by all supply chain paths
passing through sector i, using eq 4:
bi =

y )
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1 ≤ k1, ⋯ , k l1≤ n

Each term in the right-hand side of eq 2 is deﬁned as a
production layer (PL).5
Let w(s, t|k1, k2,. . ., kr) indicate the weight of a supply chain
path starting from sector s, passing through r sectors (k1, k2,. . .,
kr), and ending at sector t. The number r changes with the
number of PLs. The weight of this supply chain path is
calculated as
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where the element tij in the n × n matrix T = LA indicates the
output of sector i both directly and indirectly caused by the
production of direct upstream inputs used to produce unitary
output of sector j; and the element tij in the n × n matrix T =
AL indicates direct input from sector i to produce outputs of
sectors that are both directly and indirectly caused by unitary
output of sector j. Given that T = L − I, matrix T is in eﬀect the
indirect requirements for unitary output of each sector.

s=1 t=1 r=1

for all w(s , t |k1, k 2 , ..., kr ) where i is the element of{k1, k 2 , ..., kr}
(4)

where bi is the betweenness of sector i; n indicates the number
of sectors in an IO network; and qr represents the time sector i
appears between two ends of the supply chain path w(s, t|k1, k2,.
. ., kr). In particular, when r = 1, k1 = i. Higher betweenness
means that a sector has larger inﬂuence in the transmission of
environmental pressures directly generated in sectors or driven
by the consumption of products in sectors.
Equations 3 and 4 show that the betweenness metric in IO
networks can take into account both direction and weights of
links as well as strengths of nodes. Moreover, self-ﬂows of
sectors are important components of IO networks, as they
contribute to 15−30% of intersectoral ﬂows.24 The betweenness-based method in this study hence considers self-ﬂows of
sectors. In addition, a particular supply chain path can pass
through a sector multiple times (qr in eq 4). A sector appearing
more times in a supply chain path has more opportunities to
mitigate upstream environmental pressures than sectors

■

CASE STUDY
We use a 135-sector Chinese IO table in 2007 with a CO2
satellite account to demonstrate the betweenness-based
method. China’s standard IO table in 2007 is in 135-sector
format (SI Table S3), with endogenous imports.25 We remove
imports from the standard IO table26 for simplicity and the
purpose of demonstration. We also remove the “others”
column, representing statistical errors,27 from the ﬁnal demand
matrix. We then rebalance the IO table by adjusting total
outputs accordingly. The 135-sector CO2 satellite account is
from our previous work,28,29 covering sectoral CO2 emissions
from energy combustion and industrial processes in 2007.
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the ranking by betweenness-based CO2 emissions and the
rankings by two IO metrics are low. SI Table S2 shows the
Kendall correlation analysis between the rankings of sectors by
the betweenness and more IO metrics (i.e., income-based CO2
emissions30−32 and linkage analysis metrics5,33−35). The ranking
by betweenness-based CO2 emissions has low correlations with
the rankings by IO metrics, except for the Emissions Pure
Backward Linkage (EPBL)5 metric.
In particular, the EPBL of a sector measures upstream
environmental pressure caused by intermediate purchases to
produce the total output of this sector which can be used either
by ﬁnal users or as intermediate inputs for the production of
other sectors.5 Thus, EPBL describes the importance of a sector
as both ﬁnal producer at the end of supply chain paths (similar
to consumption-based accounting) and transmission center
between two ends of supply chain paths (similar to the
betweenness-based method), as shown in Figure 2. In addition,
the end of a supply chain path extracted by SPA in this study is
not the ﬁnal demand but sectors producing ﬁnal products. The
EPBL metric covers the scopes of consumption-based
accounting and betweenness-based method. Therefore, the
correlation between the ranking by betweenness-based CO2
emissions and the ranking by EPBL is relatively high. However,
EPBL mixes a sector’s role as a transmission center and as a
producer of ﬁnal products, while the betweenness metric
distinguishes the role of a sector as a transmission center from
its role as a producer of ﬁnal products. Thus, the betweenness
metric can identify critical sectors which cannot be identiﬁed by
the EPBL metric (details in the Supporting Information).
These results indicate that the betweenness-based method can
oﬀer insights that cannot be obtained from existing methods on
the importance of sectors in environmental pressure mitigation.
Betweenness-Based CO2 Emissions of Chinese Sectors
in 2007. Figure 3 shows betweenness-based CO2 emissions of
135 sectors in 2007. The steel-processing sector has the largest

Table 1. Kendall Correlation Coeﬃcients between the
Rankings of Sectors by Betweenness and by Two IO
Metricsa
production-based
CO2 emissions

metrics
betweenness

correlation
coeﬃcients
p-values

0.51

consumption-based
CO2 emissions
0.26

−18

1.74 × 10

6.78 × 10−06

a
Notes: Smaller p-value means that the correlation between two
metrics is more signiﬁcant. The correlation is usually regarded as
signiﬁcant if the p-value is smaller than 0.05, and highly signiﬁcant if
the p-value is smaller than 0.01. Full results are shown in Table S2 in
the Supporting Information.

Figure 2. A three-sector example illustrating concepts of emissions
pure backward linkage (EPBL), betweenness-based method, and
consumption-based method.

Correlation with Other Metrics. Table 1 shows the
Kendall correlation analysis between the rankings of sectors by
the betweenness and two IO metrics (production-based and
consumption-based CO2 emissions). The correlations between

Figure 3. Betweenness-based CO2 emissions of 135 Chinese sectors in 2007. The horizontal axis represents the index of sectors as listed in SI Table
S3. The vertical axis represents betweenness-based CO2 emissions of sectors. Full results are shown in Table S4 in the Supporting Information.
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Figure 4. Comparison of the rankings of sectors by betweenness-based, production-based, and consumption-based CO2 emissions. The horizontal
axes show the ranking of sectors by betweenness-based CO2 emissions, while the vertical axes show the ranking of sectors by production-based and
consumption-based CO2 emissions. The red solid lines indicate the same ranking by betweenness-based, production-based, and consumption-based
CO2 emissions. The red dashed boxes show sectors ranked top 30 by betweenness-based CO2 emissions, while the blue dashed boxes show sectors
ranked top 30 by production-based and consumption-based CO2 emissions. Full results are shown in Tables S4 to S7 in the Supporting Information.

are no other changes due to production eﬃciency improvement
that aﬀects the eﬃciencies or demand of upstream sectors).
Figure 4 compares the ranking of sectors by betweennessbased, production-based, and consumption-based CO2 emissions. Most sectors do not lay on the red solid line which
indicates the same ranking by betweenness-based, productionbased, and consumption-based CO2 emissions. The same
situation is observed between betweenness-based CO 2
emissions and other IO metrics (Details in the Supporting
Information). This implies signiﬁcant diﬀerence in sector
rankings between using betweenness-based CO2 emissions and
using other existing metrics. Taking sectors ranked top 30 for
example (Figure 4 and Table 2), three sectors (plastic products,

betweenness-based CO2 emissions, transmitting 1.8 billion
tonnes of embodied CO2 emissions. It is the most important
transmission sector for CO2 emissions in China in 2007. The
electricity and heat power sector ranks the second in
betweenness-based CO2 emissions by transmitting 1.8 billion
tonnes of embodied CO2 emissions. Other important transmission sectors include metal products, steel-smelting, and motor
vehicles. Improving the eﬃciency of relevant input uses, not
only just energy eﬃciency, in these sectors may help reduce
CO2 emissions from their upstream sectors while still providing
suﬃcient supplies for downstream sectors, under certain
assumptions (e.g., perfectly quantity-elastic supply or there
1334
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reduction. However, these sectors transmit relatively large
amounts of CO2 emissions embodied in their intermediate
inputs from upstream sectors. Improving production eﬃciency
(i.e., using less inputs producing the same amount of outputs)
in these sectors might indirectly help reduce upstream CO2
emissions by reducing the requirements of more carbonintensive intermediate inputs from upstream sectors.
Furthermore, sectors falling into both the red and blue
dashed boxes (Figure 4 and Table 2) are important for CO2
emission reduction in terms of production-side (corresponding
to production-based method), demand-side (corresponding to
consumption-based method), and production eﬃciency
improvement (corresponding to betweenness-based method)
policies, for example, steel-processing, electricity and heat power,
and raw chemical materials.

Table 2. Sectors Ranked Top 30 by Betweenness-Based CO2
Emissions in 2007 and Their Rankings by Production-Based
and Consumption-Based CO2 Emissionsa
ranked by
steel-processing
electricity and heat
power
metal products
steel-smelting
motor vehicles
other general
machinery
raw chemical materials
nonferrous metal
smelting
petroleum reﬁning and
nuclear fuel
cement, lime and
plaster
plastic products
cement and plaster
products
nonferrous metal
processing
coal
cotton textiles
crop cultivation
brick, tile, stone and
other building
materials
crude petroleum and
natural gas
synthetic chemicals
chemicals for special
usages
electronic element and
device
paper and products
cable and electrical
materials
iron-smelting
ferrous ores
wholesale and retail
trade
chemical fertilizers
products of wood,
bamboo, cane, palm,
straw, etc.
chemical ﬁbers
highway transport

betweennessbased CO2
emissions

productionbased CO2
emissions

consumptionbased CO2
emissions

1
2

5
1

3
2

3
4
5
6

40
4
39
37

5
33
4
12

7
8

6
14

13
62

9

8

61

10

2

86

11
12

56
25

42
124

13

45

65

14
15
16
17

10
32
16
12

87
43
20
83

18

23

105

19
20

13
20

70
60

21

67

22

22
23

24
102

94
54

24
25
26

3
57
51

56
121
11

27
28

19
54

82
79

29
30

48
9

97
46

■

DISCUSSION

A large number of studies have been devoted to the
identiﬁcation of sectors that are important for mitigating
environmental pressures of an economy. This has been done
primarily from the production-based and consumption-based
perspectives. This represents the two ends of a supply chain
path generating environmental pressures: the sources (production-based accounting) and the consumption drivers (consumption-based accounting). The betweenness-based method
proposed in this study aims to identify transmission sectors in
an economy that are critical for the generation of upstream
environmental pressures but not identiﬁable by existing
production-based or consumption-based accounting. The
identiﬁcation of these critical transmission sectors represents
untapped opportunity for mitigating supply chain-wide environmental pressures. In particular, policies encouraging transmission sectors to improve their overall productivity (i.e., using
less intermediate inputs) can achieve upstream environmental
pressure reduction. Such policies are likely welcomed by ﬁrms
in identiﬁed transmission sectors, because using less intermediate inputs often leads to reduced production cost.
We demonstrate the betweenness-based method using
China’s IO table and CO2 emission satellite account in 2007.
Our results show that the betweenness-based method can
identify critical transmission sectors that are not identiﬁable by
production-based and consumption-based accounting, as well
as other methods such as linkage analysis. This indicates that
the betweenness-based method can provide novel insights on
the role of sectors playing in economy-wide environmental
pressures and complement existing methods for guiding sectorlevel environmental pressure mitigation strategies.
In particular, the 2007 Chinese CO2 emission case study
identiﬁes important transmission sectors that are not
considered as important by either production-based or
consumption-based accounting, such as plastic products, nonferrous metal processing, and cable and electrical materials.
Productivity improvement in these sectors, that is, using less
inputs to produce the same amount of outputs, can signiﬁcantly
contribute to the reduction of upstream CO2 emissions. For
example, in the plastic products sector, policies encouraging
ﬁrms to use more recycled materials or reduce material waste
during production help ﬁrms in this sectors improve their
productivity. As a result, upstream CO2 emissions transmitted
by the plastic products sector can be avoided. Our results show
that reducing inputs required from other sectors for unitary
output in the plastic products sector by 1% can lead to 2.7

a

Note: Full results are shown in Tables S6 and S7 in the Supporting
Information.

nonferrous metal processing, and cable and electrical materials) are
ranked top 30 by betweenness-based CO2 emissions, but are
not in the top 30 for other existing metrics. These three sectors
use products from carbon-intensive upstream sectors as
intermediate inputs. They have relatively less productionbased CO2 emissions, indicating limited room for direct
emission reduction. They also have relatively less consumption-based CO2 emissions, because their products are not
ﬁnished goods and less used by ﬁnal users. Therefore, they may
receive less attention from production-side (corresponding to
production-based method) and demand-side (corresponding to
consumption-based method) policies for CO2 emission
1335
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million tonnes of CO2 emission reduction from upstream
supply chain paths passing through it.
Although the case study presented in this paper is for CO2
emissions in China only, the betweenness-based method is
generally applicable to other environmental pressures and other
economies. In addition, this method can also be applied to
economic analysis to identify key transmission sectors
contributing to economic growth or employment.
It is worth noting that the betweenness-based method
proposed in this study diﬀers from production-based and
consumption-based accountings in the way that it does not
exclusively allocate the aggregated environmental pressure of an
economy to each sector. Instead, it intentionally double counts
environmental pressure associated with a particular supply
chain path for all sectors the supply chain path passes through.
In other words, the same environmental pressure is counted r
times if there are r sectors between two ends of the supply
chain path. Therefore, the sum of betweenness-based environmental pressure of all sectors is not equal to the sum of
production-based or consumption-based environmental pressure which equals to the total environmental pressure of the
economy.
We use supply chain paths extracted from SPA to measure
the betweenness of sectors in this study. There also exist other
approaches measuring the betweenness of sectors in IO
networks, for example, strongest paths36,37 and random
walk.15 Strongest path betweenness is based on the strongest
path connecting two nodes of IO networks,36,37 only
considering limited number of supply chain paths in an IO
network. Random walk betweenness counts the time a node is
passed by a random walk between two other nodes.15,16 It does
not take into account link weights and node strengths in IO
networks. The structural path betweenness considers all supply
chain paths of an IO network. It also takes into account link
weights and node strengths in IO networks. Comparing these
approaches remains an interesting future research avenue.
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(18) Guimerà, R.; Mossa, S.; Turtschi, A.; Amaral, L. A. N. The
worldwide air transportation network: Anomalous centrality, community structure, and cities’ global roles. Proc. Natl. Acad. Sci. U. S. A.
2005, 102 (22), 7794−7799.
(19) Derrible, S. Network centrality of metro systems. PLoS One
2012, 7 (7), e40575.
(20) Miller, R. E.; Blair, P. D. Input-Output Analysis: Foundations and
Extensions; United States of America by Cambridge Unverisity Press:
New York, 2009.
(21) Liang, S.; Zhang, C.; Wang, Y.; Xu, M.; Liu, W. Virtual
atmospheric mercury emission network in China. Environ. Sci. Technol.
2014, 48 (5), 2807−2815.
(22) Peters, G. P.; Hertwich, E. G. Structural analysis of international
trade: Environmental impacts of Norway. Economic Systems Research
2006, 18 (2), 155−181.
(23) Liang, S.; Guo, S.; Newell, J. P.; Qu, S.; Feng, Y.; Chiu, A. S. F.;
Xu, M. Global drivers of Russian timber harvest. Journal of Industrial
Ecology 2016, accepted.
(24) McNerney, J.; Fath, B. D.; Silverberg, G. Network structure of
inter-industry flows. Phys. A 2013, 392 (24), 6427−6441.
(25) NBS, National Bureau of Statistics. 2007 Input-Output Table of
China; China Statistics Press: Beijing, 2009.

S Supporting Information
*

■

Article

ACKNOWLEDGMENTS

The material is based upon work supported by the U.S.
National Science Foundation (NSF) under Grant No. 1438197.
Any opinions, ﬁndings, and conclusions or recommendations
expressed in this material are those of the authors and do not
necessarily reﬂect the views of the NSF. Sai Liang and Shen Qu
thank the support of the Dow Sustainability Fellows Program.
1336

DOI: 10.1021/acs.est.5b04855
Environ. Sci. Technol. 2016, 50, 1330−1337

Article

Environmental Science & Technology
(26) 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.
(27) Peters, G. P.; Weber, C. L.; Guan, D.; Hubacek, K. China’s
growing CO2 emissions: A race between increasing consumption and
efficiency gains. Environ. Sci. Technol. 2007, 41 (17), 5939−5944.
(28) Liang, S.; Liu, Z.; Crawford-Brown, D.; Wang, Y.; Xu, M.
Decoupling analysis and socioeconomic drivers of environmental
pressure in China. Environ. Sci. Technol. 2014, 48 (2), 1103−1113.
(29) 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.
(30) Lenzen, M.; Murray, J. Conceptualising environmental
responsibility. Ecological Economics 2010, 70 (2), 261−270.
(31) Marques, A.; Rodrigues, J.; Domingos, T. International trade
and the geographical separation between income and enabled carbon
emissions. Ecological Economics 2013, 89, 162−169.
(32) Marques, A.; Rodrigues, J.; Lenzen, M.; Domingos, T. Incomebased environmental responsibility. Ecological Economics 2012, 84, 57−
65.
(33) Chenery, H. B.; Watanabe, T. International comparisons of the
structure of production. Econometrica 1958, 26 (4), 487−521.
(34) Dietzenbacher, E. The measurement of interindustry linkages:
Key sectors in the Netherlands. Economic Modelling 1992, 9 (4), 419−
437.
(35) Lenzen, M. Environmentally important paths, linkages and key
sectors in the Australian economy. Structural Change and Economic
Dynamics 2003, 14 (1), 1−34.
(36) Liang, S.; Feng, Y.; Xu, M. Structure of the global virtual carbon
network: Revealing important sectors and communities for emission
reduction. J. Ind. Ecol. 2015, 19 (2), 307−320.
(37) Xu, M.; Allenby, B. R.; Crittenden, J. C. Interconnectedness and
resilience of the U.S. economy. Advances in Complex Systems 2011, 14
(5), 649−672.

1337

DOI: 10.1021/acs.est.5b04855
Environ. Sci. Technol. 2016, 50, 1330−1337

