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ABSTRACT

Existing studies examined the US’s direct GHG emitters and final consumers driving
upstream GHG emissions, but overlooked the US’s primary suppliers enabling
downstream GHG emissions and relative contributions of socioeconomic factors to GHG
emission changes from the supply side. This study investigates GHG emissions of sectors
in the US from production-based (direct emissions), consumption-based (upstream
emissions driven by final consumption of products), and income-based (downstream
emissions enabled by primary inputs of sectors) viewpoints. We also quantify relative
contributions of socioeconomic factors to the US’s GHG emission changes during 1995—
2009 from both the consumption and supply sides, using structural decomposition
analysis (SDA). Results show that income-based method can identify new critical sectors
leading to GHG emissions (e.g., Renting of Machinery & Equipment and Other Business
Activities and Financial Intermediation sectors) which are unidentifiable by production-
based and consumption-based methods. Moreover, the supply-side SDA reveals new
factors for GHG emission changes: mainly production output structure representing
product allocation pattern and primary input structure indicating sectoral shares in
primary inputs. In addition to production-side and consumption-side GHG reduction
measures, the US should also pay attention to supply-side measures such as influencing
the behaviors of product allocation and primary inputs.
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INTRODUCTION

The United States (US) is the world’s second largest CO> emitter by contributing 15% of
global CO2 emissions in 2011 L. It expects to reduce CO, emissions by 26% — 28% in
2025 below the 2005 level in the U.S.—China Joint Announcement on Climate Change 2.
Moreover, the US has limited future emission quota based on its population size 2. Thus,
it is urgent for the US to seek effective measures to reduce CO, emissions.

Socioeconomic activities have been viewed as major drivers of environmental emissions
45 Existing studies have investigated how the US’s socioeconomic activities lead to its
CO. emissions, providing the scientific foundation for policy interventions. The
Environmental Protection Agency © and Department of Energy * have been investigating
direct GHG emissions in the US. Their studies focus on direct emitters (e.g., economic
sectors or production processes) of GHG emissions (a.k.a. production-based emissions),
and thereby provide scientific foundations for production-side policymaking such as
improving energy usage efficiency and implementing carbon capture and sequestration
technologies. On the other hand, economic activities are also driven by consumers
through product supply chains (i.e., demand-driven) & and production-side measures
alone are not adequate to control emissions if the final demand keeps growing 2 22,
Accounting for GHG emissions from the consumption side, i.e., considering both direct
and indirect GHG emissions caused by product consumption (a.k.a. consumption-based
emissions), can help policymaking to reduce embodied emission leakage from final
consumption to the production >28, To understand how the US’s final demand drives its
production-side GHG emissions, several studies have evaluated GHG emissions
embodied in the final consumption of its products 122, Moreover, relative contributions
of socioeconomic factors to historical changes of the US’s GHG emissions from the
consumption side are quantified 222,

Economic activities can be seen as not only demand-driven but also supply-driven (i.e.,
driven by primary suppliers through product sale chains 22). Primary suppliers, by
supplying primary inputs in the first place, enable GHG emissions of downstream users
through product sale chains (a.k.a. income-based emissions) 22, Revealing critical
primary suppliers can help supply-side policymaking to reduce GHG emissions, such as
choosing less GHG-intensive downstream users and guiding primary input behaviors
(e.g., limiting loan supply and decreasing capital depreciation rates) 2. This study finds
that the supply-side analyses can identify new critical factors leading to the US’s GHG
emissions (e.g., Renting of Machinery & Equipment and Other Business Activities and
Financial Intermediation sectors, production output structure, and primary input
structure) which are unidentifiable in production-side and consumption-side analyses.
However, primary suppliers driving the US’s GHG emissions are left unknown in
existing studies. Moreover, relative contributions of socioeconomic factors to historical
changes of the US’s GHG emissions from the supply side (e.g., primary input structure,
primary input level, and production output structure) are not revealed. Thus, existing
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studies on the US’s GHG emissions cannot support the supply-side policymaking (e.g.,
influencing product allocation and primary input behaviors).

This study fulfills such knowledge gaps by analyzing socioeconomic drivers of the US’s
GHG emissions from the supply side. This study first evaluates income-based GHG
emissions of sectors during 19952009 based on the environmentally extended input-
output model and compares income-based results with production-based and
consumption-based results. It then quantifies relative contributions of five socioeconomic
factors to historical changes of the US’s GHG emissions from the supply side during
1995-2009 (including GHG emission intensity, production output structure, primary
input structure, primary input level, and population), using structural decomposition
analysis 222, This study also compares relative contributions of socioeconomic factors
from the supply side with results from the consumption side. To the best of our
knowledge, this is the first comprehensive analysis on socioeconomic drivers of the US’s
GHG emissions. Results from the supply side in this study provide new insights for the
policymaking to reduce the US’s GHG emissions.

METHODS AND DATA
Input-output models

An input-output (10) model describes product transactions within an economy. It
comprises sectoral total input vector, primary input vector, intermediate transactions
matrix, final demand vector, and sectoral total output vector &, It has row and column
balances described by equations (1) and (2).

X=2Ze+y 1)

X'=e'Z+v (2)

Assume that the economy is divided into n economic sectors. The nx1 column vectors x
and y indicate each sector’s total output/input (each sector’s total output equals to its total
input) and final demand, respectively; the 1xn row vector v indicates each sector’s
primary inputs (including imports, employee compensation, fixed assets depreciation,
taxes, and subsidies, etc.); the nxn matrix Z represents product transactions among
economic sectors; and e is a nx1 column vector, with each element as one. The notation '
means the transposition.

Defining direct input coefficient matrix A and direct output coefficient matrix B by
equations (3) and (4), we can write equations (1) and (2) into the form of equations (5)
and (6). The element aj; of matrix A indicates direct input from sector i required to
produce unitary output of sector j; the element bj; of matrix B represents direct output of
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sector j enabled by unitary input of sector i; matrix I is an identity matrix. The hat »
means diagonalizing the vector.

A=Z()* (3)
B=(¥)'Z (4)
x=(-A)"y=Ly ®)
X'=v(I-B)™" =VG (6)

The matrix L = (1 — A) ! is the Leontief Inverse matrix &, the element I;; of which indicates
total (direct and indirect) input from sector i required to produce unitary final demand of
products from sector j. The matrix G = (I — B) is the Ghosh Inverse matrix &, the element
gij of which represents total (direct and indirect) output of sector j enabled by unitary
primary input of sector i.

The Ghosh and Leontief IO models view product flows from two different directions.
The Ghosh 10 model captures product sale chains (i.e., the allocation of products) and
examine where products go to, and the Leontief IO model captures product supply chains
(i.e., the use of products) and examine where products come from 2324, It is worth noting
that there have been many debates on the interpretation of the Ghosh 10 model 226, The
Ghosh 10 model (regarded as cost-push) is usually interpreted as a price model assuming
fixed quantities, and the Leontief 10 model (regarded as demand-pull) is usually
interpreted as a quantity model assuming fixed prices . The Leontief 10 model assumes
that final demand is the exogenous driver of output, while the Ghosh 10 model assumes
that price change of primary inputs (e.g., labor and capital) is the exogenous driver of
output 24, Scholars have recently applied the Ghosh 10 model on carbon emission studies
230,32 Interpreting policy implications of results based on the Ghosh 10 model should
take into account these debates.

Production-based, consumption-based, and income-based GHG emissions

This study uses the environmentally extended input-output (EEIO) model to evaluate
production-based, consumption-based, and income-based GHG emissions of sectors. We
construct the EEIO model by treating each sector’s direct GHG emissions as the satellite
account of the input-output model.

Production-based GHG emissions of sectors (indicated by 1xn row vector t) mean their
direct GHG emissions, which are the satellite account of the EEIO model. Defining a 1xn
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intensity vector f to represent GHG emissions of each sector for its unitary output, as
expressed by equation (7), we can calculate total GHG emissions of an economy g by
equation (8).

f=t(%)™ (7)

g= fx=fLy =vGf' (8)

Consumption-based (expressed by 1xn row vector ¢) and income-based (expressed by
nx1 column vector s) GHG emissions of sectors can be calculated by equations (9) and
(10), respectively. Consumption-based GHG emissions of a sector mean total (direct and
indirect) upstream GHG emissions caused by the final demand of products from this
sector. Income-based GHG emissions of a sector indicate total (direct and indirect)
downstream GHG emissions enabled by primary inputs of this sector.

c=fLy 9)

s =VGf ' (10)

Structural decomposition analysis

We use the structural decomposition analysis (SDA) to investigate relative contributions
of economic factors to GHG emission changes 2 22, We further decompose y and v in
equation (8) into the following forms

y:YsyIp (11)

v=pyV, (12)

where matrix Y stands for final demand structure (i.e., percentage share of each sector in
each category of final demand); vector y; indicates per capita final demand volume (i.e.,
final demand level); p represents the population; vi stands for per capita primary input
volume (i.e., primary input level); and Vs represents primary input structure (i.e.,
percentage share of each sector in each category of primary inputs). Final demand
categories in this study include final consumption expenditure by households, final
consumption expenditure by non-profit organizations serving households, final
consumption expenditure by government, gross fixed capital formation, changes in
inventories and valuables, and exports. Primary input categories in this study include
value added at basic prices, international transport margins, and imports.
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Equation (8) can then be written as the following forms:

g="fLYy,p (13)

g=pyV,Gf' (14)

Equation (13) views the economy as demand-driven, while equation (14) views the
economy as supply-driven. Decomposition forms of these two equations are shown in
equations (15) and (16).

Ag =ALY,y, p+ ALY,y p+ fLAY,Y, p+ FLY, Ay p+ fLY,y,Ap (15)

Ag = Apv VG '+ pAv, V.Gf '+ pv AV.GF '+ pv, V.AGF '+ pv, V.GAF ' (16)

Items in the right side of equation (15) represent relative contributions of emission
intensity change Af, production input structure change AL, final demand structure change
AYs, final demand level change Ay, and population change Ap to GHG emission change
of an economy Ag (in the left side). Similarly, items in the right side of equation (16)
represent relative contributions of emission intensity change Af, production output
structure change AG, primary input structure change AVs, primary input level change Avj,
and population change Ap to GHG emission change of an economy Ag (in the left side).

It is worth noting that we convert all 10 data into constant prices for the SDA, which can
avoid the effect of price changes. Thus, the Leontief 10-SDA model assumes that
quantity change in final demand and components is the exogenous driver of output and
emissions, while the Ghosh 10-SDA model assumes that quantity change in the supply of
primary inputs, instead of price change of primary inputs, is the exogenous driver of
output and emissions.

The SDA has the non-uniqueness problem: decomposing into n factors produces n! types
of decomposition forms 2. To solve this problem, we use the average of all possible first-
order decomposition results as the relative contribution of each factor in this study %, as
widely done in previous studies 22 373952 |t js worth noting that the SDA assumes mutual
independence among decomposed factors 442 which is not fully consistent with
practical situation. Addressing this pervasive problem for decomposition methods is an
interesting future research avenue.

Data sources

This study requires three types of data: monetary input-output tables (MIOTs), GHG
emissions of sectors, and the population of the US. We collect MIOTs and GHG emission
data from the World Input-Output Database (WIOD, released in November 2013) which
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is in 35-sector format and covers the time period of 1995-2009 2>°7, We choose these
data from the WIOD given its relatively detailed sector classification, long temporal
coverage, and the availability of price indices. There are also other sources of similar
data, such as the US Bureau of Economic Analysis (BEA) 2, GTAP 22, EXIOBASE £,
and Eora 8. Although the BEA publishes high-resolution MIOTs (in 71-sector format)
each year >, GHG emission data from the US statistics are highly aggregated, only
classified as 6 sectors including agriculture, industry, electricity generation,
transportation, commercial, and residential sectors &. The other three databases are either
with limited time points or without price indices, which limits the implementation of
SDA based on comparable MIOTs. GHG emissions in this study include CO2, CH4, and
N20 emissions. These three kinds of GHG emissions are all weighted to CO> equivalents,
and their COz equivalent weighting factors are from the Intergovernmental Panel on
Climate Change (IPCC) 2. The US’s population data come from the World Bank 2.

The WIOD has lower sector resolution than other databases such as Eora and BEA.
Sector aggregation can, to some extent, affect sectoral results in 10 studies 8-,
Developing a US database with higher sector resolution, time-series MIOT and GHG
data for a long time period, and time-series price indices is an interesting future research
avenue.

In particular, we use the US’s current-year-price MIOTS to calculate consumption-based
and income-based GHG emissions of sectors for each year, while constant-price MIOTs
to conduct the SDA. The WIOD contains current-year-price (released in November 2013)
and previous-year-price (released in December 2014) MIOTSs for each year 2> 27, We
conduct the SDA for annual changes of the US’s GHG emissions during 1995-2009
based on these two types of MIOTs (e.g., using 2009 MIOT in 2008-year price and 2008
MIOT in current-year price for the SDA between 2008 and 2009). The contribution of a
decomposed factor between any two time points equals to the sum of its annual
contributions during this period .

This study finds that exports contribute 10% of the US’s GHG emissions from the
consumption side and imports contribute 10% from the supply side. We only concern
domestic supply chains of the US in this study. It is an interesting research avenue to
investigate socioeconomic drivers of the US’s GHG emissions in the context of global
supply chains, which can well capture international feedback effect from international
trade.

RESULTS
Variation trend in GHG emissions of the US

The US’s industrial system discharged 5.3 billion tonne CO> equivalents (Bt-e) of GHG
emissions in 2009, 3% lower than its 1995 level (Figure 1A). COz is the dominant
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component of the US’s GHG emissions, accounting for 79% of GHG emissions in 2009.
The US’s GHG emissions keep relatively stable during 1995-2009, with slightly
increasing trends during 1995-2000 (from 5.5 to 5.9 Bt-e) and 2006—-2007 (from 5.7 to
5.8 Bt-e) and slightly decreasing trends during 2000-2006 (from 5.9 to 5.7 Bt-e) and
2007-2009 (from 5.8 to 5.3 Bt-e). Meanwhile, the US’s gross domestic product (GDP, in
constant 2011 international $) and population increased by 42% and 15%, respectively,
during 1995-2009 (Figure 1B) L. Thus, the US has achieved absolute decoupling for
GHG emissions in this period.

F=N
|
T

GHG emissions (Bt-e)
o]

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
mCO2 mCH4 mN20

(A) Changes in industrial GHG emissions

50%

40%

30%

20% +

10% +

JE—

~—
N

-10%
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

=—=FEmissions change = ====Population change = ===GDP change

(B) Decoupling trends among GHG emissions, GDP, and population

Figure 1. Changes in industrial GHG emissions (A) and GDP and population (B) in the
US during 1995-2009. Values in Figure B indicate percentage changes relative to
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amounts in 1995. Full data supporting this graph are listed in Table S1 in the Supporting
Information (SI).

GHG emissions of sectors in 2009

Figure 2 shows the US’s GHG emissions at the sector level in 2009. The Electricity, Gas
and Water Supply sector, which is a major energy user, is the largest contributor to GHG
emissions in the US. It directly discharged 2.1 Bt-e of GHG emissions, accounting for
39% of the national total in 2009. Its consumption-based (1.1 Bt-e) and income-based
GHG emissions (1.6 Bt-e) are 47% and 21% lower than its production-based GHG
emissions, respectively. Its income-based GHG emissions are 48% higher than its
consumption-based emissions in 2009, indicating its important role as a primary supplier
to economic production and GHG emissions of downstream users. We observe similar
situation for Agriculture, Hunting, Forestry and Fishing and Inland Transport sectors.

The Mining and Quarrying, Renting of Machinery & Equipment and Other Business
Activities, Financial Intermediation, and Wholesale Trade and Commission Trade
(Except of Motor Vehicles and Motorcycles) sectors have much higher income-based
GHG emissions than their production-based and consumption-based GHG emissions in
2009. For example, income-based GHG emissions of Renting of Machinery & Equipment
and Other Business Activities sector are 321% and 419% higher than its production-based
and consumption-based GHG emissions, respectively. Moreover, income-based GHG
emissions of Financial Intermediation sector are 568% and 154% higher than its
production-based and consumption-based GHG emissions, respectively. This finding
indicates that these sectors are more important as primary suppliers driving downstream
GHG emissions than as direct emitters and final consumers.

In addition, Public Administration and Defence & Compulsory Social Security, Other
Community, Social and Personal Services, Health and Social Work, and Air Transport
sectors have much lower income-based GHG emissions than their production-based and
consumption-based GHG emissions in 2009. For example, income-based GHG emissions
of Air Transport sector are 48% and 44% lower than its production-based and
consumption-based GHG emissions, respectively. These sectors are less important as
primary suppliers than as direct emitters and final consumers for responsibilities for GHG
emissions.

In general, income-based method reveals much different GHG emission profile of sectors
in the US, which cannot be revealed by production-based and consumption-based
methods.
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Figure 2. Income-based, consumption-based, and production-based GHG emissions of
sectors in the US in 2009. Full data supporting this graph are listed in Table S2 in the SI.

Figure 3 further disaggregates GHG emissions of the US by final demand and primary
input categories. On the consumption side, household consumption is the major driver,
contributing 67% of GHG emissions in the US in 2009. Thus, GHG reduction measures
of the US should pay special attention to domestic final consumption. In particular, these
GHG emissions are mainly caused by the consumption of products from Electricity, Gas
and Water Supply, Food, Beverages and Tobacco, Hotels and Restaurants, Health and
Social Work, and Other Community, Social and Personal Services sectors by households
(Figure 3A). Exports only lead to 10% of the US’s GHG emissions in 2009. Exports of
the US are shifting from products of Electrical and Optical Equipment and Wholesale
Trade and Commission Trade sectors to products of Financial Intermediation, Renting of
Machinery & Equipment and Other Business Activities, and Coke, Refined Petroleum and
Nuclear Fuel sectors (Figure S1A). The US should also pay attention to GHG reductions
in upstream suppliers of these three latter sectors.

On the supply side, domestic value-added creation is the major contributor by leading to
89% of the US’s GHG emissions in 2009. Such part of GHG emissions are mainly due to
domestic value-added creation in Electricity, Gas and Water Supply, Mining and
Quarrying, Inland Transport, Financial Intermediation, and Renting of Machinery &
Equipment and Other Business Activities sectors (Figure 3B). Thus, GHG reduction
measures of the US should pay special attention to domestic value-added creation in
these sectors. Imports only lead to 10% of the US’s GHG emissions in 2009. Imports of
the US are shifting from Transport Equipment, Electrical and Optical Equipment, and

Basic Metals and Fabricated Metal sectors to Coke, Refined Petroleum and Nuclear
11
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Intermediation sectors (Figure S1B) which have relatively high income-based GHG
emissions (Figure 2). Thus, the US governments should also pay close attention to GHG
reductions in downstream users of these three latter sectors.
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GHG emissions (Bt-¢)
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0 0 Health and Social Work
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(A) By final demand categories
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40%
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GHG emissions (Bt-¢)

O Electricity, Gas and Water Supply
O Mining and Quarrying
1Inland Transport
- O Financial Intermediation
0 O Renting of M&Eq and Other Business Activities
Imports & International ~ Value added at basic prices 1Others
transport margins

(B) By primary input categories

Figure 3. GHG emissions of the US by final demand and primary input categories in
2009. Full data supporting this graph are listed in Table S3 in the SI.

Evolution of GHG emissions of sectors during 1995-2009

Figure 4 shows evolution trends in GHG emissions of sectors during 1995-2009. Major
direct GHG emitters in the US during 1995-2009 are Electricity, Gas and Water Supply,
Agriculture, Hunting, Forestry and Fishing, Mining and Quarrying, Public
Administration and Defence & Compulsory Social Security, and Other Community,

12
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Social and Personal Services sectors (Figure 4A). Direct GHG emissions of the
Electricity, Gas and Water Supply sector gradually increased from 1.9 Bt-e in 1995 to 2.3
Bt-e in 2007, and then decreased to 2.1 Bt-e in 2009 potentially due to the shock of
global financial crisis. Direct GHG emissions of Public Administration and Defence &
Compulsory Social Security and Other Community, Social and Personal Services sectors
show generally decreasing trends during 1995-2009. Moreover, direct GHG emissions of
the other two sectors keep relatively stable in this time period.

The final demand of products of the Electricity, Gas and Water Supply, Public
Administration and Defence & Compulsory Social Security, Food, Beverages and
Tobacco, Construction, and Health and Social Work sectors are main drivers of upstream
GHG emissions in the US during 1995-2009 (Figure 4B). Consumption-based GHG
emissions of the Electricity, Gas and Water Supply sector increased during 1995-1998
(from 0.9 to 1.0 Bt-e) and 2001-2007 (from 0.9 to 1.2 Bt-e), while decreased during
1998-2001 (from 1.0 to 0.9 Bt-e) and 2007—2009 (from 1.2 to 1.1 Bt-e). Consumption-
based GHG emissions of the other four sectors keep relatively stable during 1995-2009.

The primary inputs of Electricity, Gas and Water Supply, Mining and Quarrying, Renting
of Machinery & Equipment and Other Business Activities, Agriculture, Hunting, Forestry
and Fishing, and Financial Intermediation sectors are the main factors that enable
downstream GHG emissions in the US during 1995-2009 (Figure 4C). Income-based
GHG emissions of the Electricity, Gas and Water Supply sector remained stable during
1995-1998, and then suddenly decreased during 1998-2001. Its income-based GHG
emissions began to increase after 2001, but subsequently decreased in 2005, 2008, and
2009. The Financial Intermediation and Renting of Machinery & Equipment and Other
Business Activities sectors first have an increasing trend during 1995-2001, and then a
decreasing trend during 2001-2009 for their income-based GHG emissions. Moreover,
income-based GHG emissions of Mining and Quarrying sector show a slightly increasing
trend during 1995-2009, while that of the Agriculture, Hunting, Forestry and Fishing
sector remain relatively stable in this period.

Income-based method reveals new variation trend for GHG emissions of the Electricity,
Gas and Water Supply sector. Although production-based and consumption-based GHG
emissions of the Electricity, Gas and Water Supply sector in 2005 increased by 3% over
and stayed the same as the 2004 level, respectively, its income-based GHG emissions
decreased by 6% than the 2004 level. Income-based method also identifies the
importance of Financial Intermediation and Renting of Machinery & Equipment and
Other Business Activities sectors in the US’s GHG emissions during 1995-2009, a fact
that is unidentifiable by production-based and consumption-based methods.

13
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Figure 4. Variation trends of GHG emissions of sectors in the US during 1995-20009.
Full data supporting this graph are listed in Tables S4-1 to S4-3 in the SI.

Key drivers of overall GHG emission changes during 1995-2009

Changes in GHG emissions are influenced by many socioeconomic factors, such as
population, technology improvement, and structural changes. We use the SDA to analyze
relative contributions of socioeconomic factors to changes in the US’s GHG emissions
during 1995-2009 from both the consumption and supply sides.

From the consumption side (Figure 5A), the increase in final demand level (i.e., final
demand volume for per capita) is the largest driver leading to the increase of GHG
emissions in the US during 1995-2009. Final demand level of the US increased by 28%
in this period, contributing 1.4 Bt-e of GHG emission increments if other factors remain
constant. The population of the US increased by 15% during 1995-2009. It is the second
factor driving the increase of GHG emissions in the US, contributing 0.8 Bt-e of GHG
emission increments if other factors remain constant in this period.

The change in production input structure is the major force reducing GHG emissions in
the US during 1995-2009. Technology innovation in this period improves production
efficiency of sectors (i.e., using less upstream inputs to produce unitary output), reducing
1.2 Bt-e of GHG emissions if other factors remain constant.

The change in GHG emission intensity is the second force reducing GHG emissions in
the US during 1995-2009. GHG emission intensity of most sectors decreases in this

15



405
406
407
408

409
410
411
412
413

414
415
416
417
418
419
420
421

422
423
424
425
426
427

428
429
430
431
432
433

434
435
436
437
438
439
440
441
442
443

period (Table S7), mainly due to the reduction of energy intensity and the shifting of
energy mix from coal to natural gas 22. The reduction of GHG emission intensity
contributed 0.7 Bt-e of GHG emission reductions during 19952009 if other factors
remain constant.

Final demand structure change is also another force reducing GHG emissions in the US
during 1995-2009. However, its effect on GHG emission reductions is relatively small
and remains nearly zero in recent years. Final demand structure of the US gradually shifts
from manufactured goods to services during 1995-2009 2, leading to 0.5 Bt-e of GHG
emission reductions in this period if other factors remain constant.

We also reveal relative contributions of socioeconomic factors to the US’s GHG emission
changes from the supply side (Figure 5B). The change in primary input level (i.e.,
primary input volume for per capita) is the largest contributor to GHG emission
increments in the US during 1995-2009. Primary input level of the US increased by 28%
in this period, contributing 1.3 Bt-e of GHG emission increments if other factors remain
constant. In addition, population growth is the other driver for the increase of GHG
emissions in the US, contributing 0.8 Bt-e of GHG emission increments during 1995—
20009 if other factors remain constant in this period.

Production output structure represents the allocation pattern of products from each sector.
It is the major force reducing GHG emissions in the US during 1995-2009, contributing
1.0 Bt-e of GHG reductions in this period if other factors remain constant. Emission
intensity change and primary input structure change are another two factors leading to
GHG reductions in the US during 1995-2009. They have the same cumulative
contribution of 0.7 Bt-e of GHG reductions in this period if other factors remain constant.

On one hand, the SDA from the supply side uncovers the same results as the SDA from
the consumption side. For example, we observe that relative contributions and variation
trends of emission intensity and population changes are the same from both the
consumption and supply sides. Moreover, we find the same variation trend for final
demand level change and primary input level change which both represent the affluence
growth. Such findings validate the reliability of the SDA from the supply side.

On the other hand, the supply side reveals additional critical socioeconomic factors as
well as their variation trends in addition to those from the consumption side. For
example, we observe that production input structure change is the largest force reducing
GHG emissions from the consumption side during 1995-1997, while primary input
structure change is the largest contributor to GHG emission reductions from the supply
side in this period. Cumulative contribution of final demand structure change is smaller
than that of emission intensity change during 2005-2007, while cumulative contribution
of primary input structure is larger than that of emission intensity change in this period.
Thus, the SDA from the supply side can provide new findings to support GHG reduction
policymaking in the US.
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449  Figure 5. Relative contributions of socioeconomic factors to the US’s GHG emission
450  changes from the consumption (A) and supply (B) sides during 1995-2009. The baseline
451  year is 1995. Full data supporting this graph are listed in Table S5 in the SI.
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Key drivers of GHG emission changes for four typical stages

Figures 1 and 5 show that GHG emission changes in the US can be classified into four
typical stages: 1995-2000, 2000-2006, 20062007, and 2007—2009. We specially
investigate relative contributions of socioeconomic factors to changes in the US’s GHG
emissions from the consumption and supply sides for these four stages, as shown in
Figure 6.

GHG emissions in the US increased from 5.5 Bt-e in 1995 to 5.9 Bt-e in 2000. The
growth of final demand level, primary input level, and the population and the change in
production input/output structure lead to the increase of GHG emissions in this period,
while the changes in emission intensity, final demand structure, and primary input
structure are major forces reducing GHG emissions. In particular, the effect of production
input/output structure change on GHG emission changes is small in this period. GHG
emission intensity reduction is the largest force reducing GHG emissions during 1995 —
2000. It mainly happens in three sectors: Electricity, Gas and Water Supply sector;
Agriculture, Hunting, Forestry and Fishing; and the Other Community, Social and
Personal Services sectors. Their GHG emission intensity in 2000 decreased by 14%,
12%, and 34%, respectively, compared to their 1995 levels (Table S7). Such a decrease
benefits from the energy mix shifting from coal to natural gas in this period. The share of
coal in electricity generation decreased from 52% in 1995 to 50% in 2000, while the
portion of natural gas increased from 11% to 14% 5,

GHG emissions in the US decreased from 5.9 Bt-e in 2000 to 5.7 Bt-e in 2006, but still
higher than the 1995 level. The growth of final demand level, primary input level,
population, and emission intensity drives the increase in GHG emissions in this period,
while changes in production input/output structure, final demand structure, and primary
input structure contribute to the reduction of GHG emissions. It is worth noting that we
observe interesting patterns for emission intensity change and production input/output
structure change during 2000-2006. Emission intensity change in this period contributes
to GHG emission increments, which is much different from its effects in other periods.
Although GHG emission intensity of most sectors decreased in this period, that of the
Electricity, Gas and Water Supply sector increases by 42% (Table S7) mainly due to the
increase in its energy consumption for unitary output 22, Production input/output structure
change is the most important factor reducing GHG emissions during 2000-2006, while
its effect is relatively small in other periods.

GHG emissions in the US increased from 5.7 Bt-e in 2006 to 5.8 Bt-e in 2007. GHG
emission intensity change contributes to reducing GHG emissions during 2006—2007,
while the growth of primary input level, final demand level, and population and the
change in production input/output structure are major forces increasing GHG emissions
in this period. In particular, final demand structure change (from the consumption side) in
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491  this period leads to GHG emission reductions, but primary input structure change (from
492  the supply side) causes GHG emission increments in this period.

493  GHG emissions in the US decreased from 5.8 Bt-e in 2007 to 5.3 Bt-e in 2009, probably
494  due to the economic recession in global financial crisis. The reduction in final demand
495  level, primary input level, and GHG emission intensity (Table S7) and the change in

496  production input/output structure are major forces recuing GHG emissions during 2007—
497  2009. On the contrary, population growth and changes in final demand structure and

498  primary input structure lead to GHG emission increments in this period.
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(B) From the supply side

Figure 6. Relative contributions of socioeconomic factors to the US’s GHG emission
changes from the consumption (A) and supply (B) sides during 1995-2000, 2000—2006,
2006-2007, and 2007—2009. Full data supporting this graph are listed in Table S6 in the
SI.

DISCUSSION

This study analyzed production-based, consumption-based, and income-based GHG
emissions of sectors, and conducted consumption-side and supply-side SDA to
investigate relative contributions of socioeconomic factors. We find that the income-
based method and supply-side SDA reveals additional facts to support the US’s GHG
reduction policymaking.

The US will continue to pursue better life quality, leading to higher final demand level
and primary input level. Its population is also expected to grow in the near future. Thus,
increasing final demand level, primary input level, and population in the future will
continue to push up GHG emissions of the US. On the other hand, the US can take
actions in these directions to reduce its GHG emissions: GHG emission intensity,
production input/output structure, final demand structure, and primary input structure.

First, reducing GHG emission intensity of sectors can significantly help reduce the US’s
GHG emissions. Measures include improving energy usage efficiency, shifting the
energy mix from coal to less carbon-intensive energy sources (e.g., natural gas and
nuclear power), and implementing carbon capture and sequestration (CCS) technologies.
These actions should mainly focus on critical sectors with large production-based GHG
emissions, such as Electricity, Gas and Water Supply, Agriculture, Hunting, Forestry and
Fishing, Mining and Quarrying, Public Administration and Defence & Compulsory
Social Security, and Other Community, Social and Personal Services sectors (Figure 4A).
In particular, special attention should be paid to the Electricity, Gas and Water Supply
sector. It is the largest direct GHG emitter (Figure 2), and its GHG emission intensity
increase during 2000-2006 partly leads to GHG emission increments in this period
(Figure 6).

Second, changing production structure also contributes to reducing the US’s GHG
emissions. We find that production input/output structure change has large influence on
GHG emission changes (Figure 5). Production input structure (i.e., production structure
from the consumption side) describes total upstream inputs required to produce unitary
finally used products &, representing production efficiency of sectors. Improving
production efficiency of sectors (i.e., using less upstream inputs to produce the same
output 2 89-1) can directly and indirectly help reduce GHG emissions of upstream sectors.
This action should mainly focus on critical sectors with large consumption-based GHG
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emission, such as Electricity, Gas and Water Supply, Public Administration and Defence
& Compulsory Social Security, Food, Beverages and Tobacco, Construction, and Health
and Social Work sectors (Figure 4B).

On the other hand, production output structure (i.e., production structure from the supply
side) describes total downstream outputs enabled by unitary primary input of particular
sectors &, indicating the allocation pattern of products from upstream sectors.
Encouraging sectors to choose less GHG-intensive downstream users can help reduce
downstream GHG emissions. This action should pay special attention to critical sectors
with large income-based GHG emissions, such as Electricity, Gas and Water Supply,
Mining and Quarrying, Renting of Machinery & Equipment and Other Business
Activities, Agriculture, Hunting, Forestry and Fishing, and Financial Intermediation
sectors (Figure 4C).

Third, the effect of final demand structure change on GHG reductions remains relatively
stable after 2002 (Figure 5A), indicating that there is probably large potential to change
final demand structure for GHG reductions in the US. Household consumption is the
dominant final demand category leading to GHG emissions (Figure 3A). Thus, changing
domestic household consumption behaviors (e.g., encouraging consumers to use less
GHG-intensive products by life cycle eco-labeling certification and economic tools) can
help reduce the US’s GHG emissions, especially the household consumption behaviors
on products from Electricity, Gas and Water Supply, Food, Beverages and Tobacco,
Hotels and Restaurants, Health and Social Work, and Other Community, Social and
Personal Services sectors (Figure 3A).

Last but not least, the change in primary input structure, indicating the change in sectoral
shares of the quantity of primary inputs (e.g., labor and capital), is also a factor
influencing the US’s GHG emissions. The US governments should encourage enterprises
to trace GHG emissions of their downstream users and compile income-based GHG
emission reports, especially enterprises in Electricity, Gas and Water Supply, Mining and
Quarrying, Inland Transport, Financial Intermediation, and Renting of Machinery &
Equipment and Other Business Activities sectors (Figure 3B). The US governments can
use these reports to guide the development of these enterprises by supply-side measures
(e.g., controlling loan supply, limiting subsidies, and decreasing depreciation rates of
fixed assets by extending their service life ).

We find that the supply-side SDA can complement the consumption-side SDA to identify
critical socioeconomic factors influencing GHG emission changes. Moreover, income-
based method can complement production-based and consumption-based methods to
identify critical sectors leading to GHG emissions. Although this study focuses on GHG
emissions of the US, this analytical framework is applicable to other indicators (e.qg.,
water use, biodiversity, and employment) and other nations.
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SUPPORTING INFORMATION

The supporting information provides detailed data supporting the main text.

ACKNOWLEDGEMENTS

Sai Liang and Shen Qu thank the support of the Dow Sustainability Fellows Program.
Hongxia Wang thanks the financial support of China Scholarship Council (CSC). Hong
Fang thanks the support of National Natural Science Foundation of China (Grant no.
71273022).

REFERENCES

1. WorldBank, World Development Indicators http://data.worldbank.org. In The World
Bank: Washington, DC, USA, 2015.

2. TheWhiteHouse. U.S.-China joint announcement on climate change.
https://www.whitehouse.gov/the-press-office/2014/11/11/us-china-joint-announcement-
climate-change

3. Tollefson, J., Scientists step in to assess carbon-emissions pledges. Nature 2015, 521,
(7553), 404-405.

4. 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 environment. Science 1995, 268, (5210), 520-521.

5. Dietz, T.; Rosa, E. A., Effects of population and affluence on CO2 emissions.
Proceedings of the National Academy of Sciences of the United States of America 1997,
94, (1), 175-179.

6. US-EPA, Greenhouse Gas Inventory Data Explorer
http://www3.epa.gov/climatechange/ghgemissions/inventoryexplorer/chartindex.html. In
United States Environmental Protection Agency: 2015.

7. Blasing, T. J.; Broniak, C. T.; Marland, G., Estimates of monthly carbon dioxide
emissions and associated *°C values from fossil-fuel consumption in the U.S.A. In
Trends: A Compendium of Data on Global Change. In Carbon Dioxide Information
Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy, Oak
Ridge, TN, U.S.A. doi: 10.3334/CDIAC/ffe.001: 2004.

8. Miller, R. E.; Blair, P. D., Input-output analysis: foundations and extensions.
Cambridge University Press: 20009.

9. Liang, S.; Wang, Y.; Cinnirella, S.; Pirrone, N., Atmospheric mercury footprints of
nations. Environ Sci Technol 2015, 49, (6), 3566-3574.

10. 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


http://data.worldbank.org/
http://www.whitehouse.gov/the-press-office/2014/11/11/us-china-joint-announcement-climate-change
http://www.whitehouse.gov/the-press-office/2014/11/11/us-china-joint-announcement-climate-change
http://www3.epa.gov/climatechange/ghgemissions/inventoryexplorer/chartindex.html

617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657

11. Davis, S. J.; Caldeira, K., Consumption-based accounting of CO2 emissions.
Proceedings of the National Academy of Sciences of the United States of America 2010,
107, (12), 5687-5692.

12. Davis, S. J.; Peters, G. P.; Caldeira, K., The supply chain of CO2 emissions.
Proceedings of the National Academy of Sciences of the United States of America 2011,
108, (45), 18554-18559.

13. Feng, K.; Davis, S. J.; Sun, L.; Li, X.; Guan, D.; Liu, W.; Liu, Z.; Hubacek, K.,
Outsourcing CO2 within China. Proceedings of the National Academy of Sciences of the
United States of America 2013, 110, (28), 11654-11659.

14. Kander, A.; Jiborn, M.; Moran, D. D.; Wiedmann, T. O., National greenhouse-gas
accounting for effective climate policy on international trade. Nature Climate Change
2015, 5, (5), 431-435.

15. Peters, G. P., From production-based to consumption-based national emission
inventories. Ecological Economics 2008, 65, (1), 13-23.

16. Peters, G. P.; Hertwich, E. G., Post-Kyoto greenhouse gas inventories: production
versus consumption. Clim. Change 2008, 86, (1-2), 51-66.

17. Peters, G. P.; Minx, J. C.; Weber, C. L.; Edenhofer, O., Growth in emission transfers
via international trade from 1990 to 2008. Proceedings of the National Academy of
Sciences of the United States of America 2011, 108, (21), 8903-8908.

18. Springmann, M., Integrating emissions transfers into policy-making. Nature Climate
Change 2014, 4, (3), 177-181.

19. Abrahams, L. S.; Samaras, C.; Griffin, W. M.; Matthews, H. S., Life cycle
greenhouse gas emissions from US liquefied natural gas exports: implications for end
uses. Environ Sci Technol 2015, 49, (5), 3237-3245.

20. Suh, S., Are services better for climate change? Environ Sci Technol 2006, 40, (21),
6555-6560.

21. Casler, S. D.; Rose, A., Carbon dioxide emissions in the US economy: a structural
decomposition analysis. Environ Resource Econ 1998, 11, (3-4), 349-363.

22. Feng, K.; Davis, S. J.; Sun, L.; Hubacek, K., Drivers of the US CO2 emissions 1997-
2013. Nature Communications 2015, 6, 7714.

23. Gereffi, G., Beyond the producer-driven/buyer-driven dichotomy: the evolution of
global value chains in the internet era. IDS Bulletin 2001, 32, (3), 30-40.

24. Gibbon, P., Upgrading primary production: a global commodity chain approach.
World Dev 2001, 29, (2), 345-363.

25. Hull, B. Z., Are supply (driven) chains forgotten? The International Journal of
Logistics Management 2005, 16, (2), 218-236.

26. Lenzen, M.; Murray, J., Conceptualising environmental responsibility. Ecological
Economics 2010, 70, (2), 261-270.

27. Marques, A.; Rodrigues, J.; Domingos, T., International trade and the geographical
separation between income and enabled carbon emissions. Ecological Economics 2013,
89, 162-169.

23



658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698

28. Marques, A.; Rodrigues, J.; Lenzen, M.; Domingos, T., Income-based environmental
responsibility. Ecological Economics 2012, 84, 57-65.

29. Steininger, K. W.; Lininger, C.; Meyer, L. H.; Munoz, P.; Schinko, T., Multiple
carbon accounting to support just and effective climate policies. Nature Climate Change
2016, in press, doi:10.1038/nclimate2867.

30. Zhang, Y., Supply-side structural effect on carbon emissions in China. Energy
Economics 2010, 32, (1), 186-193.

31. Su, B.; Ang, B. W., Structural decomposition analysis applied to energy and
emissions: Some methodological developments. Energy Economics 2012, 34, (1), 177-
188.

32. Su, B.; Ang, B. W., Multiplicative decomposition of aggregate carbon intensity
change using input—output analysis. Applied Energy 2015, 154, 13-20.

33. Augustinovics, M., Methods of International and Intertemporal Comparison of
Structure. In Contributions to Input-Output Analysis, Carter, A. P.; Brody, A., Eds.
North-Holland: Amsterdam, 1970; pp 249-269.

34. Dietzenbacher, E., In vindication of the Ghosh model: a reinterpretation as a price
model. Journal of Regional Science 1997, 37, (4), 629-651.

35. Oosterhaven, J., On the plausibility of the supply-driven input-output model. Journal
of Regional Science 1988, 28, (2), 203-217.

36. Oosterhaven, J., Leontief versus Ghochian price and quantity models. Southern
Economic Journal 1996, 62, (3), 750-759.

37. Regrmose, P.; Olsen, T., Structural decomposition analysis of air emissions in
Denmark 1980-2002. In 15th International Conference on Input-Output Techniques,
Beijing, China, 2005.

38. Dietzenbacher, E.; Los, B., Structural decomposition techniques: sense and
sensitivity. Economic Systems Research 1998, 10, (4), 307-323.

39. Guan, D.; Hubacek, K.; Weber, C. L.; Peters, G. P.; Reiner, D. M., The drivers of
Chinese CO, emissions from 1980 to 2030. Global Environmental Change-Human and
Policy Dimensions 2008, 18, (4), 626-634.

40. 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. Geophysical
Research Letters 2009, 36, (4), L047009.

41. Haan, M. D., A structural decomposition analysis of pollution in the Netherlands.
Economic Systems Research 2001, 13, (2), 181-196.

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

43. 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.

44. 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.

24



699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738

45. 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.

46. Minx, J. C.; Baiocchi, G.; Peters, G. P.; Weber, C. L.; Guan, D.; Hubacek, K., A
“carbonizing dragon”: China’s fast growing CO2 emissions revisited. Environ Sci
Technol 2011, 45, (21), 9144-9153.

47. 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.

48. 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.

49. 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.

50. Yamakawa, A.; Peters, G. P., Structural decomposition analysis of greenhouse gas
emissions in Norway 1990 - 2002. Economic Systems Research 2011, 23, (3), 303-318.
51. 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, 67, 640-647.

52. Guan, D.; Hubacek, K.; Tillotson, M.; Zhao, H.; Liu, W.; Liu, Z.; Liang, S., Lifting
China’s water spell. Environ Sci Technol 2014, 48, (19), 11048-11056.

53. Zhang, Y.; Wang, H.; Liang, S.; Xu, M.; Zhang, Q.; Zhao, H.; Bi, J., A dual strategy
for controlling energy consumption and air pollution in China's metropolis of Beijing.
Energy 2015, 81, 294-303.

54. Dietzenbacher, E.; Los, B., Structural decomposition analyses with dependent
determinants. Economic Systems Research 2000, 12, (4), 497-514.

55. Dietzenbacher, E.; Los, B.; Stehrer, R.; Timmer, M.; de Vries, G., The construction
of world input-output tables in the WIOD project. Economic Systems Research 2013, 25,
(1), 71-98.

56. Genty, A.; Arto, I.; Neuwahl, F. Final database of environmental satellite accounts:
technical report on their compilation; World Input-Output Database: 2012.

57. Timmer, M. P.; Dietzenbacher, E.; Los, B.; Stehrer, R.; de Vries, G. J., An illustrated
user guide to the world input—output database: the case of global automotive production.
Review of International Economics 2015, 23, (3), 575-605.

58. US-BEA, Input-Output Accounts Data http://www.bea.gov/industry/io_annual.htm.
In the US Bureau of Economic Analysis: Washington, D.C., USA, 2016.

59. Andrew, R. M.; Peters, G. P., A multi-region input—output table based on the global
trade analysis project database (GTAP-MRIQO). Economic Systems Research 2013, 25,
(1), 99-121.

25


http://www.bea.gov/industry/io_annual.htm

739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775

776

60. Tukker, A.; de Koning, A.; Wood, R.; Hawkins, T.; Lutter, S.; Acosta, J.; Rueda
Cantuche, J. M.; Bouwmeester, M.; Oosterhaven, J.; Drosdowski, T., EXIOPOL-
Development and illustrative analyses of a detailed global MR EE SUT/IOT. Economic
Systems Research 2013, 25, (1), 50-70.

61. Lenzen, M.; Moran, D.; Kanemoto, K.; Geschke, A., Building Eora: a global multi-
region input—output database at high country and sector resolution. Economic Systems
Research 2013, 25, (1), 20-49.

62. Myhre, G.; Shindell, D.; Bréon, F.-M.; Collins, W.; Fuglestvedt, J.; Huang, J.; Koch,
D.; Lamarque, J.-F.; Lee, D.; Mendoza, B.; Nakajima, T.; Robock, A.; Stephens, G.;
Takemura, T.; Zhang, H., Anthropogenic and natural radiative forcing. In: Climate
Change 2013: The Physical Science Basis. Contribution of Working Group | to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press: Cambridge, United Kingdom and New York, NY, USA, 2013.

63. Su, B.; Huang, H. C.; Ang, B. W.; Zhou, P., Input—output analysis of CO2 emissions
embodied in trade: The effects of sector aggregation. Energy Economics 2010, 32, (1),
166-175.

64. Su, B.; Ang, B., Structural decomposition analysis applied to energy and emissions:
aggregation issues. Economic Systems Research 2012, 24, (3), 299-317.

65. Lenzen, M., Aggregation versus disaggregation in input-output analysis of the
environment. Economic Systems Research 2011, 23, (1), 73-89.

66. Bouwmeester, M. C.; Oosterhaven, J., Specification and aggregation errors in
environmentally extended input—output models. Environ Resource Econ 2013, 56, (3),
307-335.

67. de Koning, A.; Bruckner, M.; Lutter, S.; Wood, R.; Stadler, K.; Tukker, A., Effect of
aggregation and disaggregation on embodied material use of products in input—output
analysis. Ecological Economics 2015, 116, 289-299.

68. Arto, I.; Dietzenbacher, E., Drivers of the growth in global greenhouse gas
emissions. Environ Sci Technol 2014, 48, (10), 5388-5394.

69. Liang, S.; Feng, Y.; Xu, M., Structure of the global virtual carbon network: revealing
important sectors and communities for emission reduction. Journal of Industrial Ecology
2015, 19, (2), 307-320.

70. 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, in press,
doi:10.1111/jiec.12417.

71. Liang, S.; Qu, S.; Xu, M., Betweenness-based method to identify critical
transmission sectors for supply chain environmental pressure mitigation. Environ Sci
Technol 2016, 50, (3), 1330-1337.

26



