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ABSTRACT: Mercury (Hg) pollution control has become an
urgent need at global and national scales. This study, for the
ﬁrst time, comprehensively examines Hg ﬂows in Mainland
China and uncovers domestic and external causal drivers of
China’s Hg emissions/releases. Results show that China’s Hg
input reaches 2643 t in 2010. China discharges 1368 t of Hg to
the environment (to air, 633 t; water, 84 t; and land, 651 t).
Embedded Hg transfers across production sectors via waste/
byproduct ﬂows reduce Hg releases to land, but lead to
secondary Hg emissions to air. Such revelations of embedded
Hg transfers adjusts China’s comprehensive Hg control that
would otherwise only tackle primary emitters. Domestic
consumption causes 67% of China’s Hg emissions/releases,
and external consumption induces the remaining 33%. Besides traditional production-side Hg control measures, demand-side
measures and international joint eﬀorts are required to eﬀectively combat Hg pollution. Uncovering embedded and embodied Hg
ﬂows within the global economy can assist a paradigm shift necessary to make real progress in global Hg control and the
implementation of the Minamata Convention on Mercury.

■

INTRODUCTION

However, production activities in these inventories, which are
closely interconnected through waste/byproduct ﬂows, are
assumed to be independent from one another.9,10,14,15 Ignoring
the links between diﬀerent production activities will potentially
overlook secondary atmospheric Hg emissions.16−18 For
example, Hg captured from coal combustion ﬂue gas to ﬂy
ash will probably be discharged to the air again, if ﬂy ash is used
to produce cement clinker.18 On the other hand, tracking Hg in
the waste/byproduct ﬂows will help identify sources of Hg
releases to water and land.8,16,18,19 For example, the disposal
process of waste acid is a signiﬁcant source of aquatic Hg
releases from zinc smelters, when we track Hg ﬂows in waste

Mercury (Hg), an element that can cycle across major
environmental compartments, is widely distributed in the
biophysical environment and can be transported globally.1−4
Hg contamination is persistent and highly toxic to wildlife and
human beings.5,6 For example, methylmercury can accumulate
in wildlife and human beings and then cause central nervous
system diseases.6 Anthropogenic activities since 2000 BC have
increased background levels of Hg in the biophysical environment by 5−10 times.2 To reduce global Hg emissions to the
environment, 128 nations have signed the Minamata
Convention on Mercury.7 Mainland China (termed as China in
this study) plays an important role in global Hg cycle, given
that its atmospheric Hg emissions account for 27% of the global
total.8
Scholars have taken extensive eﬀorts to quantify China’s
atmospheric Hg emissions from primary emission sources.8−15
© 2016 American Chemical Society
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Figure 1. Conceptual framework for Hg ﬂow analysis in China.

disposal processes.18 Therefore, it is urgent to link all
production activities together by considering Hg ﬂows in
both production activities and waste/byproduct disposal
processes. Existing studies have examined Hg ﬂows within
other countries (e.g., the U.S.,20,21 Europe,22 and India23) as
well as several speciﬁc Chinese sources (e.g., zinc, lead, and
copper smelting).16−18 However, a comprehensive national Hg
ﬂow map for China is still left unknown. Such a ﬂow map can
help eﬀective policy decisions to identify critical Hg emission/
release sources and avoid secondary atmospheric Hg emissions.
Existing studies and above discussions primarily focus on
China’s Hg emissions/releases from the production side. From
a supply chain perspective, Hg emissions/releases arising from
the production side are ultimately caused by consumption
activities.24−27 Revealing underlying drivers from a consumption viewpoint is important to develop demand-side measures.
Limited studies have uncovered consumption drivers of China’s
Hg emissions to air,25,28 but no attention to Hg releases to
water and land. In addition, existing studies mainly focus on
domestic supply chains of China.25,28 Given China’s increasingly important role in international trade, both domestic and
external consumption drivers of China’s Hg emissions/releases
to all environmental media must be uncovered if Hg abatement
is to be eﬀective.
In this study we combine substance ﬂow analysis (SFA) and
a global environmentally extended multiregional input−output
(EE-MRIO) database for the year 2010 (containing 190 regions
and ∼15 000 sectors;29,30 sectors classiﬁed based on the System
of National Accounts31) to identify Hg emission/release
sources to multiple environmental media and uncover their
domestic and external consumption drivers. This study, for the
ﬁrst time, comprehensively examines Hg ﬂows in China to
support eﬀective production-side and demand-side policy
decisions. Uncovering global consumption drivers of China’s
Hg emissions/releases will assist a paradigm shift necessary to
make real progress in China’s Hg control and the
implementation of the Minamata Convention on Mercury.

uncover global consumption drivers. The SFA method can
directly identify Hg emission/release sources from the
production side, while the EE-MRIO model can analyze
China’s Hg emissions/releases driven by global consumption
activities.
SFA Method. The SFA is suitable to trace the fate of Hg in
a production system.21−23,32 This approach enables the
identiﬁcation and quantiﬁcation of Hg into a given system, its
temporal storage in the system, and its ﬁnal fates.22,33
Generally, four major steps are required to conduct the
substance ﬂow analysis, including goal and system deﬁnition,
data acquisition, material balances and modeling, and the
interpretation. In this study, the system boundary is Mainland
China (abbreviated as China in the following text). Hg ﬂows
are measured in tonnes in 2010. Our goal is identifying China’s
Hg ﬂows from primary input to ﬁnal fates. We obtain Hg ﬂow
information through multiple ways: literature review, ﬁeld
experiments, site investigations, best estimations, and expert
judgements. Site investigation means direct interviews in the
plants to obtain data, such as coal/limestone consumption per
clinker produced. Best estimation means that the data are
estimated by authors based on raw data or similar situations in
other industries. Expert judgment means that the raw data are
provided by experts with their experience. Detailed data
collection methods are listed in the Supporting Information
(SI) (Excel). Our ﬂow model comprises three tiers (Figure 1):
Hg input tier (Tier 1), Hg distribution tier (Tier 2), and Hg
redistribution tier (Tier 3). In Tier 1, we consider Hg inputs to
8 sectors (further divided into 31 subsectors) (Data set S1).
For sectors where Hg is an impurity in raw materials, we
calculate Hg inputs by multiplying activity levels with Hg input
factors. For intentional Hg use sectors, we collect Hg input data
from China’s national investigation reports34 (SI section S1.1, ).
In Tier 2, the Hg inputs from Tier 1 ﬂow to multiple
destinations: Hg emissions to air, Hg releases to water, Hg
releases to land, Hg stabilization, Hg releases to liquid wastes/
byproducts, and solid wastes/byproducts (SI section S1.2). In
this tier, if liquid wastes/byproducts are released to wastewater
without disposal, Hg contained in them is regarded to be
released to water. Otherwise, such Hg is distributed to liquid
wastes/byproducts and then ﬂow to Tier 3. For solid wastes/
byproducts, if they are reused or treated, Hg is regarded as

■

METHODOLOGY
In this study we link the SFA method with the EE-MRIO
model to comprehensively examine Hg ﬂows in China and to
223

DOI: 10.1021/acs.est.6b04094
Environ. Sci. Technol. 2017, 51, 222−231

Article

Environmental Science & Technology

Figure 2. China’s Hg emissions/releases to air, water, and land due to local production activities (left China map) and global consumption drivers
(right bars).

ﬂowing to Tier 3. Otherwise, Hg in solid wastes/byproducts is
regarded to be released to land, when the wastes are opendumped without environmental protection or stabilized in
controlled landﬁll sites. In Tier 3 (SI section S1.3), Hg in
wastes ﬁnally ﬂows to diﬀerent fates. We classify Hg outputs
into six categories: Hg emissions to air, Hg releases to water,
Hg releases to land, Hg exports, Hg stabilization, and Hg
stocks. Hg emissions/releases in this study do not consider Hg
transportation across diﬀerent environmental media through
biogeochemical cycling. The term “stabilization” means that Hg
is properly treated with little potential environmental risks. The
term “stock” implies that Hg is stored in wastes/byproducts
due to the delay of sales or disposal (over 1 year), such as the
Hg stored in the acid slags produced in nonferrous metal
smelters. The term “export” indicates Hg ﬂowing abroad by
embedding in exported products. For example, Hg in the
exported Hg-containing thermometers is regarded as Hg
exports.
One signiﬁcant challenge to construct China’s Hg ﬂows is the
identiﬁcation of suitable input factors and distribution factors
which are related with speciﬁc emission sources, production
technologies, and pollution control devices. The Hg distribution factor represents the percentage of Hg to wastes/
byproducts or media in total Hg of an upstream material. We
ﬁrst construct the database of Hg input factors from ﬁeld
experiments for 763 raw coal samples,13,35 167 limestone
samples,36 83 iron concentrate samples,37 207 copper
concentrate samples, 12,18,38 381 zinc concentrate samples,12,18,38 198 lead concentrate samples,12,18,38 and 27 gold
concentrate samples.39 For sectors without on-site samplings
and tests, we collect their Hg input factors through literature
review (data set S2). We also establish a technology-based
database on Hg distribution and redistribution factors (data set
S3, S4, and S5). Those distribution and redistribution factors
are determined according to Hg distributions in diﬀerent
production technologies and pollution control devices as well
as the application status of technologies and devices (SI
sections S1.2 and S1.3).
To consider uncertainties of results, we introduce the Monte
Carlo simulation into Hg ﬂow analysis. The Monte Carlo
simulation considers probabilistic distributions of key input
parameters and examines statistical distributions of Hg
emissions/releases (SI section S1.4). We plot distribution
curves of Hg emissions/releases based on 20 000 simulations.

Key characteristics of the simulation curves include P10, P50,
and P90 values. The P10, P50, and P90 mean that the
probabilities of actual results lower than corresponding values
are 10%, 50%, and 90%, respectively. The P10 and P90 values
of distribution curves are assigned as the lower and upper limits
of simulation results, respectively. The (P50 − P10)/P50 and
(P90 − P50)/P50 values are the lower and upper limits of
uncertainties with 80% conﬁdence degree.
Global EE-MRIO Model. We use the global EE-MRIO
model (containing 190 regions and ∼15 000 sectors) to
quantify China’s Hg emissions/releases caused by ﬁnal
consumption activities of each nation/region,40−42 as shown
in eqs 1 and 2.
cr = e(I − A)−1fr

(1)

e = m(x)̂ −1

(2)

The notation cr stands for China’s Hg emissions/releases
caused by ﬁnal consumption activities of nation/region r. Row
vector e indicates the amount of Hg emissions/releases for
unitary output of each Chinese sector (i.e., only Chinese sectors
have values, while values for sectors of other nations/regions
are zeroes). The matrix I is an identity matrix. The matrix A is
the direct input coeﬃcients matrix.43 The element aij of matrix
A indicates direct requirement of products from nation-sector i
to produce unitary output of nation-sector j. The matrix (I −
A)−1 is the Leontief inverse matrix.43 The element lij of matrix (I
− A)−1 indicates both direct and indirect requirements of
products from nation-sector i to satisfy unitary ﬁnal demand on
products of nation-sector j. Column vector f r stands for region
r’s ﬁnal demand on products from all nation-sectors; row vector
m indicates the amount of Hg emissions/releases from Chinese
sectors (i.e., only Chinese sectors have values, while values for
sectors of other nations/regions are zeroes); and column vector
x represents the total output of each nation-sector. The hat
over x means diagonalizing vector x.
Constructing the global EE-MRIO model requires two types
of data: global multiregional input−output (MRIO) data and
Hg emissions/releases from Chinese sectors. We use the global
MRIO data from the Eora database (version v199.82) which
currently has the highest resolution for nations/regions and
sectors.29,30 This database has been widely used to analyze
global consumption drivers of biodiversity changes,44 resource
ﬂows,45−47 nitrogen pollution,48 and greenhouse gas emis224
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Figure 3. Hg ﬂows within China’s production system in 2010 (unit: t). (Flows between sectors are shown in dotted lines. Refer to the SI Figure S2
for a more detailed ﬂow map.).

sions.49 The Eora database divides the world into 190 nations/
regions and 14 839 sectors.29,30
Data for Hg emissions/releases from Chinese sectors come
from the SFA. We connect Hg emission/release inventories of
the SFA to the global MRIO model by two steps. We ﬁrst
calculate Hg emissions/releases from the combustion of coal,
oil, and natural gas by methods described in the SFA. Primary
results are in 44-sector format which is the formal sector
classiﬁcation of China’s energy statistics. However, China is
divided into 123 sectors in the Eora database. We disaggregate
the 44-sector results into the 123-sector format using existing
methods.50,51 We then correspond Hg emissions/releases from
production processes (excluding the combustion of coal, oil,
and natural gas) in the SFA to Chinese sectors in the global
MRIO data according to relationships described in data set S1.
Finally, we construct the global EE-MRIO model that is used to
quantify China’s Hg emissions/releases caused by each nation/
region’s consumption activities.

are totally 1368 t, accounting for 51% of total Hg output.
Product exports transfer 129 t of embedded Hg abroad.
Approximately 420 t of Hg is stabilized in controlled landﬁll
sites or ﬁxed in building materials, of which 46% comes from
cement plants. Hg stocks reach 795 t, in which Hg-containing
wastes from nonferrous metal smelting processes and Hg
recovery companies contribute 94%.
Total atmospheric Hg emissions in China are 633 t (Figure
2), of which 531 t is from primary emission sources (Figure
S2). Our primary Hg emissions to air are comparable with
those in previous 2010 inventories, but Hg emissions from
certain sectors, such as that from artisanal and small-scale gold
mining (ASGM), cement production, and coal-ﬁred industrial
boilers, are signiﬁcantly diﬀerent (SI section S3 and Figure
S3).8,15 The diﬀerence between our study and the report of
AMAP/UNEP8 lies in Hg emissions from China’s ASGM, 5
and 167 t, respectively. The 2010 activity data for China’s
ASGM in the AMAP/UNEP report are derived from China’s
2001 data.53,54 However, the Chinese government has
conducted various strict measures to prohibit ASGM activities
after 2001.55,56 Thus, the practical situation for China’s ASGM
in 2010 is signiﬁcantly diﬀerent from the ASGM activity data
used in the AMAP/UNEP report.15,57 Moreover, we observe
large diﬀerences in Hg emissions from cement production and
coal-ﬁred industrial boilers (termed as industrial coal
combustion in Zhang et al.15) between our inventory and
that of Zhang et al., due to diﬀerent calculation patterns of coal
combustion.
In addition to primary atmospheric Hg emissions (emissions
from production processes of the studied sectors), we identify
102 t of secondary atmospheric Hg emissions (emissions from
the disposal of wastes/byproducts). Dominant sources of
secondary atmospheric Hg emissions are waste disposal
processes in nonferrous metal smelters and cement plants,
which lead to 54 and 25 t of atmospheric Hg emissions,
respectively. Other secondary atmospheric Hg emissions are
due to the use of Hg-added products (e.g., thermometer and
gypsum) and the recovery of Hg from wastes (SI Figure S4).
China’s national Hg releases to water and land are
approximately 84 and 651 t, respectively (Figure 3 and data
set S6). They constitute 54% of China’s total Hg emissions/
releases, which indicates that the conventional treatment of
atmospheric Hg emissions pretty much misses the Hg releases
into the environment and may lead to the underestimation of

■

RESULTS
Hg emissions/releases to air, water, and land from China’s
production activities are 633, 84, and 651 t, respectively (Figure
2). Domestic consumption is the dominant driver, accounting
for 67% of China’s Hg emissions/releases. The remaining 33%
is due to external consumption activities (Figure 2) mainly in
the United States (US, contributing 8.2%), China-Hong Kong
Special Administrative Region (SAR, 3.3%), and Japan (2.6%).
In particular, China’s Hg emissions caused by consumption
activities of China-Hong Kong SAR might be overestimated, as
parts of exports from China to China-Hong Kong SAR are reexported to the US.52
Hg Flows within China’s Production System. Figure 3
shows Hg ﬂows within China’s production system for the year
2010. Out of the total Hg input of 2643 t, 1714 t is from nonHg ores where Hg is an impurity, 926 t comes from primary Hg
ores, and 3 t is from biomass combusted by rural households.
China’s Hg output is approximately 2709 t. The 66 t gap
between Hg input and output results from the disposal of
historical stocks of ﬂuorescent lamps and the release of dental
amalgam from interred human bodies. Hg in these stocks were
inputted in previous years.23 However, their emissions and
releases mainly happen in 2010, and therefore belong to Hg
outputs in 2010. Hg emissions/releases to air, water, and land
225
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Figure 4. Consumption activities of China (a) and the US (b) leading to China’s Hg emissions/releases to air, water, and land. (Nation names in the
brackets refer to nations where consumed products are produced, and numbers on top of bars indicate the quantity of China’s Hg emissions/releases
to environmental media due to consumption activities of corresponding nations.

construction itself discharges few Hg emissions, it causes
signiﬁcant Hg emissions through Hg-intensive inputs such as
nonferrous metals. The consumption viewpoint can reveal new
critical activities leading to China’s Hg emissions through global
supply chains, which are unidentiﬁable by traditional
production-side analyses.
We also investigate consumption activities of the US which is
the largest external consumption driver. Major contributors
include the US’s demand on products not only imported from
China (e.g., communication equipment) but also produced
within the US (e.g., vehicles) (Figure 4B and data set S9). The
production of these products leads to large Hg emissions/
releases in China mainly through upstream Chinese suppliers
facilitated by the US−China trade. The US’s consumption also
causes Chinese Hg emissions/releases through multiple-step
global supply chains, involving third-party nations. For example,
the US’s demand on motor vehicles, trailers, and semitrailers
from Canada (ranked 28th in data set S9) causes China’s
atmospheric Hg emissions, because the vehicle parts and
related metals are produced in China. These ﬁndings reveal the
necessity of appraising China’s Hg emissions/releases in the
context of global supply chains, instead of only counting
domestic supply chains.
China’s Hg emissions to air have been examined in previous
demand-side studies.25,28 Previous studies investigated critical
regions/sectors the ﬁnal consumption of which drives large
upstream Hg emissions. However, these studies ignored
China’s Hg releases to water and land which are also important
components of China’s Hg emissions. In this study we ﬁnd that
some consumption activities are more important in China’s Hg
releases to water and land than emissions to air (data set S8).
For example, China’s ﬁnal consumption of domestic
communication equipment is ranked third in Hg releases to
land, but ranked 11th in Hg emissions to air, because the
producing upstream inputs (mainly nonferrous metals) of
communication equipment production discharges more Hg to
land than to air (data set S6). This ﬁnding reveals the
importance of considering Hg releases to water and land in
identifying critical consumption drivers of Hg emissions/
releases. The demand-side policymaking on Hg control should
focus on not only critical consumption activities leading to large

Hg burden in the global environment. Nonferrous metal
smelting−the largest Hg release source to water−contributes
49% of national Hg releases to water (Figure 3). Hg releases
from copper, lead, and zinc smelters to water are 2, 3, and 25 t,
respectively, which are quite similar to our previous
estimation.18 The use of Hg-added products (e.g., thermometer) discharges 26 t of Hg to water. Other Hg release sources
to water include fuel consumption sectors, primary Hg ore
mining, production activities using Hg, and Hg recovery
processes. All production activities examined in this study
release Hg to land. Nonferrous metal smelting is the top one
Hg emitter to land, whereas production using Hg, primary Hg
ore mining, fuel consumption, and building materials
production occupy similar shares in total Hg releases to land.
We also identify Hg recycling ﬂows in China. Approximately
806 t of Hg embedded in wastes is sent to Hg recovery
companies. These wastes are mainly from production processes
using Hg and nonferrous metal smelting processes, accounting
for 94% and 5% of Hg input to Hg recovery companies,
respectively. However, only 408 t of Hg is recovered and then
sent to production activities using Hg. Approximately 374 t of
Hg is still left in wastes, implying a high recovery potential.
During Hg recovery processes, 9, 1, and 1 t of Hg are
discharged to air, water, and land, respectively.
Global Consumption Drivers of China’s Hg Emissions/
Releases. Domestic consumption leads to 74%, 56%, and 62%
of Hg emissions/releases to air, water, and land, respectively
(Figure 2 and data set S7). The remaining is caused by external
consumption of products whose upstream suppliers involve
Chinese production activities. Final consumption of the US is
the largest external driver, leading to 6%, 10%, and 10% of
China’s Hg emissions/releases to air, water, and land,
respectively. This ﬁnding informs decision makers to focus
on both domestic consumers and external consumption drivers.
Major domestic consumption activities include construction,
special industrial equipment, cement, electricity, etc. (Figure 4A
and data set S8). Producing cement and electricity directly
discharges Hg to environmental media, but construction and
special industrial equipment lead to Hg emissions/releases
mainly through upstream supply chain links. For example, as
the largest driver among China’s consumption activities,
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through high temperature, we should either remove Hg from
solid wastes before the treatment or strengthen Hg reduction of
APCDs for treatment procedures. In the long term, the best
way to control Hg emissions/releases is to reduce total Hg
input, such as promoting clean energy substitution and using
scrap metals to substitute primary ores in metal smelting, which
will synchronously reduce Hg emissions and releases. For
example, scrap metals substitution in Zn, Pb, and Cu smelting is
expected to totally reduce 306 t Hg input to these sectors in
2030, which further contributes to 34% of atmospheric Hg
emission reduction, 30% of aquatic Hg release reduction, and
36% of terrestrial Hg release reduction, respectively.38
Moreover, our results indicate that 926 t of Hg in the Hg ore
was input to the primary Hg mining sector, which lead to 790 t
of primary Hg in production activities using Hg as raw
materials. This amount is much larger than the recycled Hg
(408 t). From the viewpoint of the global Hg cycle, controlling
current Hg input to primary Hg ore mining can help reduce Hg
emissions/releases from downstream industries in the future.
This study ﬁnds that using recycled Hg is an attractive way to
reduce Hg input from primary Hg ore. China currently has
large Hg recovery potentials. Approximately 374 t of Hg is
stored in recovery companies as discarded activated carbon and
Hg catalyst in 2010. These solid wastes can potentially produce
355 t of recycled Hg (equal to 38% of the Hg input from Hg
ores in 2010), given that the Hg recovery rate can reach 95% in
most companies.71 Other potential sources for Hg recovery are
waste acid from ﬂue gas scrubber and calomel from speciﬁc Hg
reclaiming towers in nonferrous metal smelting. Only 41 t of
Hg in the calomel and waste acid slag is sent to Hg recovery
companies, while 374 t of Hg is stocked in the smelters.
However, Hg recovery is challenging, because there are many
obstacle factors such as the market requirement for Hg and
technology availability.18,72 The Chinese government should
propose new measures to promote Hg recovery, such as
encouraging the development of innovative Hg recovery
technologies to treat wastes with low Hg content and giving
subsidies to Hg recovery companies to lower their product
prices.
Implications for Demand-Side Hg Control. Besides
production-side measures discussed above, demand-side actions
are equally important. Domestic consumption is the largest
driver of China’s Hg emissions/releases. China has established
standards for embedded Hg concentrations of domestic
consumer goods.73 Our study ﬁnds that, although products of
particular sectors (e.g., educational services) do not contain Hg,
the consumption of these products can lead to upstream Hg
emissions/releases (not only through energy use, but also
through the use of other products such as buildings, computers,
and papers). Therefore, China should extend its Hg-related
standards to take into account Hg emissions driven by
consuming activities, such as using ecolables on consumer
goods and services74−78 and then place environmental taxes
based on embodied Hg emissions. This measure can inform
consumers about how many Hg emissions/releases will be
induced by their purchases and hence probably inﬂuence
consumption pattern of consumers (e.g., purchasing products
with less embodied Hg emissions). Its smooth implementation
highly depends on government auxiliary policies, such as
incorporating embodied Hg emissions/releases in environmental tax rates on products. However, further studies are
needed to determine the appropriate rates of environmental

atmospheric Hg emissions, but also critical consumption
activities which may be insigniﬁcant atmospheric Hg emission
sources but lead to large Hg releases to water and land.
The consumption of large and populous nations obviously
leads to large Hg emissions/releases in China. However,
China’s Hg emissions/releases driven by per-capita consumption of major export destinations (Figure S5) show that
signiﬁcant global supply chains also point to small but wealthy
importers of Chinese goods and services (e.g., Singapore).

■

DISCUSSION
Implications for Production-Side Hg Control. Hg
control has been both national and global policy goals.7,58,59
The Chinese government has already made large eﬀorts in
reducing atmospheric Hg emissions (e.g., emissions from
power plants), mainly through measures such as improving
energy eﬃciency and end-of-pipe control measures.60−62
Approximately 1002 t of Hg (calculated by multiplying Hg
input with Hg distribution factors for wastes captured by air
pollution control devices (APCDs)) was removed by APCDs in
2010, which would otherwise have been directly discharged to
air.
The removed gaseous Hg mainly enters wastewater and solid
wastes, depending on the type of APCD applied.63−66
Traditional aquatic pollutant control measures (e.g., chemical
precipitation) further remove Hg from wastewater to solid
wastes.38,67 Even so, approximately 84 t of Hg is still released to
water. Inorganic Hg can be converted into a more toxic form,
methylmercury, which is a naturally occurring process in water.5
Thus, the Hg shift from gas to water may cause larger
environmental impacts. To reduce such cross-media Hg
shifting, the Chinese government should pay special attention
to controlling Hg releases to water, such as improving water
pollution control measures and increasing wastewater recycling
rates. Hg removed from waste gas and water is primarily
migrated to solid wastes. Unfortunately, solid waste disposal is
challenging China, given that large amounts of solid wastes
have been left untreated in past years and mature disposal
methods are limited in China. China is promoting comprehensive utilization of solid wastes in its recent socioeconomic
development plans,68−70 such as the collaborative disposal of
solid wastes in building materials production (e.g., cement
plants). Approximately 184 t of Hg is sent to building materials
production primarily via desulfurization gypsum and ﬂy ash,
which would otherwise be released to land (SI Figure S2).
Subsequently, only 4 t of Hg is released to land, and
approximately 143 t of Hg is stabilized in building products
(e.g., cement) where these solid wastes are used as raw
materials. Such measures are capable of reducing Hg releases to
land, but lead to 37 t of Hg emissions to air. Therefore, Hg
control should consider the linkages among production
activities, which can support eﬀective policy decisions by
avoiding the shifting of Hg from one environmental medium to
another.
In the near future, end-of-pipe Hg control will still be an
eﬃcient action to control Hg emissions to air and Hg releases
to water. For example, the use of end-of-pipe Hg control
devices will contribute to 66% of total Hg reduction in coalﬁred power plants under the maximum emission reduction
scenario.35 Hg releases to land via solid wastes can be reduced
by increasing controlled landﬁlls and strengthening solid waste
recycling given that over 90% of Hg is released to land as
undisposed wastes. If solid wastes containing Hg are treated
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way to encourage technology and capital transfers for Hg
control. Demand-side measures and the emissions trading
scheme can complement production-side measures and make a
nation’s Hg control more eﬃcient. Findings in this study
provide scientiﬁc foundations for the implementation of the
Minamata Convention on Mercury.
Uncertainties and Recommendations. We investigate
uncertainties in China’s Hg emissions/releases by sectors (data
set S1). The overall uncertainties of Hg emissions to air, Hg
releases to water, and Hg releases to land are in the ranges of
(−49%, 68%), (−63%, 81%), and (−74%, 97%), respectively.
The uncertainty ranges of our atmospheric Hg emissions are
substantially smaller than those (−51%, 131%) of the
inventories provided by global mercury assessment report.8
The Hg concentration of raw materials and Hg removal
eﬃciencies of pollution control devices are two dominant
factors, the uncertainties of which contributed 61% and 21% of
the overall uncertainties of our atmospheric Hg emission
inventory. The large range of Hg concentrations of raw coal/
ores is a natural property of the coal/ores. The result
uncertainty caused by the uncertainty of Hg removal
eﬃciencies can be reduced through more ﬁeld experiments.
Major emitters with large uncertainties are zinc smelting, lead
smelting, and coal-ﬁred industrial boilers. We observe that
uncertainties of Hg releases to water and land are much larger
than those of Hg emissions to air, which indicates that more
information on the waste/byproduct disposal processes is
needed to constrain Hg redistribution factors and enhance the
accuracy of results.
In addition, we use the Eora MRIO database29,30 to analyze
consumption drivers of China’s Hg emissions/releases. There
are also many other global MRIO databases (such as
WIOD87,88 and GTAP89), and scholars observed data quality
diﬀerences across these databases.90−92 We choose the Eora
database due to its highest resolution for nations and sectors in
the world economy, given that the aggregation of sectors and
nations has non-negligible eﬀects on MRIO results.93 It is
important to harmonize the data quality of diﬀerent global
MRIO databases in the future.
In general, revealing embedded Hg ﬂows of an economy
from the production side helps uncover secondary Hg
emissions and improve production-side measures, while
revealing embodied Hg ﬂows within global supply chains
from the consumption side helps uncover underlying drivers
and make demand-side measures. The analytical framework in
this study can assist a paradigm shift necessary to make real
progress in global Hg control and the implementation of the
Minamata Convention on Mercury. Although this study takes
China as the case, the framework developed can be widely
applied in other nations/regions. The ﬁndings of our study will
provide not only better inputs for Hg pollution modeling
community, but also scientiﬁc foundations for both productionside and demand-side policy decisions on global Hg pollution
control.

taxes and assess the eﬀects of environmental taxes on other
aspects such as gross domestic products and employment.
Improving production eﬃciency (e.g., using less upstream
inputs to produce unitary output of a sector) is another
promising way to reduce upstream Hg emissions/releases
caused by consumption activities.24,79−82 For example,
improving the usage eﬃciency of metals in construction
activities can reduce the demand on metals, which will further
reduce Hg emissions/releases from metal smelting activities.
Moreover, using less upstream inputs indicates the reduction of
economic costs and can enhance market competitiveness of
enterprises. China proposed the ambitious Made in China 2025
strategy to encourage the development of high-end manufacturing sectors, aiming to improve economic quality and market
competitiveness.68 This study ﬁnds that domestic and external
demands on products of high-end manufacturing sectors (e.g.,
equipment, machinery, and vehicles) are critical underlying
drivers of China’s Hg emissions/releases. Currently, the Made
in China 2025 strategy only takes into account the usage
eﬃciency of energy and water resources, but overlooks the
usage eﬃciency of other Hg-intensive upstream inputs to
manufacturing sectors (e.g., ferrous and nonferrous metals
usage in vehicle manufacturing). Rapid development of highend manufacturing sectors in the future can increase the
demand on Hg-intensive upstream inputs (e.g., nonferrous
metals, iron and steel, and electricity) and will probably
increase Hg emissions/releases. To control this part of Hg
emissions/releases, both upstream measures (e.g., establishing
Hg removal devices in enterprises producing metals and
electricity) and downstream measures (e.g., improving
production eﬃciency) are required. It is crucial for the Made
in China 2025 strategy to take into account the usage eﬃciency
of all critical upstream inputs, instead of only energy and water
resources. This can mitigate not only China’s Hg emissions/
releases but also resource demands (e.g., metal ores for metals
smelting) and other pollutant emissions (e.g., CO2 and
particulate matter), indicating cobeneﬁts of China’s emission
control policies.83,84 Subsidies from Chinese governments to
high-end manufacturing enterprises are good incentives to the
improvement of production eﬃciency.
In addition, the contribution of external consumption cannot
be ignored. This indicates that reducing China’s Hg emissions/
releases will require globally joint eﬀorts. First, external regions
can help reduce China’s Hg emissions/releases by demand-side
measures such as inﬂuencing consumption behaviors (e.g.,
placing environmental taxes on consumer products based on
embodied Hg emissions) and improving production eﬃciency
of ﬁnally consumed products. Accounting for Hg emissions/
releases caused by external consumption (not only the absolute
amount but also per capita amount) in the Minamata
Convention on Mercury framework can stimulate external
regions to take demand-side measures to reduce Hg
emissions/releases of a speciﬁc nation (e.g., China in this
study). Second, dedicated Hg removal devices are relatively
expensive, and China’s Hg-intensive enterprises do not have
suﬃcient capital to implement these devices.85 Developed
regions (e.g., the US, Japan, and Singapore), which are major
external consumption drivers of China’s Hg emissions/releases,
have advanced technologies and suﬃcient capital. Transferring
technologies and capital from these developed regions to
China’s Hg-intensive enterprises can help eﬃcient reduction of
China’s Hg emissions/releases. The emissions trading scheme
widely discussed for carbon dioxide mitigation86 is a promising

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.6b04094.
Additional text, tables, and ﬁgures supporting the main
text (PDF)
Detailed data collection methods and data sets (XLS)
228

DOI: 10.1021/acs.est.6b04094
Environ. Sci. Technol. 2017, 51, 222−231

Article

Environmental Science & Technology

■

(12) Wu, Q. R.; Wang, S. X.; Zhang, L.; Song, J. X.; Yang, H.; Meng,
Y. Update of mercury emissions from China’s primary zinc, lead and
copper smelters, 2000−2010. Atmos. Chem. Phys. 2012, 12 (22),
11153−11163.
(13) Zhang, L.; Wang, S. X.; Meng, Y.; Hao, J. M. Influence of
mercury and chlorine content of coal on mercury emissions from coalfired power plants in China. Environ. Sci. Technol. 2012, 46 (11),
6385−6392.
(14) Tian, H. Z.; Zhu, C. Y.; Gao, J. J.; Cheng, K.; Hao, J. M.; Wang,
K.; Hua, S. B.; Wang, Y.; Zhou, J. R. Quantitative assessment of
atmospheric emissions of toxic heavy metals from anthropogenic
sources in China: historical trend, spatial distribution, uncertainties,
and control policies. Atmos. Chem. Phys. 2015, 15 (17), 10127−10147.
(15) Zhang, L.; Wang, S. X.; Wang, L.; Wu, Y.; Duan, L.; Wu, Q. R.;
Wang, F. Y.; Yang, M.; Yang, H.; Hao, J. M.; Liu, X. Updated emission
inventories for speciated atmospheric mercury from anthropogenic
sources in China. Environ. Sci. Technol. 2015, 49 (5), 3185−3194.
(16) Hui, M. L.; Zhang, L.; Wang, Z. G.; Wang, S. X. The mercury
mass flow and emissions of coal-fired power plants in China. Environ.
Sci. 2015, 35 (8), 2241−2250.
(17) Lin, Y.; Wang, S. X.; Wu, Q. R.; Larssen, T. Material flow for the
intentional use of mercury in China. Environ. Sci. Technol. 2016, 50
(5), 2337−2344.
(18) Wu, Q. R.; Wang, S. X.; Zhang, L.; Hui, M. L.; Wang, F. Y.; Hao,
J. M. Flow analysis of the mercury associated with nonferrous ore
concentrates: Implications on mercury emissions and recovery in
China. Environ. Sci. Technol. 2016, 50 (4), 1796−1803.
(19) Horowitz, H. M.; Jacob, D. J.; Amos, H. M.; Streets, D. G.;
Sunderland, E. M. Historical mercury releases from commercial
products: Global environmental implications. Environ. Sci. Technol.
2014, 48 (17), 10242−10250.
(20) Jasinski, S. M. The materials flow of mercury in the United
States. Resour. Conserv. Recycl. 1995, 15 (3−4), 145−179.
(21) Cain, A.; Disch, S.; Twaroski, C.; Reindl, J.; Case, C. R.
Substance flow analysis of mercury intentionally used in products in
the United States. J. Ind. Ecol. 2007, 11 (3), 61−75.
(22) Sundseth, K.; Pacyna, J. M.; Pacyna, E. G.; Panasiuk, D.
Substance flow analysis of mercury affecting water quality in the
European Union. Water, Air, Soil Pollut. 2012, 223 (1), 429−442.
(23) Chakraborty, L. B.; Qureshi, A.; Vadenbo, C.; Hellweg, S.
Anthropogenic mercury flows in India and impacts of emission
controls. Environ. Sci. Technol. 2013, 47 (15), 8105−8113.
(24) Liang, S.; Wang, Y.; Cinnirella, S.; Pirrone, N. Atmospheric
mercury footprints of nations. Environ. Sci. Technol. 2015, 49 (6),
3566−3574.
(25) 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.
(26) Chen, G. Q.; Li, J. S.; Chen, B.; Wen, C.; Yang, Q.; Alsaedi, A.;
Hayat, T. An overview of mercury emissions by global fuel
combustion: The impact of international trade. Renewable Sustainable
Energy Rev. 2016, 65, 345−355.
(27) Li, J. S.; Chen, B.; Chen, G. Q.; Wei, W. D.; Wang, X. B.; Ge, J.
P.; Dong, K. Q.; Xia, H. H.; Xia, X. H. Tracking mercury emission
flows in the global supply chains: A multi-regional input-output
analysis. J. Cleaner Prod. 2017, 140, 1470−1492.
(28) 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.
(29) Lenzen, M.; Kanemoto, K.; Moran, D.; Geschke, A. Mapping
the structure of the world economy. Environ. Sci. Technol. 2012, 46
(15), 8374−8381.
(30) Lenzen, M.; Moran, D.; Kanemoto, K.; Geschke, A. Building
Eora: A global multi-region input−output database at high country and
sector resolution. Econ. Syst. Res. 2013, 25 (1), 20−49.
(31) United Nations (UN). System of national accounts. http://
unstats.un.org/unsd/nationalaccount/sna.asp (accessed Dec 2015).
(32) Hendriks, C.; Obernosterer, R.; Müller, D.; Kytzia, S.; Baccini,
P.; Brunner, P. H. Material flow analysis: a tool to support

AUTHOR INFORMATION

Corresponding Authors

*Phone: 86-10-62771466; fax: 86-10-62773650; e-mail:
shxwang@tsinghua.edu.cn.
*Phone: +1-734-389-9931; fax: +1-734-936-2195; e-mail:
liangsai09@gmail.com, liangsai@umich.edu.
ORCID

Shuxiao Wang: 0000-0003-3381-4767
Sai Liang: 0000-0002-6306-5800
Author Contributions
#

M.H. and Q.W. have equal contributions.

Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This study was supported by the Major State Basic Research
Development Program of China (973 Program)
(2013CB430001), Natural Science Foundation of China
(21607090), and China Postdoctoral Science Foundation
(2016T90103, 2016M601053). The authors thank the
Collaborative Innovation Center for Regional Environmental
Quality for support. Yafei Wang thanks the support of the
Major Program of National Philosophy and Social Science
Foundation of China “The Construction of the Chinese MultiRegional Input-Output Database” (16ZDA051).

■

REFERENCES

(1) Wilson, S. J.; Steenhuisen, F.; Pacyna, J. M.; Pacyna, E. G.
Mapping the spatial distribution of global anthropogenic mercury
atmospheric emission inventories. Atmos. Environ. 2006, 40 (24),
4621−4632.
(2) Amos, H. M.; Jacob, D. J.; Streets, D. G.; Sunderland, E. M.
Legacy impacts of all-time anthropogenic emissions on the global
mercury cycle. Global Biogeochem. Cycles 2013, 27 (2), 410−421.
(3) 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.
(4) Lindberg, S.; Bullock, R.; Ebinghaus, R.; Engstrom, D.; Feng, X.
B.; Fitzgerald, W.; Pirrone, N.; Prestbo, E.; Seigneur, C. A synthesis of
progress and uncertainties in attributing the sources of mercury in
deposition. Ambio 2007, 36 (1), 19−32.
(5) Mergler, D.; Anderson, H. A.; Chan, L. H. M.; Mahaffey, K. R.;
Murray, M.; Sakamoto, M.; Stern, A. H. Methylmercury exposure and
health effects in humans: a worldwide concern. Ambio 2007, 36 (1),
3−11.
(6) Scheulhammer, A. M.; Meyer, M. W.; Sandheinrich, M. B.;
Murray, M. W. Effects of environmental methylmercury on the health
of wild birds, mammals, and fish. Ambio 2007, 36 (1), 12−18.
(7) United Nations Environment Programme (UNEP): Minamata
Convention on Mercury; UNEP: Minamata, Japan, 2013.
(8) Arctic Monitoring and Assessment Programme and United
Nations Environment Programme (AMAP/UNEP): Technical background report for the global mercury assessment; AMAP/UNEP: Geneva,
Switzerland, 2013.
(9) Streets, D. G.; Hao, J. M.; Wu, Y.; Jiang, J. K.; Chan, M.; Tian, H.
Z.; Feng, X. B. Anthropogenic mercury emissions in China. Atmos.
Environ. 2005, 39 (40), 7789−7806.
(10) Wu, Y.; Wang, S. X.; Streets, D. G.; Hao, J. M.; Chan, M.; Jiang,
J. K. Trends in anthropogenic mercury emissions in China from 1995
to 2003. Environ. Sci. Technol. 2006, 40 (17), 5312−5318.
(11) 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.
229

DOI: 10.1021/acs.est.6b04094
Environ. Sci. Technol. 2017, 51, 222−231

Article

Environmental Science & Technology

the global atmosphere: Emissions, measurements and models; Pirrone, N.,
Mason, R., Eds.; Springer: Heidelberg, 2009; pp 131−172.
(55) State Economic and Trade Commission (SETC). Catalog on
eliminating backward production capacity, processes and products (third);
SETC: Beijing, China, 2002.
(56) Ministry of environmental Protection (MEP); Ministry of land
and resources (MLR); Ministry of Health (MH). Technology policy on
mining environmental protection and pollution control; MEP: Beijing,
China, 2005.
(57) Chinese Academy of Sciences (CAS); Natural Resources
Defense Council (NRDC). Preliminary survey of artisanal and small
scale gold mining (ASGM) in China in 2014; CAS: Beijing, China, 2015.
(58) Ministry of Environmental Protection (MEP). Notice on the
guidance opinions of strengthening heavy metal pollution prevention work;
MEP: Beijing, China, 2009.
(59) Ministry of Environmental Protection (MEP). “Twelfth Fiveyear” plan for the comprehensive prevention and control of heavy metal
pollution; MEP: Beijing, China, 2011.
(60) Ministry of environmental Protection (MEP). Notice on the
guidance opinions of promoting the atmospheric pollution defense spreading
work to improve regional air quality; MEP: Beijing, China, 2010.
(61) Ministry of Environmental Protection (MEP). Notice about
related issues of support policy of ultra-low emission electricity price of coalﬁred power plant; MEP: Beijing, China, 2015.
(62) Ministry of Industry and Information Technology (MIIT).
Speciﬁcation conditions on lead and zinc industry; MIIT: Beijing, China,
2014.
(63) Wang, S. X.; Song, J. X.; Li, G. H.; Wu, Y.; Zhang, L.; Wan, Q.;
Streets, D. G.; Chin, C. K.; Hao, J. M. Estimating mercury emissions
from a zinc smelter in relation to China’s mercury control policies.
Environ. Pollut. 2010, 158 (10), 3347−3353.
(64) Wang, S. X.; Zhang, L.; Li, G. H.; Wu, Y.; Hao, J. M.; Pirrone,
N.; Sprovieri, F.; Ancora, M. P. Mercury emission and speciation of
coal-fired power plants in China. Atmos. Chem. Phys. 2010, 10 (3),
1183−1192.
(65) Wu, Q. R.; Wang, S. X.; Hui, M. L.; Wang, F. Y.; Zhang, L.;
Duan, L.; Luo, Y. New insight into atmospheric mercury emissions
from zinc smelters using mass flow analysis. Environ. Sci. Technol. 2015,
49 (6), 3532−9.
(66) Zhang, L.; Wang, S. X.; Wu, Q. R.; Wang, F. Y.; Lin, C. J.;
Zhang, L. M.; Hui, M. L.; Yang, M.; Su, H. T.; Hao, J. M. Mercury
transformation and speciation in flue gases from anthropogenic
emission sources: a critical review. Atmos. Chem. Phys. 2016, 16 (4),
2417−2433.
(67) Wang, Q. W. New technology for treatment of mercurycontaining acidic wastewater from gas washing process in lead and zinc
smelting by biologics. Ph.D. Dissertation, Central South University,
Hunan, China, 2011.
(68) State Council of the People’s Republic of China (SC). Notice
on printing and distributing Made in China 2025 http://www.gov.cn/
zhengce/content/2015-05/19/content_9784.htm.
(69) Ministry of Industry and Information Technology (MIIT).
Advanced suitable technology directory for the comprehensive utilization of
industrial solid waste; MIIT: Beijing, China, 2013.
(70) Ministry of Industry and Information Technology (MIIT). The
12th ﬁve years plan for the comprehensive utlization of major industrial
solid waste; MIIT: Beijing, China, 2011.
(71) Zeng, H. X.; Hu, B. L.; Zhang, Y. L. Regeneration status of
mercury-containing wastes in China. Nonfer. Metal. Eng. Res. 2012, 33
(3), 36−38.
(72) Hylander, L. D.; Herbert, R. B. Global emission and production
of mercury during the pyrometallurgical extraction of nonferrous
sulfide ores. Environ. Sci. Technol. 2008, 42 (16), 5971−5977.
(73) Ministry of Environmental Protection (MEP). Technical policy
about mercury pollution control; MEP: Beijing, China, 2013.
(74) Casals, X. G. Analysis of building energy regulation and
certification in Europe: Their role, limitations and differences. Energ
Buildings 2006, 38 (5), 381−392.

environmental policy decision making. Case-studies on the city of
Vienna and the Swiss lowlands. Local Environment 2000, 5 (3), 311−
328.
(33) Ma, D. C.; Hu, S. Y.; Chen, D. J.; Li, Y. R. Substance flow
analysis as a tool for the elucidation of anthropogenic phosphorus
metabolism in China. J. Cleaner Prod. 2012, 29−30, 188−198.
(34) Solid Waste and Chemical Management Technology Center
(SWCMT): Report on analyses of the status of mercury containted wastes
pollution and regulations; SWCMT: Beijing, China, 2015.
(35) Zhang, L. Emission characteristics and synergistic control
strategies of atmospheric mercury from coal combustion in China.
Ph.D. Dissertation, Tsinghua University, Beijing, China, 2012.
(36) Yang, H. Research on the characteristic and control strategy of
mercury emission from cement production industry Master thesis,
Tsinghua University Beijing, China, 2014.
(37) Gao, W. Study on Atmospheric Mercury Emission Characteristics
for Iron and Steel Producing Process in China. Tsinghua University,
Beijing, China, 2016.
(38) Wu, Q. R. Characteristics and abatement potential of mercury
emission for China’s nonferrous metal smelting industries. Ph.D.
Dissertation, Tsinghua University, Beijing, China, 2015.
(39) Yang, M. Inventory of atmospheric mercury for Chian’s gold
smelting industry and study on controlling approaches. Post-Ph.D.
Thesis, Tsinghua University, Beijing, 2015.
(40) Wiedmann, T. A review of recent multi-region input−output
models used for consumption-based emission and resource accounting. Ecol. Econ. 2009, 69 (2), 211−222.
(41) Wiedmann, T.; Lenzen, M.; Turner, K.; Barrett, J. Examining
the global environmental impact of regional consumption activities 
Part 2: Review of input−output models for the assessment of
environmental impacts embodied in trade. Ecol. Econ. 2007, 61 (1),
15−26.
(42) Leontief, W. Quantitative input-output relations in the
economic system. Review of Economic Statistics 1936, 18, 105−125.
(43) Miller, R. E.; Blair, P. D. Input−Output Analysis: Foundations and
Extensions; Cambridge University Press: Cambridge, United Kingdom,
2009.
(44) Lenzen, M.; Moran, D.; Kanemoto, K.; Foran, B.; Lobefaro, L.;
Geschke, A. International trade drives biodiversity threats in
developing nations. Nature 2012, 486 (7401), 109−112.
(45) Lan, J.; Malik, A.; Lenzen, M.; McBain, D.; Kanemoto, K. A
structural decomposition analysis of global energy footprints. Appl.
Energy 2016, 163, 436−451.
(46) Lenzen, M.; Moran, D.; Bhaduri, A.; Kanemoto, K.; Bekchanov,
M.; Geschke, A.; Foran, B. International trade of scarce water. Ecol.
Econ. 2013, 94, 78−85.
(47) Wiedmann, T. O.; Schandl, H.; Lenzen, M.; Moran, D.; Suh, S.;
West, J.; Kanemoto, K. The material footprint of nations. Proc. Natl.
Acad. Sci. U. S. A. 2015, 112 (20), 6271−6276.
(48) Oita, A.; Malik, A.; Kanemoto, K.; Geschke, A.; Nishijima, S.;
Lenzen, M. Substantial nitrogen pollution embedded in international
trade. Nat. Geosci. 2016, 9 (2), 111−115.
(49) Malik, A.; Lan, J.; Lenzen, M. Trends in global greenhouse gas
emissions from 1990 to 2010. Environ. Sci. Technol. 2016, 50 (9),
4722−4730.
(50) 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.
(51) Weber, C. L. Trade, consumption, and climate change: An
input-output study of the United States. Ph.D. Thesis, Carnegie
Mellon University, Pennsylvania, United States, 2008.
(52) Xu, M.; Allenby, B.; Chen, W. Energy and Air Emissions
Embodied in China−U.S. Trade: Eastbound Assessment Using
Adjusted Bilateral Trade Data. Environ. Sci. Technol. 2009, 43 (9),
3378−3384.
(53) Gunson, A. J.; Veiga, M. M. Mercury and artisanal mining in
China. Environ. Pract. 2004, 6 (02), 109−120.
(54) Telmer, K. H.; Veiga, M. M. World emissions of mercury from
artisanal and small scale gold mining. In Mercury fate and transport in
230

DOI: 10.1021/acs.est.6b04094
Environ. Sci. Technol. 2017, 51, 222−231

Article

Environmental Science & Technology
(75) Auld, G.; Gulbrandsen, L. H.; McDermott, C. L. Certification
Schemes and the Impacts on Forests and Forestry. Annual Review of
Environment and Resources 2008, 33, 187−211.
(76) Ofori, G. Greening the construction supply chain in Singapore.
European Journal of Purchasing & Supply Management 2000, 6 (3−4),
195−206.
(77) Andersson, J.; Skoogh, A.; Johansson, B. Evaluation of methods
used for life-cycle assessments in Discrete Event Simulation. Proc 2012
Winter Simul. Conf. 2012, 1.
(78) Jackson, P.; Snowdon, K. Ecolabels: boon for the environment
or confusion for the consumer? Engineering Science and Education
Journal 1999, 8 (1), 20−2.
(79) 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.
(80) Liang, S.; Guo, S.; Newell, J. P.; Qu, S.; Feng, Y.; Chiu, A. S. F.;
Xu, M. Global drivers of Russian timber harvest. J. Ind. Ecol. 2016, 20
(3), 515−525.
(81) 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.
(82) Liang, S.; Wang, H.; Qu, S.; Feng, T.; Guan, D.; Fang, H.; Xu,
M. Socioeconomic drivers of greenhouse gas emissions in the United
States. Environ. Sci. Technol. 2016, 50 (14), 7535−7545.
(83) 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.
(84) 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.
(85) United Nations Environment Programme (UNEP). Report of
the group of technical experts on the development of guidance required
under article 8 of the Convention; UNEP: Geneva, Switzerland, 2016.
(86) Ellerman, A. D.; Convery, F. J.; De Perthuis, C. Pricing carbon:
the European Union emissions trading scheme; Cambridge University
Press: Cambridge, United Kingdom, 2010.
(87) Dietzenbacher, E.; Los, B.; Stehrer, R.; Timmer, M.; de Vries, G.
The construction of world input-output tables in the WIOD project.
Econ. Syst. Res. 2013, 25 (1), 71−98.
(88) 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.
(89) Andrew, R. M.; Peters, G. P. A multi-region input−output table
based on the global trade analysis project database (GTAP-MRIO).
Econ. Syst. Res. 2013, 25 (1), 99−121.
(90) Arto, I.; Rueda-Cantuche, J. M.; Peters, G. P. Comparing the
GTAP-MRIO and WIOD databases for carbon footprint analysis.
Econ. Syst. Res. 2014, 26 (3), 327−353.
(91) Owen, A.; Steen-Olsen, K.; Barrett, J.; Wiedmann, T.; Lenzen,
M. A structural decomposition approach to comparing MRIO
databases. Econ. Syst. Res. 2014, 26 (3), 262−283.
(92) Steen-Olsen, K.; Owen, A.; Barrett, J.; Guan, D.; Hertwich, E.
G.; Lenzen, M.; Wiedmann, T. Accounting for value added embodied
in trade and consumption: an intercomparison of global multiregional
input−output databases. Econ. Syst. Res. 2016, 28 (1), 78−94.
(93) Lenzen, M. Aggregation versus disaggregation in input-output
analysis of the environment. Econ. Syst. Res. 2011, 23 (1), 73−89.

231

DOI: 10.1021/acs.est.6b04094
Environ. Sci. Technol. 2017, 51, 222−231

