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ABSTRACT: The spatially resolved emission inventory is
essential for understanding the fate of mercury. Previous global
mercury emission inventories for fuel combustion sources
overlooked the influence of fuel trading on local emission
estimates of many countries, mostly developing countries, for
which national emission data are not available. This study
demonstrates that in many countries, the mercury content of
coal and petroleum locally consumed differ significantly from
those locally produced. If the mercury content in locally
produced fuels were used to estimate emission, then the
resulting global mercury emissions from coal and petroleum

would be overestimated by 4.7 and 72%, respectively. Even higher misestimations would exist in individual countries, leading to
strong spatial bias. On the basis of the available data on fuel trading and an updated global fuel consumption database, a new
mercury emission inventory for 64 combustion sources has been developed. The emissions were mapped at 0.1° X 0.1°
resolution for 2007 and at country resolution for a period from 1960 to 2006. The estimated global total mercury emission from
all combustion sources (fossil fuel, biomass fuel, solid waste, and wildfires) in 2007 was 1454 Mg (1232—1691 Mg as
interquartile range from Monte Carlo simulation), among which elementary mercury (Hg"), divalent gaseous mercury (Hg**),
and particulate mercury (HgP) were 725, 548, and 181 Mg, respectively. The total emission from anthropogenic sources,
excluding wildfires, was 1040 Mg (886—1248 Mg), with coal combustion contributing more than half. Globally, total annual
anthropogenic mercury emission from combustion sources increased from 285 Mg (263—358 Mg) in 1960 to 1040 Mg (886—
1248 Mg) in 2007, owing to an increased fuel consumption in developing countries. However, mercury emissions from

developed countries have decreased since 2000.

B INTRODUCTION

Mercury in the environment is of major concern, given its
toxicity to both humans and ecosystems,' and also because of
its persistence in the environment and high potential for long-
range transport.2 In addition to the notorious Minamata
disease,” mercury can lead to many other toxic effects. For
example, much evidence suggests a link between methylmer-
cury and an increased risk of cardiovascular disease,”*
immunotoxicity to the human immune system,” and even to
IQ loss, problems with memory function, and attention deficit
in children.®

Human activities contribute a large fraction of mercury
emissions to the environment through intentional use or as a
byproduct of anthropogenic activities taking place since
industrialization.” In addition to other activities, such as gold
mining and other intentional uses,® fossil fuel consumption is
one of the main anthropogenic sources, contributing a large
percentage of the total mercury emitted.”"’
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For a better understanding of the effects of mercury on a
regional or global scale, emission inventories for total mercury
and different mercury species with appropriate spatial and
temporal resolutions are necessary. These permit the modeling
of their transport and fate in the environment, the assessment
of their health and ecological impacts, and can lead to the
formulation of abatement strategies. Therefore, efforts have
been made to estimate mercury emissions and to develop
global and regional emission inventories.'*""* Emission factors
(EFs) of mercury for the combustion of various fuels are often
derived from the mercury content of the relevant fuels. In some
cases, especially for developing countries, the mercury content
of locally produced fuels are adopted for estimating mercury
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emissions,"’ which sometimes leads to misestimation. For
example, 80.3% of coal burned in Brazil was imported in 2007,
mainly from Australia and the U.S., and the mercury content of
the locally produced coal is much higher.'>'* The movement of
mercury across various borders arising from coal trading has
been quantified."® With high volumes of fossil fuels interna-
tionally traded in today’s globalized world, the mercury content
of fuels consumed, rather than of those produced, should be
used in inventory development.

Mercury emissions to the environment involve elemental
mercury (Hg’), divalent gaseous mercury (Hg®"), and
particulate mercury (Hg?), with each of these species behaving
differently.'® Therefore, a spatially resolved emission inventory
with speciation information is necessary for atmospheric
transport modeling and risk assessment. Spatially resolved
emissions for a country are usually derived by disaggregating
the total emission based on a distribution of population
density."” This method implicitly assumes that per capita
emissions are identical within a given country, an assumption
that is definitely not true, especially for developing countries.
Recently, a 0.1° X 0.1° fuel combustion map of 64 detailed fuel
types was developed, based on subnational fuel consumption
data (PKU-FUEL-2007).'® By using these data, the uneven
distribution of per capita fuel consumption has been
satisfactorily demonstrated."®

In the current study, a global mercury emission inventory of
Hg’ Hg**, and HgP was developed for all combustion sources.
By using the activity data in PKU-FUEL-2007, a 0.1° X 0.1°
inventory was compiled for 2007 (PKU-Hg-2007). Meanwhile,
annual emissions were derived for all countries from 1960 to
2007. Most importantly, the mercury content of fossil fuels
consumed, rather than produced, were derived by taking the
international trading of coal and petroleum into consideration.
The importance of using mercury content of the consumed
rather than produced fuels is evaluated in terms of total
emissions and spatial distributions.

B DATA SOURCES AND METHODOLOGY

Combustion Sources and Fuel Consumption. The
PKU-FUEL-2007, a recently published global high-resolution
(0.1° X 0.1°) fuel consumption database, provides detailed fuel
consumption data, both natural and anthropogenic, for this
study.'”® In brief, PKU-FUEL-2007 was developed using
subnational fuel data for many large countries. In this way,
spatial bias, caused by population-based disaggregation (arising
from uneven per capita fuel consumptions within these
countries), is substantially reduced."® Using the PKU-FUEL-
2007, 64 detailed source types covering 222 countries/
territories, five fuel categories (coal, petroleum, gas, solid
waste including industrial and municipal wastes, and biomass)
and six sectors (power production, industry, agriculture,
transportation, residential, and wildfire) were directly applied
in PKU-Hg-2007. Information on uncertainty was also derived
from the PKU-FUEL-2007 for characterizing the fuel
consumption uncertain‘cy.18 Historical fuel consumption from
1960 to 2006 was taken from the International Energy Agency
(IEA) and the energy statistics of the United Nations.'? 2!

International Fossil Fuel Trading. Mercury emission
levels from fuel combustion depend primarily on the mercury
content of the fuels. Data on the production and international
trading of hard coal (sum of coking coal and steam coal)'® and
crude oil in 2007 were taken from the IEA."*** It was found
that mercury content calculated from the 1978 and 2007
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trading matrices were quite different (Supporting Information,
SI, Table S1). However, annual trading data are not available
for all years. Therefore, trading data for 1978, 1985, 1990, 1995,
2000, and 2007 were used for linear intergolation to secure
trading volumes for the remaining years.'>

Emission Factors. EFs of mercury for various fuel
operations except coal combustion, solid waste incineration
and petroleum refining, were collected from the literature and
are listed in SI Table S2. EFs of mercury for coal of a given
country are calculated using the following equation:

s

EF = Z z [EijEi(l - Rj)]

i=1 j=1 (1)
where EF is a weighted-average EF of mercury for various
combinations of five types of combustion equipment(s):
household stoves (HS), pulverized coal-fired boilers (PC),
stokers/cyclones (SC) in power plants, and PC and SC in
industry, together with five categories of dust abatement:
cyclones, scrubbers, electrostatic precipitators (ESP), ESP +
flue gas desulfurization (FGD), and zero abatement. F; is the
fraction of the combination of the i combustion type and the
j™ abatement method. C; is the average mercury content of the
coal consumed in a given country. E; is the fraction of mercury
released during combustion from the i combustion facility and

- is the fraction of mercury removed by the j* abatement
option. The F;; values for coal were derived using the S-shaped
curve developed by Grubler et al, ** based on technology
division data for developing and developed countries (SI Table
S3). E; and R; were assumed to be constant for each specific
combustion equipment and each abatement option. For coal, E;
ranges from 83% for HS and industrial SC to 99% for power
plant pc.* R; values are 0.1, 6.5, 29.4, and 69.0% for cyclone,
scrubber, ESP, and ESP + FGD, respectivel)7.24_26 Time trends
of the mercury release ratios of coal combustion facilities,
calculated based on the S-shaped curve, are shown in SI Figure
S1. The C; values of hard coal were calculated based on the
fractions of coal locally produced and imported from various
countries,”* and the mercury content of the locally produced
and imported coals (SI Table S4). The total consumption of
lignite and peat was 83% less than that of hard coal in 2007,
and the international trading volume accounted for only 2.1%
of the total consumption.”” Therefore, lignite and peat trading
were ignored. Mercury content of locally produced lignite are
listed in SI Table $5.”* A geometric mean (87.8 ug/kg) and a
range of mercury content (40—193 pg/kg) of peat from the
literature”” were adopted for emission calculations and
uncertainty analysis.

Equation 1 was also used for calculating average EFs for the
incineration of municipal and industrial wastes in power
stations or by industry. F, E, and R; were taken to be identical
to those used for coal. For open incineration of municipal
waste, it was assumed that 50% of mercury in the wastes is
released into the atmosphere.'* The mercury content of the
wastes were 1—6, 0.1-0.6, and 1—-10 pug/kg for North
America,?®? Europe,30’31 and all other countries,"*** respec-
tively.

EFs were calculated for petroleum refineries, by multiplying
the mercury content of crude oil and the percentage of mercury
released into the atmosphere during the refining processes. The
mercury content of the crude oil consumed in a given country
was calculated based on the trading volume,*” and the mercury
content of the imported petroleum (SI Table S6). It was
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Line widths are proportional to trading volumes, which are marked as

numbers (Tg). The circular arrows represent the intraregional trading volumes. NA, SA, EU, AF, AS, and OC represent North America, South

America, Europe, Africa, Asia, and Oceania, respectively.

wo ”
Hgconcentration, mg kg™~ >
 e——

0.05 0100157025 2 o

90°s |

C

o
5 L P
e L
By % .

o

Relative Differénce, %
o >
" J . g 2 30| ; n>5>00
Hgconcentration, mg kg™ > |
e oo | =500
0.0570:10-015 025 - 50

I0W 1S0°W 120°W 90°W 60W 30°W  0°

1 g0 |
30E GCE 90 10 ISCE IS0E I80°W 150W 120°W 90°W 60°W 30°W  0°  30°E 60 90 120E IS0E IS0

D o e o E__= = =
o[~ > il 1 o * < |
30N ‘ v ,'J 30N N f@ w

» S = 53 Relative Difference, % o *® A
v 3 o v . e IR
1 — 100 y X |
e ' Hgconcentration, mg kg~ » *"* , Hgconcentration, mg kg~ S E (‘);m" A “ s
- L e— , Y —

0.0020.005-0.02 0.07 s

0.0020.005-0.02 0.07

o0ts L

IB0W IS0°W 120°W 90°W 60°W 30°W  0° 0B 60°E 90 120 150 180°F

908 |
180W IS0W 120°W 90°W 60°W 30°W 07

|
90°5
0B 60E 9E 120 IS0E IS0 180°W 1S0W 120°W 90W 60°W 30°W  0°  30°E 60 90 120%E IS0E 180

Figure 2. Map of mercury content in coal (panels A and B) and crude oil (panels D and E) produced (panels A and D) and consumed (panels B and
E) in various countries. Relative differences between the two are shown in panels C and F.

assumed that 87% of mercury in petroleum was released into
the atmosphere.”>**

EFs for Hg", Hg*, and Hg? were obtained by multiplying
mercury EFs by source-specific speciation fractions given for all
64 sources.”*

Development of the Mercury Emission Inventory.
Emissions of mercury were calculated by multiplying source
strengths and EFs. The calculations were conducted for all grids
to generate spatial distributions. Historical emissions were
derived based on temporally varied fuel consumptions and EFs.

Uncertainty Analysis. Monte Carlo simulation was used to
evaluate the overall uncertainty of the inventory. Variations in
fuel consumptions, mercury content, and technology types
were taken into account. The emissions were derived from
iterative calculations up to 1000 times by randomly drawing all
inputs from given distributions with known descriptive
statistics. Log-normal distributions of fuel consumption were
assumed and derived directly from the PKU-FUEL-2007."® For
the fractions of various contributing technologies, uniform
distributions with ranges listed in SI Table S3 were used.
Mercury content in coal and petroleum were log-normally
distributed, as further confirmed by the reported measurements
in China (SI Figure $2).******37 The mean and standard
deviations of the log-transformed mercury content were listed
in SI Table S4. Mercury content in wastes were also assumed to
follow a log-normal distribution. Release fraction and removal
efficiency adopted for waste incineration sources and petroleum
refineries were assumed to be uniformly distributed. In the
absence of published data on their variations, the intervals of
these parameters were assumed to be 20% of the mean. For
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other sources, EFs were taken from the literature and assumed
to be uniformly distributed with the ranges also based on
literature values. Interquartile ranges from the output of Monte
Carlo simulation were derived as indicators of uncertainty.

B RESULTS AND DISCUSSION

Influence of Global Fossil Fuel Trading on Mercury
Content of Consumed Fuels. Content of mercury in coal
and crude oil depend on the parent material*® The mercury
contents of coal and crude oil produced in different countries
differ widely (SI Figure S3). For example, the average mercury
content of hard coal produced in various countries varies by a
factor of 44, from 0.023 mg/kg for Indonesia to 1.00S mg/kg
for Germany.'*

Because of substantial international trade, the fossil fuels
consumed in a given country are often not locally produced.
For example, Australia and Indonesia produced 324 and 260 Tg
coal, respectively, in 2007, and each exported 75% of this
quantity.” In contrast, Japan consumed 187 Tg coal in 2007,
and this was almost entirely imported.'® International trade of
crude oil is even more important in this respect. In 2007, the
U.S. and China imported 534 and 163 Tg crude oil,
respectively, accounting for over 68 and 47% of the national
consumptions (782 and 345 Tg), respectively.”” Globally, the
total volumes of hard coal and crude oil traded accounted for
17.0 and 64.4% of total production, respectively.'*** Figure 1
shows trade volumes of hard coal and crude oil among various
regions in 2007.

The mercury content of imported fossil fuels are usually very
different from those produced in a given country. For example,
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Figure 3. Differences in the calculated mercury emissions in individual countries between the two approaches based on mercury content in the
locally produced or consumed coal (A) and crude oil (B). The positive values indicate the overestimation resulting from the erroneous use of

mercury contents in the locally produced rather than consumed fuels.

European countries imported 55 and 50 Tg of hard coal from
North/South America and Africa, respectively, in 2007."* The
average mercury content of the imported coal were 0.20 (for
America) and 0.10 (for Africa) mg/kg, compared with 0.28
mg/kg in the coal mined in Europe.'* Consequently, the
mercury content of the coal actually burned in Europe were
much lower than that of locally mined coal. Similarly, the
mercury content of crude oil produced in Norway (18 ng/kg)*’
is much higher than that produced in the UK (3.5 ng/ kg)39 and
the export of crude oil from Norway to the UK accounts for
43% of the total UK consumption. This results in a significant
increase in the mercury content of the crude oil consumed in
the UK.'®> Moreover, developing countries tend to export fossil
fuels to developed countries where emission abatement
facilities are more efficient, thereby reducing global emissions.
In fact, 57 and 56% of the imported hard coal and crude oil,
respectively, used in developed countries were sourced from
developing countries.">** Figure 2 compares the national
average mercury content in coal (panels A and B) and
petroleum (panels D and E) between local production (panels
A and D) and local consumption (panels B and E). Relative
differences between these values, defined by the difference in
mercury content between the produced and consumed fossil
fuels divided by the quantities of those consumed, are depicted
in panels C and F.

Accordingly, mercury content of locally consumed, rather
than locally produced fossil fuels, should be used to calculate
mercury emissions from various countries. Direct use of
mercury content of locally produced fossil fuel will almost
certainly lead to incorrect estimations and spatial biases in
calculated emissions. Unfortunately, this is particularly true for
mercury emission inventories estimated for many developing
countries.”'® In fact, for other pollutants (such as sulfur
dioxide), trading should also be taken into consideration if fuel
compositions (such as sulfur) are used in emission calculations.
In a recent study, fuel trading between provinces has been
considered in an SO, emission inventory for China.*’

Global Mercury Emissions from Fossil Fuel Combus-
tion. Calculations of mercury emissions have been estimated
using various factors. The calculations take into account the
consumption of fossil fuels, the mercury content in the fuels
consumed in individual countries, and the mercury removal
efficiencies involved in combustion and other operations.
Global total mercury emissions from fossil fuel consumption
were calculated as 884 Mg (760—1055 Mg) in 2007, of which
854 (734—1019 Mg) and 29.9 Mg (25.7—35.7 Mg) arose from
coal combustion and petroleum refineries, respectively.
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Since mercury content of fossil fuels produced in major
exporting countries (such as coal produced in Indonesia and
Vietnam and petroleum produced in Iraq and Kuwait) are
generally lower than the global averages, international trading
has led to a reduction in the average mercury content of fossil
fuels consumed in many countries. If the mercury content of
fossil fuels produced in individual countries were used in the
calculation, then the calculated emissions from coal combustion
and petroleum refineries would be 894 (759—1056 Mg) and
51.7 Mg (44.8—60.1 Mg), corresponding to a 4.67 (p > 0.0S)
and 72.4% (p < 0.05) overestimation in emissions, respectively.

Figure 3 shows the differences in the calculated emissions
using the two approaches in individual countries and positive
values indicate the overestimation associated with using the
mercury content in the locally produced instead of locally
consumed coal (panel A) and petroleum (panel B). As can be
seen, in addition to the overall overestimation of the global
total emissions, the use of mercury content in locally produced
fuels will also lead to a spatial bias. For six countries, including
Malaysia, the overestimation of mercury emissions from coal
combustion was >40%. For petroleum, there were 18 countries
where the emission overestimation was >40%. The overall
overestimation in Europe was 18%, largely because coal used
there was mainly imported from Russia and Australia."® In these
countries, the average mercury content of coal was 0.13 and
0.14 mg/kg, respectively, generally lower than those in coal
produced in the importing countries.'* Similarly, since mercury
content of crude oil produced in major producers, including
North Africa and the Middle East, are lower than those of oil
produced in importing countries, overestimations would again
result. These would be 12, 24, and 135% for North America,
Europe, and Asia, respectively, if trading among countries were
not taken into consideration. In contrast, emissions would be
underestimated for South American countries (11%), since 12%
of crude oil consumed originates from Europe and has relatively
high mercury content.">'****! Such spatial bias would surely
have a significant influence on global transport modeling and
health impact assessments.

Global Mercury Emission from All Combustion
Sources. In addition to the results of anthropogenic fossil
fuel consumption, atmospheric mercury can also arise from
other combustion sources, including wildfires, biomass fuels,
and solid wastes, for which no international trading is involved.
With nonfossil fuel burning included, the estimated global total
mercury emission from all combustion sources was 1454
(1232—1691) Mg in 2007, among which, the total emission
from anthropogenic souces were 1040 Mg (886—1248 Mg).
Hg’, Hg*, and HgP emissions were 725, 548, and 181 Mg,
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Figure 4. Geographical distributions of mercury emission densities at 0.1° X 0.1° resolution. (A) total emission from all combustion sources with six
strong emission areas marked; (B) zonal average total emissions of the three species; and (C) emissions from anthropogenic combustion sources
excluding shipping and aviation, with locations and emissions of top S0 mercury-emitting coal-fired power stations marked as colored circles.

respectively. SI Figure S4 shows the relative contributions of
various sectors including power generation (610 Mg), industry
(338 Mg), residential (97.1 Mg), transportation (3.28 Mg),
agriculture (9.27 Mg), and wildfires (396 Mg). Contributions
from various fuel types to various sectors differ greatly. Coal
combustion dominates power generation (90%) and industry
(80%) sectors, petroleum combustion dominates agriculture
(84%) and transportation (99%) sectors, while biomass and
coal contributes 38 and 62% of the residential and comercial
sectors, respectively. Relative contributions of 64 detailed
source types are provided in the SI (Table S7).

Our estimated total anthropogenic emission from stationary
combustion sources in 2007 (899 Mg, 771-1071 Mg) was
close to the values of 810 Mg reported by Pirrone” and 880 Mg
presented by Pacyna'® for the same sources in 2005. The
inventories developed by these studies were based on the
reported emission data from some countries, which provided
reliable estimations of mercury emissions from fuels actually
consumed. For countries without reported national emission
data (mostly developing countries including major emitters,
such as China and India), emissions were calculated based on
the mercury content of the locally produced rather than the
consumed fossil fuels or noncountry-specific EFs.”'® In the
present study, however, emissions from fossil fuels for all
countries were based on country-specific EFs, which were
calculated based on mercury content in locally consumed fuels.
Without relying on country-based emission reports, our
inventory provides an independent estimate of global mercury
emissions of combustion sources and can also facilitate
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historical emission analysis as long as fuel consumption data
and trading information are available. For nonanthropogenic
sources, our estimates (453 Mg, 396—516 Mg, for the 1997—
2006 average) were lower than the 675 Mg reported
elsewhere.*” This was because of the use of the newly updated
Global Fire Emission Database (version 3), in which wildfire
burned biomass was lower than that previously estimated.*’

The result of Monte Carlo simulation indicates that the
relative uncertainty of our estimates for global emissions in
2007, defined as the interquartile range/M (median), is 32%,
comparable with the uncertainty range for mercury emissions
(25—30%) in other inventories.”"’

Geographic Distribution. With our spatially resolved fuel
consumption map of detailed fuel types (PKU-FUEL-2007),"®
mercury emissions in individual countries are readily
disaggregrated into 0.1° X 0.1° grids globally. The improve-
ment resulting from the use of the subnationally disaggregated
fuel map on the spatial distribution of mercury emission is
demonstrated in SI Figure SS. This shows significant differences
in spatial distribution between the two inventories derived from
nationally and subnationally disaggregated fuel databases,
respectively, for 45 countries for which subnational data are
available, indicating that the use of the subnational fuel data not
only provides higher spatially resolved emission information,
but also reduces spatial bias in population scaling.'® Figure 4
shows the global distribution of mercury emission densities
from all combustion sources (panel A), along with zonal
average total emissions of the three species (panel B). Also
included is a map of anthropogenic emission densities,

dx.doi.org/10.1021/es404110f | Environ. Sci. Technol. 2014, 48, 1727—-1735
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excluding the emissions from the transportation sector
(shipping and aviation) (panel C). The total emissions from
the S0 coalfired power plants with the highest mercury
emissions contributed 7.3% of the total emission from all
anthropogenic combustion sources in 2007. These significant
sources are located mainly in Eastern China, Eastern and
Central U.S.,, Germany, and Poland. Global distributions of
emission densities for the three mercury species from all
combustion sources are shown in SI Figure S6. Geographical
distributions of the three mercury species were similar to one
another with Hg” emission density being significantly higher
than those of Hg”* and HgF in the regions where emissions
were dominated by wildfires. Spatial distributions of mercury
emission densities for the six sectors and five major fuel
categories are shown in SI Figure S7 and S8. Although the
spatial bias caused by international trading of fossil fuels with
different mercury content has been eliminated, similar biases
arising from fossil fuel trading within countries, especially large
countries, has not be taken into consideration, primarily
because of the absence of detailed data on the mercury
contents of locally consumed fuels.

Globally, there were six hot-spot regions of combustion-
related mercury emission, including Eastern U.S., Western and
Central Europe, the Indian Peninsula, North China, the
Brazilian prairies, and the African grasslands. The latter two
are strongly affected by wildfires, while the other four are areas
with high population densities and concentrated anthropogenic
activities, relying on coal as a major energy source.""*** In
addition, the burning of municipal wastes in the U.S. and
Canada made a significant contribution to the emissions in
North America.*® Although mercury migrates globally after
emission, relatively high ambient concentrations are often
found in high emission regions.'"”> As a result of the spatial
covariance between emission and population densities, 27% of
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the world’s population lives in regions with emission densities
exceeding 100 g/km?/yr, which constitutes only 0.3% of global
terrestrial land. Emissions in 2007 from Asia, Africa, North
America, and Europe were 776, 225, 175, and 154 Mg,
respectively. The top ten countries yielded 68.9% of the global
total (SI Figure S9). All four major anthropogenic emission
regions are in the Northern Hemisphere, between 20° N and
60° N, leading to the domination of emissions within this
range. Hg”" accounts for more than half of the total emissions
within this range, because emissions are mainly from coal
consumption and also, the conversion of Hg’ to Hg?* in
pollution abatement.** The Hg** species is highly water-
soluble, and its long-range transport potential is relatively
weak.'® Therefore, the global distribution of atmospheric
mercury concentration can be affected by such a zonal
distribution. This is consistent with the fact that global mercury
deposition centers at northern- and midlatitudes.*”

In 2007, global per capita mercury emission was 0.20 g,
varying over 4 orders of magnitude per country. The extremely
high or low values were those for very small countries and
involve higher uncertainties. Per capita mercury emission in
China (0.40 g) was much higher than that in India (0.07 g).
This contrasts with many other air pollutants, such as polycyclic
aromatic hydrocarbons and black carbon.***’ Unlike mercury,
these products of incomplete combustion are mainly generated
in residential stoves and per capita emissions in China and
India are often similar.* The emission of mercury, similar to
sulfur dioxide, depends largely on the quantity of coal
consumed and the mercury content of the coals. The major
sources are coal-fired power generation and industrial
activities.’® Regions with high per capita anthropogenic
mercury emission densities were identified using gridded
population densities for combustion sources (SI Figure S10).
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Time Trends. Annual mercury emissions from all
combustion sources in 222 countries were calculated for the
period from 1960 to 2007 (data for wildfires are available only
for 1997—2007) and results are shown in Figure S. The
temporal trends of the emissions in China, the U.S., and
globally are shown in panel A. In panel B, temporal variations
of mercury emissions are shown for four categories of
countries: OECD90, ASIA, REF, and ALM>" (for details on
the countries, refer to the figure caption). Emissions from five
sectors during this period are shown in panel C, and emission
trends for the three mercury species are shown in panel D.

Globally, total annual anthropogenic mercury emissions
increased from 242 to 1040 Mg during the 48-year period at an
average annual increase of 3.0%. During this period, a peak of
836 Mg (704—981 Mg) was reached around 1995. The
temporary decline after 1995 was the result of a sharp increase
in energy prices>> and the introduction of Flue Gas
Desulfurization (FGD) technology in China.>® It has been
estimated that the introduction of FGD for coal boilers led to a
23.2 and 21.1% reduction in mercury emissions in developed
and developing countries, respectively, within S years. The
emissions started to increase again after 2002, owing to the
rapid increase in energy demand in China. The annual emission
growth rate during these years was as high as 9.8% in China,
pushing the global level to a new high by 2007 (1040 Mg).
Similar increasing trends and soaring coal consumption in Asia
were also found to be major contributors to the increases
observed.>* Emissions in the U.S. passed peak values of 190 Mg
in 1997 after a steady increase over several years. The U.S.s
first national standard, enforced in 2011, set technology-based
emission limitations for mercury and other toxic air pollutants
from coal- and oil-fired power plants.>> This has certainly
promoted the development of abatement technologies, and the
adoption of mercury reduction facilities, a feature that will lead
to a decreasing emissions trend in the future.

Temporal trends in mercury emissions for all OECD
countries are similar to those of the U.S. Annual emissions
have increased from 131 to 342 Mg from 1960 to 1995, pushed
by a sharp increase in fuel consumption, but decreased to 248
Mg by 2007, because of a slowing of fuel consumption growth
and higher mercury removal efliciency, achieved in the energy
and industrial sectors. Emissions in ALM countries increased 6-
fold from 1960 to 2007, and the largest emission increase of
approximately 11 times occurred in Asian countries during this
period. Owing to differences in the time trends among various
countries, the spatial distribution of the mercury emissions
from all anthropogenic sources has changed over time, as seen
in SI Figure S11. In general, the emissions increased
dramatically in East Asia, North America, and Africa, while
they decreased in Europe where emissions dropped from 48%
in 1960 to 13% in 2007. Meanwhile, contributions from Asia
increased from 24 to 67%. Globally, power stations, particularly
those that are coal-fired, comprise the dominant emission
source. The total mercury emissions of coal-fired power plants
have increased continuously from 106 Mg in 1960 to 537 Mg in
2007, contributing to 43.8 to 51.6% of the total anthropogenic
sources. Emissions from industry have also increased 4-fold
from 64.6 Mg in 1960 to 338 Mg in 2007. Meanwhile,
emissions from residential sectors passed peak values in the late
1980s and have decreased, albeit at low rates. This is likely to be
driven by the replacement of coal with natural gas and
household stoves with centralized heating systems in the cities
of developing countries, such as China, during the process of
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rapid urbanization.>* For anthropogenic sources, emission of
Hg’ increased by 2.6 times from 95.7 to 344 Mg, emission of
Hg*" increased by 3.9 times from 111 to 548 Mg, and emission
of HgP remained constant from 1960 to 2007. Relatively rapid
increases in Hg”" emissions during this period were primarily a
result of the increase in the contribution of emissions from coal
burning to the total emissions and to the further penetration of
abatement facilities in coal combustion facilities, leading to the
accelerated deposition of Hg near the emission sources.

B ASSOCIATED CONTENT

© Supporting Information

Materials including determination of country- and temporal-
specific EFs, emission contributions of sectors and fuel types,
spatial difference of anthropogenic mercury emission using
subnationally and nationally disaggregated fuel database, spatial
emission distributions by mercury species, sectors, and fuel
types, and other relevant information. This material is available
free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*Phone and fax: 0086-10-62751938; e-mail: taos@pku.edu.cn.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Funding for this study was provided by the National Natural
Science Foundation of China (41390243, 41130754, 41101490,
and 41001343), Beijing Municipal Government
(YB20101000101), the 111 project (B14001), China Educa-
tional Foundation for Undergraduate Students of Sciences (No.
J1103406/J0105).

B REFERENCES

(1) Tchounwou, P. B.; Ayensu, W. K; Ninashvili, N.; Sutton, D.
Environmental exposure to mercury and its toxicopathologic
implications for public health. Environ. Toxicol. 2003, 18, 149—175.

(2) Fitzgerald, W. F.; Engstrom, D. R;; Mason, R. P.; Nater, E. A. The
case for atmospheric mercury contamination in remote areas. Environ.
Sci. Technol. 1998, 32, 1-7.

(3) Harada, M. Minamata disease-methylmercury poisoning in Japan
caused by environmental-pollution. Crit. Rev. Toxicol. 1995, 25, 1—24.

(4) Guallar, E.; Sanz-Gallardo, M. L; van’t Veer, P.; Bode, P.; Aro, A;
Gomez-Aracena, J.; Kark, J. D.; Riemersma, R. A.; Martin-Moreno, J.
M.; Kok, F. J. Heavy metals and myocardial. I. Mercury, fish oils, and
the risk of myocardial infarction. N. Engl. J. Med. 2002, 347, 1747—
1754.

(5) Shenker, B. J; Guo, T. L.; Shapiro, I. M. Low-level
methylmercury exposure causes human T-cells to undergo apoptosis:
Evidence of mitochondrial dysfunction. Environ. Res. 1998, 77, 149—
159.

(6) Rice, D. C.; Schoeny, R.; Mahaffey, K. Methods and rationale for
derivation of a reference dose for methylmercury by the U.S. EPA. Risk
Anal. 2003, 23, 107-15.

(7) Sunderland, E. M.; Mason, R. P. Human impacts on open ocean
mercury concentrations. Global Biogeochem. Cyc. 2007, 21,
GB4022(1-15).

(8) Global Mercury Assessment 2013: Sources, Emissions, Releases and
Environmental Transport; UNEP Chemicals Branch: Geneva, Switzer-
land, 2013; http://www.unep.org/PDF/PressReleases/
GlobalMercuryAssessment2013.pdf.

(9) Pirrone, N.; Cinnirella, S.; Feng, X,; Finkelman, R. B.; Friedli, H.
R.; Leaner, J.; Mason, R.; Mukherjee, A. B.; Stracher, G. B.; Streets, D.
G.; Telmer, K. Global mercury emissions to the atmosphere from

dx.doi.org/10.1021/es404110f | Environ. Sci. Technol. 2014, 48, 1727—1735


http://pubs.acs.org
mailto:taos@pku.edu.cn
http://www.unep.org/PDF/PressReleases/GlobalMercuryAssessment2013.pdf
http://www.unep.org/PDF/PressReleases/GlobalMercuryAssessment2013.pdf

Environmental Science & Technology

anthropogenic and natural sources. Atmos. Chem. Phys. 2010, 10,
5951-5964.

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

(11) Pacyna, E. G.; Pacyna, J. M,; Steenhuisen, F.; Wilson, S. Global
anthropogenic mercury emission inventory for 2000. Atmos. Environ.
2006, 40, 4048—4063.

(12) Technical Background Report to the Global Atmospheric Mercury
Assessment; Arctic Monitoring and Assessment Programme/UNEP
Chemicals Branch: Oslo, Norway/Nairobi, Kenya, 2008; http://www.
chem.unep.ch/mercury/Atmospheric_Emissions/Technical
background_report.pdf.

(13) IEA. Coal Information 2010; International Energy Agency (IEA):
Paris, 2010.

(14) UNEP. Toolkit for Identification and Quantification of Mercury
Releases, Revised Inventory Level 2 Report; UNEP Chemicals Branch:
Geneva, Switzerland, 2011; http://www.unep.org/
hazardoussubstances/Mercury/tabid/434/Default.aspx.

(15) Mukherjee, A. B.; Zevenhoven, R.; Bhattacharya, P.; Sajwan, K.
S.; Kikuchi, R. Mercury flow via coal and coal utilization by-products:
A global perspective. Resour. Conserv. Recy. 2008, S2 (4), 571-591.

(16) Corbitt, E. S; Jacob, D. J; Holmes, C. D.; Streets, D. G.;
Sunderland, E. M. Global source—receptor relationships for mercury
deposition under present-day and 2050 emissions scenarios. Environ.
Sci. Technol. 2011, 45 (24), 10477—10484.

(17) 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, 4621—
4632.

(18) Wang, R; Tao, S.; Cais, P.; Shen, H. Z.; Huang, Y.; Chen, H,;
Shen, G. F.; Wang, B.; Li, W,; Zhang, Y. Y,; Lu, Y.; Zhu, D.; Chen, Y.
C,; Liy, X. P.; Wang, W. T.; Wang, X. L.; Liu, W. X; Li, B. G.; Piao, X.
L. High-resolution mapping of combustion processes and implications
for CO, emissions. Atmos. Chem. Phys. 2013, 13, 5189—5203.

(19) IEA. Energy Statistics of non-OECD Countries, 1971—2007;
International Energy Agency (IEA): Paris, 2009.

(20) IEA. Energy statistics of OECD Countries, 1960—2007; Interna-
tional Energy Agency (IEA): Paris, 2009.

(21) UN. United Nations Energy Statistics, 1950—1995; United
Nations Statistics Division: New York, 1995.

(22) IEA. Oil Information 2009; International Energy Agency (IEA):
Paris, 2009.

(23) Grubler, A.; Nakicenovic, N.; Victor, D. G. Dynamics of energy
technologies and global change. Energy Policy 1999, 27, 247—280.

(24) Streets, D. G.; Hao, J. M,; Wy, Y,; Jiang, J. K; Chan, M,; Tian,
H. Z.; Feng, X. B. Anthropogenic mercury emissions in China. Atmos.
Environ. 2008, 39, 7789—7806.

(25) Wu, Y,; Streets, D. G.; Wang, S. X,; Hao, J. M. Uncertainties in
estimating mercury emissions from coal-fired power plants in China.
Atmos. Chem. Phys. 2010, 10, 2937—2946.

(26) 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. Phy. 2010, 10, 1183—
1192.

(27) WRRI. Mercury in Peat and its Drainage Waters in eastern North
Carolina; Report No. 218; The Water Resources Research Institute:
North California, U.S., 1984; http://dspace2.lib.ncsu.edu:8080/dr/
bitstream/1840.4/1827/1/NC-WRRI-218.pdf.

(28) US EPA. Mercury Study Report to Congress, EPA-452/R-97—010
VIII; United States Environmental Protection Agency (USEPA):
Washington, DC, 1997 http://www.epa.gov/ttnatw01/112nmerc/
volume8.pdf.

(29) NJ MTF. New Jersey Mercury Task Force Report. Vol. III. Sources
of Mercury in New Jersey; NJ MTF: New Jersey, U.S., 2002; http://
www.state.nj.us/dep/dsr/Vol3-Chapterl.pdf.

1734

(30) Maag, J.; Lassen, C.; Hansen, E. Massestromsanalyse for Kviksoly
(Substance Flow Assessment for Mercury); The Danish EPA: Kebenhavn
K, Denmark, 1996.

(31) Skarup, S.; Christensen, C. L.; Maag, J.; Jensen, S. H. Substance
Flow Analysis for Mercury; Environmental Project No. 808; The Danish
EPA: Kobenhavn K, Denmark, 2003; http://www.mst.dk.

(32) Murphy, J. D.; McKeogh, E. Technical, economic and
environmental analysis of energy production from municipal solid
waste. Renew. Energ. 2004, 29, 1043—1057.

(33) MPCA. Report on the Mercury TMDL Implementation Plan
Stakeholder Process. Prepared for the Minnesota Pollution Control Agency
by the Minnesota Environmental Initiative; MPCA: Saint Paul, U.S,,
2008; http://www.pca.state.mn.us/index.php/view-document.
html?gid=11493.

(34) WSPA. Bay Area Petroleum Refinery Mercury Air Emissions,
Deposition, and Fate; Project No. 0032209; Environmental Resources
Management for Western States Petroleum Association (WSPA):
California, U.S., 2009; http://www.waterboards.ca.gov/
sanfranciscobay/water_issues/programs/TMDLs/sfbaymercury/Hg_
Air Dep_SFB_Refineries%20 WSPA.pdf.

(35) Gong, L. X.; Zhang, Z. J. Developing trend of application of dust
collector in coal-fired power plant. Cogen. Power Technol. 2010, 1-S.

(36) Bond, T. C.; Bhardwaj, E.; Dong, R; Jogani, R; Jung, S. K;
Roden, C.; Streets, D. G.; Trautmann, N. M. Historical emissions of
black and organic carbon aerosol from energy-related combustion,
1850—2000. Global Biogeochem. Cyc. 2007, 21 (2), B2018(1—16).

(37) Bond, T. C,; Streets, D. G.; Yarber, K. F.; Nelson, S. M.; Woo, J.
H.; Klimont, Z. A technology-based global inventory of black and
organic carbon emissions from combustion. J. Geophys. Res.-Atmos.
2004, 109, D14203(1—43).

(38) Yudovich, Y. E.; Ketris, M. P. Mercury in coal: A review Part 1.
Geochemistry. Int. J. Coal Geol. 2005, 62, 107—134.

(39) Wilhelm, S. M,; Liang, L.; Cussen, D.; Kirchgessner, D. A.
Mercury in crude oil processed in the United States (2004). Environ.
Sci. Technol. 2007, 41, 4509—4514.

(40) Su, S; Li, B; Cui, S.; Tao, S. Sulfur dioxide emissions from
combustion in China: From 1990 to 2007. Environ. Sci. Technol. 2011,
45 (19), 8403—8410.

(41) Hollebone, B. P.; Yang, C. X. Mercury in Crude Oil Refined in
Canada; Environment Canada: Ottawa, ON, 2007.

(42) Friedli, H. R; Arellano, A. F; Cinnirella, S.; Pirrone, N. Initial
estimates of mercury emissions to the atmosphere from global biomass
burning. Environ. Sci. Technol. 2009, 43, 3507—3513.

(43) van der Werf, G. R;; Randerson, J. T.; Giglio, L.; Collatz, G. J;
Mu, M,; Kasibhatla, P. S.; Morton, D. C; DeFries, R. S.; Jin, Y.; van
Leeuwen, T. T. Global fire emissions and the contribution of
deforestation, savanna, forest, agricultural, and peat fires (1997—2009).
Atmos. Chem. Phys. 2010, 10, 11707—11735.

(44) Zhang, L.; Wong, M. H. Environmental mercury contamination
in China: Sources and impacts. Environ. Int. 2007, 33, 108—121.

(45) Mohapatra, S. P.; Nikolova, L; Mitchell, A. Managing mercury in
the great lakes: An analytical review of abatement policies. J. Environ.
Manage. 2007, 83, 80—92.

(46) Streets, D. G.; Zhang, Q.; W, Y. Projections of Global Mercury
Emissions in 2050. Environ. Sci. Technol. 2009, 43, 2983—2988.

(47) Strode, S. A.; Jaegle, L.; Selin, N. E.; Jacob, D. J,; Park, R. J;
Yantosca, R. M.; Mason, R. P.; Slemr, F. Air-sea exchange in the global
mercury cycle. Global Biogeochem. Cyc. 2007, 21, B1017(1—12).

(48) Shen, H.; Huang, Y.; Wang, R.; Zhu, D.; Li, W.; Shen, G.; Wang,
B.; Zhang, Y,; Chen, Y,; Lu, Y,; Chen, H,; Li, T,; Sun, K; Li, B.; Liu,
W.,; Liu, J; Tao, S. Global atmospheric emissions of Polycyclic
Aromatic Hydrocarbons from 1960 to 2008 and future predictions.
Environ. Sci. Technol. 2013, 47, 6415—6424.

(49) Wang, R;; Tao, S.; Balkanski, Y.; Ciais, P.; Boucher, O.; Liu, J.;
Piao, S.; Shen, H.; Vuolo, R.; Valari, M.; Chen H.; Chen, Y.; Cozic, A;
Huang, Y,; Li, B.; Li, W.; Shen, G.; Wang, B.; Zhang, Y., Exposure to
ambient black carbon derived from a new inventory and high
resolution model. Proc. Natl Acad. Sci. U.S.A. doi:10.1073/
pnas.1318763111.

dx.doi.org/10.1021/es404110f | Environ. Sci. Technol. 2014, 48, 1727—1735


http://www.chem.unep.ch/mercury/Atmospheric_Emissions/Technical_background_report.pdf
http://www.chem.unep.ch/mercury/Atmospheric_Emissions/Technical_background_report.pdf
http://www.chem.unep.ch/mercury/Atmospheric_Emissions/Technical_background_report.pdf
http://www.unep.org/hazardoussubstances/Mercury/tabid/434/Default.aspx
http://www.unep.org/hazardoussubstances/Mercury/tabid/434/Default.aspx
http://dspace2.lib.ncsu.edu:8080/dr/bitstream/1840.4/1827/1/NC-WRRI-218.pdf
http://dspace2.lib.ncsu.edu:8080/dr/bitstream/1840.4/1827/1/NC-WRRI-218.pdf
http://www.epa.gov/ttnatw01/112nmerc/volume8.pdf
http://www.epa.gov/ttnatw01/112nmerc/volume8.pdf
http://www.state.nj.us/dep/dsr/Vol3-Chapter1.pdf
http://www.state.nj.us/dep/dsr/Vol3-Chapter1.pdf
http://www.mst.dk
http://www.pca.state.mn.us/index.php/view-document.html?gid=11493
http://www.pca.state.mn.us/index.php/view-document.html?gid=11493
http://www.waterboards.ca.gov/sanfranciscobay/water_issues/programs/TMDLs/sfbaymercury/Hg_Air_Dep_SFB_Refineries%20_WSPA.pdf
http://www.waterboards.ca.gov/sanfranciscobay/water_issues/programs/TMDLs/sfbaymercury/Hg_Air_Dep_SFB_Refineries%20_WSPA.pdf
http://www.waterboards.ca.gov/sanfranciscobay/water_issues/programs/TMDLs/sfbaymercury/Hg_Air_Dep_SFB_Refineries%20_WSPA.pdf

Environmental Science & Technology

(50) Zhang, Q; Streets, D. G.; Carmichael, G. R;; He, K. B.; Huo, H,;
Kannari, A.;; Klimont, Z.; Park, I. S.; Reddy, S.; Fu, J. S.; Chen, D,;
Duan, L.; Lei, Y.; Wang, L. T.; Yao, Z. L. Asian emissions in 2006 for
the NASA INTEX-B mission. Atmos. Chem. Phy. 2009, 9, 5131—5153.

(51) IPCC. Emissions Scenarios; Cambridge University Press:
Cambridge, U.K,, 2000.

(52) Guo, Y. Q; Zheng, J. Y; Ge, Q. S. Study on the primary energy-
related carbon dioxide emissions in China. Geogr. Res. 2010, 29, 1027—
103S.

(53) Jia, L; Liu, B. Review of the technology of sulfur elimination in
smoke gas in China. J. Salt Chem. Ind. 2006, 35, 35—39.

(54) Streets, D. G.; Devane, M. K;; Lu, Z.; Bond, T. C.; Sunderland,
E. M,; Jacob, D. J. All-time releases of mercury to the atmosphere from
human activities. Environ. Sci. Technol. 2011, 45 (24), 10485—10491.

(55) US EPA. National Emission Standards for Hazardous Air
Pollutants from Coal- And Oil-Fired Electric Utility Steam Generating
Units and Standards of Performance for Fossil-Fuel-Fired Electric Utility,
Industrial-Commercial-Institutional, And Small Industrial-Commercial-
Institutional Steam Generating Units; United States Environmental
Protection Agency (USEPA): Washington, DC, 2011; http://www.
epa.gov/airquality/powerplanttoxics/pdfs/proposal.pdf.

B NOTE ADDED AFTER ASAP PUBLICATION

This article published ASAP January 16, 2014 with mistakes in
the last two author names. The correct version published
January 21, 2014.

1735

dx.doi.org/10.1021/es404110f | Environ. Sci. Technol. 2014, 48, 1727—1735


http://www.epa.gov/airquality/powerplanttoxics/pdfs/proposal.pdf
http://www.epa.gov/airquality/powerplanttoxics/pdfs/proposal.pdf

