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ABSTRACT: Southeast Asia has a very high population density and is on a fast track to
economic development, with most of the growth in electricity demand currently projected to
be met by coal. From a detailed analysis of coal-ﬁred power plants presently planned or
under construction in Southeast Asia, we project in a business-as-usual scenario that
emissions from coal in the region will triple to 2.6 Tg a−1 SO2 and 2.6 Tg a−1 NOx by 2030,
with the largest increases occurring in Indonesia and Vietnam. Simulations with the GEOSChem chemical transport model show large resulting increases in surface air pollution, up to
11 μg m−3 for annual mean ﬁne particulate matter (PM2.5) in northern Vietnam and up to 15
ppb for seasonal maximum 1 h ozone in Indonesia. We estimate 19 880 (11 400−28 400)
excess deaths per year from Southeast Asian coal emissions at present, increasing to 69 660
(40 080−126 710) by 2030. 9000 of these excess deaths in 2030 are in China. As Chinese
emissions from coal decline in coming decades, transboundary pollution inﬂuence from
rising coal emissions in Southeast Asia may become an increasing issue.
to human health worldwide.11 Surface ozone is also a major
concern for public health and ecosystems.12,13 Emissions of SO2
and NOx can vary widely by coal plant depending on the grade
of coal combusted, the type of boiler used, and the emission
controls in place.14,15
Here we estimate the burden of air pollution disease due to
current (2011) and projected (2030) coal use in Southeast Asia
and other East Asian countries outside of China and India. Our
2030 projection is for a “coal future” scenario including all
plants currently in construction or in the planning stages. The
resulting PM2.5 and ozone concentrations are computed with a
high-resolution version of the GEOS-Chem global 3-D
chemical transport model, and the resulting premature
mortalities are estimated using approaches from the health
impact assessment literature.

1. INTRODUCTION
Coal emissions have been decreasing in the U.S. and Europe for
the past two decades due to concern over public health and
now increasingly over climate change. In contrast, coal
emissions in much of Asia have been increasing rapidly.1,2 Air
quality impacts of coal use in China and India have received
considerable attention.3−6 Far less attention has been given to
the growing use of coal in Southeast Asia including Indonesia,
Vietnam, Thailand, and neighboring countries. Southeast Asia is
one of the fastest developing regions in the world; electricity
demand in 2035 is projected to increase by 83% from 2011
levels, more than twice the global average.7 Accompanying this
economic development is population growth. Indonesia alone
is projected to increase its population by 67 million people
(28%) between 2010 and 2035.8 Population migration from
rural areas to cities, or “urbanization”, also increases population
densities in polluted areas and heightens demand for grid-based
electricity produced by power plants; urbanization rates in
Southeast Asia are some of the highest globally, and are
projected to increase signiﬁcantly by 2030.9 This growing
demand for energy is presently expected to be met by coal
because of its low cost and domestic abundance.10 We show
here that the public health consequences would be severe.
Coal combustion emits sulfur dioxide (SO2) and nitrogen
oxides (NOx), leading to formation of ﬁne particulate matter
(PM2.5, particles less than 2.5 μm in diameter) and ozone.
PM2.5 increases the risk of premature mortality from respiratory
and cardiovascular disease. It is the most harmful air pollutant
© 2017 American Chemical Society

2. MATERIALS AND METHODS
GEOS-Chem Simulations. We use the GEOS-Chem
simulation of aerosol-oxidant chemistry16,17 (v9−02; http://
geos-chem.org) driven by 2011 assimilated meteorological data
from the Goddard Earth Observation System (GEOS-5) of the
NASA Global Modeling and Assimilation Oﬃce (GMAO). We
use 2011 meteorology for consistency with the updated coal
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Table 1. National Inventories of Emissions from Coal-Fired Power Plants (Tg a−1).a
number of plants

SO2

NOx

PM2.5

country

2011

2030

2011

2030

2011

2030

2011

2030

Cambodia
Indonesia
Japan
Laos
Malaysia
Myanmar
Philippines
South Korea
Taiwan
Thailand
Vietnam
total

1
147
160
0
18
3
30
97
71
37
38
602

6
323
172
3
26
16
77
123
81
48
133
1008

<0.01
0.29
0.10
<0.01
0.05
0.01
0.07
0.06
0.03
0.14
0.09
0.84

<0.01
0.90
0.12
<0.01
0.07
0.30
0.19
0.10
0.04
0.20
0.63
2.60

<0.01
0.29
0.10
<0.01
0.07
<0.01
0.08
0.08
0.05
0.11
0.08
0.86

<0.01
0.88
0.12
<0.01
0.11
0.18
0.25
0.12
0.06
0.15
0.69
2.63

<0.01
0.03
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.01
0.01
0.06

<0.01
0.05
<0.01
<0.01
<0.01
0.01
0.01
<0.01
<0.01
0.01
0.07
0.16

a

Annual emissions for 2011 and projections for 2030. See SI for individual plant locations and emissions. The 2030 projections are for a business-asusual, coal future scenario including all plants currently planned or under construction, with emission controls based on current national standards
and practices. See text for details.

National Coal Emission Inventories. We implement into
GEOS-Chem a new plant-speciﬁc inventory for 2011 coal
emissions of SO2, NOx, and primary PM2.5 in East Asia outside
of China and India. Countries included are Cambodia,
Indonesia, Japan, Laos, Malaysia, Myanmar, the Philippines,
South Korea, Taiwan, Thailand, and Vietnam (Table 1). Plant
location and capacity information are based on the Platts Utility
Data Institute (UDI) World Electric Power Plant Database
(WEPP).30 Plant locations are shown in SI Figure S3. Plantspeciﬁc emission estimates and parameter values are available in
the SI. Our approach for estimating pollutant emissions at each
facility is described below.
The magnitude of emissions from coal plants varies widely
for individual facilities depending on (1) the grade of coal
combusted (lignite, sub-bituminous, bituminous, or anthracite),
(2) the sulfur content of the coal, (3) the type of boiler used to
combust the coal, (4) emission control technologies, and (5)
the operational proﬁle of the facility deﬁned by the electricity
generation capacity, load factor (ratio of the average output to
the maximum possible output), and thermal eﬃciency (amount
of electrical energy output per unit of coal heat content
consumed). Factors (1)-(4) determine the stack gas concentration at a given facility in units of mg Nm−3 (the “N” denotes
normalized to dry conditions at 1 atm, 6% excess oxygen, 25
°C). Factor (5) determines the fuel consumption H [GJ a−1] at
facility i:

plant emissions data (described below). The GEOS-5 data have
0.5° × 0.666° native horizontal resolution and 72 vertical levels
(14 levels below 2 km). The GEOS-Chem simulation is
conducted at the native resolution over East Asia and adjacent
oceans (11S-55 N, 70−150 E),18,19 nested within a global
simulation at 2° × 2.5° resolution that provides dynamic
boundary conditions. This East Asian nested version of GEOSChem has been extensively evaluated for China with
observations of aerosols19−23 and ozone.24−27 Evaluations
have also been performed for Southeast Asia,28,29 but
observations are more limited in that region.
Global anthropogenic emissions of SO2 and NOx are from
the Emissions Database for Global Atmospheric Research
(EDGAR) v4.2 for 2008, the most recently available year at the
time of this analysis (http://edgar.jrc.ec.europa.eu). Coal
emissions in East Asian countries outside of China and India
are superseded by our own inventories, as described below.
We conduct three 1-year simulations using 2011 meteorology, diﬀering only in their coal emissions for East Asia outside
of China and India: (1) 2011 coal emissions, (2) 2030
emissions projected for the coal future scenario, and (3) zero
coal emissions. EDGAR provides total emissions from energy
generation but does not resolve the contribution of each fuel
type. We isolate the coal-related emissions by gridding and
subtracting our 2011 emissions from the EDGAR values in each
grid square at 1° × 1° horizontal resolution, resulting in
scenario (3). If this subtraction results in a negative no-coal
value (i.e., our 2011 emissions exceed the EDGAR value for
that grid square), the no-coal value for that grid square is set to
zero. We then add in either our 2011 emissions or projected
2030 emissions to create scenarios (1) and (2). Changes in
PM2.5 and ozone pollution due to coal emissions are then
calculated as the diﬀerence between scenarios (1) and (3) for
2011, and (2) and (3) for 2030. We simulate scenarios (1) and
(2) for all countries included in Table 1 taken together, as well
as for each country individually (i.e., emissions in that country
are set to zero). Our analysis here will mostly focus on totals for
all countries taken together, but the results for individual
countries (called “national simulations”; Supporting Information (SI) Figures S1−S2) are used to separate domestic and
transboundary pollution inﬂuences. Each simulation was
initialized for four months prior to January 2011.

Hi =

λiγi
ηi

(1)
−1

where λ [GJ a ] is the electric capacity, γ is the fractional load
factor, and η is the thermal eﬃciency. Multiplying the fuel
consumption by the stack gas concentration of pollutant j (Ω)
and speciﬁc ﬂue gas volume of the fuel used σ [Nm3 GJ−1]
yields annual emission estimates Ei,j [Tg a−1] of pollutant j from
facility i:
Ei , j = Hiσi Ωi , j

(2)

Operational data for η and γ for most existing plants were
obtained from the Carbon Monitoring for Action Database
(CARMA;31 http://www.carma.org). For individual plants not
covered by CARMA, national average values were calculated
and applied based on information available for plant size and
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Figure 1. Coal SO2 emissions in 2011 and 2030 for the countries considered in this work (see Table 1). The left panel shows national emissions in
2011 and 2030, where the areas of the circles are proportional to emissions (see SI Figure S3 for plant locations). The right panel compares 2011 and
2030 total regional emissions from countries in this work (“Other East Asia”) to 2010 estimates for the U.S.,41 China,38 and India.39 The red arrows
denote the signs of projected future trends for China, India, and the U.S.

steam condition32 (SI). Aggregated national fuel consumption
totals were scaled to match the 2011 statistics for total coal
consumption in the power sector by country from the
International Energy Agency (IEA). Fuel consumption values
at individual facilities were then adjusted based on these
national scale factors derived from the IEA comparison. Speciﬁc
ﬂue gas volume estimates of 337.1 Nm3 GJ−1 for hard coal
(anthracite, bituminous, sub-bituminous) and 360.6 Nm3 GJ−1
for lignite were used based on data from the European
Environment Agency.33 If coal type was not reported, we
assumed the speciﬁc ﬂue gas volume for hard coal.
Stack gas concentrations (Ω) used in eq 2 were obtained
through three diﬀerent approaches, in order of preference: a)
reported stack gas concentrations for the facility; b) company
averages provided by Corporate Social Responsibility (CSR)
reports; c) national emission standard based on electric capacity
and operational start year of the facility. References are in the
SI.
In countries that do not regulate stack emission concentrations of pollutants (Myanmar for all pollutants; Taiwan for
SO2 and NOx), rather than using eqs 1 and 2, a national average
emission rate per TJ of power generated by coal was derived
from the Regional Emission inventory in Asia (REAS v2.134).
These emission rates were then combined with the 2011 IEA
estimates for total power generation from coal for that country
to estimate total national emissions in 2011. The derived
national emission totals were then spatially allocated to
individual facilities based on capacity.
Primary particulate matter (PM) emissions from power
plants are often reported in terms of total PM. To obtain
estimates of PM2.5 speciﬁcally, PM2.5 fractions were estimated
using PM size distributions from the U.S. Environmental
Protection Agency AP-42 database35 for diﬀerent control
technologies when plant-speciﬁc emission control technology
information was available. Otherwise we assumed the use of an
electrostatic precipitator (ESP) to remove ﬁne primary particles
with a 99% removal eﬃciency for all plants in countries with
any stack emission regulations. If PM emissions were
unregulated or above 500 mg Nm−3 (implying lack of any

emission control), we applied the AP-42 particle size
distribution associated with uncontrolled combustion.
Emissions from Future Plants. Our 2030 inventory
includes the 2011 estimates as well as projected emissions
from plants currently listed as under construction or planned
based on a comprehensive mapping of new power plant
projects from the CoalSwarm database36 (see SI for full listing
and relevant references). We include the presently operating
2011 plants in our future projections because the average
lifetime of a coal plant is 30−40 years37 and most current plants
were built after 1990.
New power plants are assumed to meet current national
emission standards for new plants (when more speciﬁc
information about emissions is not available), and to operate
at a load factor of 80%, in line with available data from CARMA
for newly operational units in this region. For countries in
which 2011 emission rates from existing plants are below
national standards, new power plants are assumed to
overachieve the standards by the same ratio. In addition,
when information about the emission control conﬁguration is
reported at a facility planned or under construction, standard
performance in the control of emissions (emissions per unit of
fuel consumption) is assumed based on the US EPA AP-42
database35 values for the technologies in that conﬁguration.
Such conﬁguration components include low-NOx boilers, ﬂue
gas desulfurization (FGD), selective catalytic reduction devices,
and baghouses (see SI for full list). All new power plants for
which information on particulate control technology is not
available are still assumed to install an ESP (described above).
In countries with lenient emission standards for new power
plants such as Indonesia and Myanmar, these minimum
emission control performance assumptions likely lead to
conservative emission estimates from new plants and therefore
a possible underestimate of future coal pollution and health
impacts in these countries. On the other hand, our 2030
estimates represent a “Business As Usual” scenario where we do
not account for possible future improvements in the extent or
type of emission control technologies.
Coal-ﬁred power plant emissions of SO2, NOx, and PM2.5 for
each country in 2011 and 2030 are listed in Table 1. National
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1000 people per year). Death rates can be calculated for all
causes of death (“all-cause”) or for individual causes (“causespeciﬁc”). We use cause-speciﬁc death rates because this
approach is thought to incur lower errors when applying
concentration response factors (discussed below) based on
cohort studies done in the U.S.47 We include stroke, ischemic
heart disease (IHD), other cardiovascular disease, lung and
throat cancer, chronic obstructive pulmonary disease (COPD),
lower respiratory infections (LRI), and other respiratory
diseases as independent causes of premature death due to
PM2.5 pollution. We only include ozone-related deaths related
to respiratory diseases. For our 2011 mortality calculations, we
use national cause-speciﬁc baseline death rates for 2012 from
the World Health Organization49 (http://www.who.int/
healthinfo/global_burden_disease/en/). Death rates for the
2030 health calculations are discussed in the “Future Health
Impact Projections” section below.
Relating a change in pollutant concentration to premature
mortality requires concentration response factors, or CRFs,
empirically derived from long-term cohort studies. Annual
average PM2.5 concentration is the standard metric for assessing
health eﬀects from chronic PM2.5 exposure.50,51 For ozone, we
use the average daily maximum 1 h ozone concentration during
the seasonal 6-month window of peak ozone exposure.52
To quantify the burden of disease from coal pollution in each
country, we ﬁrst calculate the population-weighted exposure by
multiplying the population distribution from CIESIN with the
annual coal-related increases in annual mean PM2.5 or seasonal
maximum 1 h ozone from GEOS-Chem, and dividing by the
national population totals. We then take the cause-speciﬁc
death rates by country and assume the same CRF function
shape used in Anenberg et al.13 to calculate the change in
annual premature mortality ΔM [deaths per year] due to coal
pollution for each cause of death α in each country k:

SO2 emissions for 2011 and 2030 are shown in Figure 1. Total
SO2 emissions from coal in 2011 are 0.84 Tg a−1 for the
countries in Table 1, as compared to 7.7 Tg a−1 in China38 and
∼5 Tg a−1 in India.39 Total NOx emissions are 0.86 Tg a−1 for
the countries in Table 1, compared to 8.3 Tg a−1 in China38
and ∼2 Tg a−1 in India.40 Indonesia is the largest East Asian
source in 2011 outside of China and India.
By 2030, our projections indicate that total SO2 and NOx
emissions for the countries in Table 1 will increase by a factor
of 3, resulting in emissions of 2.6 Tg a−1 each for SO2 and NOx.
Southeast Asia dominates this expansion, with Indonesia and
Vietnam together accounting for 67% of the total increase.
Indonesia is planning 176 new coal plants by 2030, 75 of which
are already under construction, and it has relatively lax emission
standards (SI). Myanmar shows the highest relative increase in
emissions by 2030, becoming the third largest emitter after
contributing almost no emissions in the present day.
Table 1 shows almost no increase in emissions for Japan
between 2011 and 2030. However, 16 GW of additional coalﬁred capacity has been proposed for Japan since our emission
calculations were completed (Kiko Network; http://sekitan.jp/
plant-map/en/v2/table_en). This is more than twice the 6.2
GW of new capacity we assume for Japan in our analysis. This
newly announced capacity will likely result in higher emissions
by 2030 than is represented in our results. Conversely, the
presently operating ﬂeet of Japanese plants is signiﬁcantly older
than for the other countries we consider here. 26% of Japanese
plants operating at the end of 2015 will have exceeded 40 years
of operation by 2030 (compared to the regional average of
8%).42 Up to 11 GW of Japanese ﬂeet capacity could therefore
be retired before 2030.
Various projections to 2030 are available for future coal
emissions from China and India.43,44 The general consensus is
that India emissions will increase while China emissions will
decrease, the latter because of emission controls.38,43 Emissions
in both the U.S. and the European Union are projected to
decrease by ∼70% by 2030.45,46 These reductions, which
assume continued compliance with recent regulations, would
result in total coal emissions of ∼1.5 Tg a−1 each for SO2 and
NOx in the U.S. and ∼1 Tg a−1 each for SO2 and NOx in
Europe. Based on these projections, our results suggest that
coal emissions from Southeast Asia in 2030 could exceed the
sum of emissions in the U.S. and Europe.
Health Impact Assessment. We follow the methods
outlined in Anenberg et al.13 (applied more recently by Fang et
al.47 and Silva et al.48) to estimate premature mortality in adults
(age 30 and older) from coal-related PM2.5 and ozone
pollution. We use for this purpose the population distribution
for 2010 from the Center for International Earth Science
Information Network (CIESIN) (http://beta.sedac.ciesin.
columbia.edu/data/collection/gpw-v4), scaled to match the
national population totals for 2011 from the 2015 Revision of
the United Nations World Population Prospects (http://esa.
un.org/unpd/wpp/). The adjusted CIESIN population data are
regridded from 0.5° × 0.5° horizontal resolution to the GEOSChem resolution of 0.5° × 0.666°. Coal-related pollution in
2011 is calculated as the diﬀerence between the GEOS-Chem
simulation with 2011 emissions for the countries in Table 1 and
the simulation with zero coal emissions for these countries.
Premature deaths attributable to a particular risk factor, in
this case coal-related PM2.5 and ozone, are those occurring in
excess of the baseline death rate (the death rate observed in the
absence of the risk factor of interest, in number of deaths per

ΔMα ,k = y0 (1 − exp−βαΔx k )Pk
α ,k

(3)

where y0 is the cause-speciﬁc baseline death rate (% per year) in
the country, Δx is the population-weighted change in pollutant
concentration in μg m−3 (for PM2.5) or ppb (for ozone), β is
the cause-speciﬁc CRF relating a one-unit change in each
pollutant to the predicted change in premature mortality (see
SI Table S1 for relative risk (RR) values assumed for each cause
of death from the American Cancer Society (ACS) cohort
studies;50,52 see Anenberg et al.13 for the derivation of β from
RR), and P is the total population of the country. We estimate
premature mortality by country rather than by individual model
grid cell because the epidemiological data (i.e., death rates) are
only available at the national level, as are much of population
projection data for 2030 (see Future Health Impact Projections
section). The uncertainty ranges reported are derived using
low, central, and high estimates for each RR value (SI Table
S1). We also tested the sensitivity of our calculations to
imposing high (HCT) and low (LCT) PM2.5 concentration
thresholds above and below which the relationship between
mortality and pollutant concentration becomes less certain.
Following Anenberg et al.,13 we impose a HCT of 50 μg m−3
and a LCT of 5.8 μg m−3 on the gridded GEOS-Chem PM2.5
results before calculating the national population-weighted
PM2.5 averages to estimate mortality. The combined eﬀect of
imposing both thresholds on total estimated mortality was less
than 7% (not shown). We do not impose concentration
thresholds for ozone.
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Future Health Impact Projections. To estimate changes
in premature mortality due to future coal pollution, we follow
the approach outlined above but also account for changes
between 2011 and 2030 in the population size, geographic
distribution, and epidemiological proﬁle. Aside from overall
population growth, many countries in Southeast Asia are
experiencing rapid urbanization, resulting in higher population
densities in polluted areas. The populations are also undergoing
changes in age structure and lifestyle (diet, activity level,
income, etc.) that may inﬂuence vulnerability to disease,
resulting in changes in baseline death rates. Before including
these factors in our mortality estimates, we ﬁrst calculate
national population-weighted pollution totals for 2030 from the
increase in coal pollution from GEOS-Chem, taken as the
diﬀerence between the 2030 and 2011 simulations, and the
geographic population distribution for 2011. These initial 2030
estimates will hereafter be referred to as the “original exposure
estimates”. The future population projections discussed below
are then used to modify the original exposure estimates to
reﬂect the additional inﬂuences of population growth, urbanization, and baseline health status changes on pollution
exposure and associated mortality in 2030.
For changes in population numbers by 2030, we use countrylevel projections of population growth for 2030 from the World
Bank (http://data.worldbank.org/data-catalog/populationprojection-tables). We multiply the original exposure estimates
for each country by the updated population totals for 2030 to
include the inﬂuence of national population growth on future
coal pollution exposure.
We account for the inﬂuence of urbanization by including
World Bank projections of the fraction of the population living
in urban areas in 2030 (http://databank.worldbank.org/data/,
“Health Nutrition and Population Statistics: Population
estimates and projections” database). These projections are
only given at the national level. Following Brauer et al.,53 we
deﬁne urban grid cells in 2011 as those in the CIESIN GPWv4
data with population density greater than 600 people per km2.
We then use the World Bank projections to scale the urban vs
rural fractions of individual countries to estimated 2030 levels.
To estimate the expected changes in baseline cause-speciﬁc
death rates due to changes in health status characteristics in
2030, we used the central (rather than “pessimistic” or
“optimistic”) total death rate projections from the Global
Burden of Disease (GBD) for 2030 updated with the 2013
Global Health Estimates (http://www.who.int/healthinfo/
global_burden_disease/projections/en/).54 The GBD projections for 2030 are not done by country but by various
groupings. Here we use the World Bank Income Groups: low
income, lower middle income, upper middle income, and high
income. Each country is assigned to one of these income
groups based on gross national income per capita (http://data.
worldbank.org/news/new-country-classiﬁcations-2015). We estimate cause-speciﬁc baseline death rates for each country in
2030 by scaling the national 2012 speciﬁc baseline death rates
(described above) based on the relative change of GBD death
rate projections between 2012 and 2030 for the relevant
income category for each country.

Figure 2. Simulated increases (Δ) in surface PM2.5 (μg m−3) and
ozone (ppb) in Southeast Asia due to coal pollution in 2011, and
associated population exposure density (multiplying the concentration
increase by the population density). Coal pollution in 2011 is
determined by the diﬀerence between a simulation with 2011
emissions and a simulation with zero coal emissions for the countries
in Table 1 (emissions in other countries are unchanged). Values for
PM2.5 are annual means and values for ozone are 1 h daily maxima
averaged for the locally determined 6 month high-ozone season. These
metrics are used for the premature mortality calculations as described
in the text.

Table S2). We also show the resulting exposure densities,
computed by multiplying by population density, in order to
illustrate the spatial distribution of pollution exposure across
the region prior to the country-speciﬁc health impact
assessment. Corresponding ﬁgures showing increases from
coal emissions in individual countries are in the SI (Figures
S1−S2). Our PM2.5 calculations assume dry conditions and do
not include condensed water, resulting in conservative PM2.5
mass estimates (e.g., assuming 35% relative humidity increases
inorganic PM2.5 mass by ∼33% compared to dry conditions).
PM2.5 increases are localized over major urban areas and reach
3 μg m−3 over northern Vietnam. Ozone increases are more
spread out but again show peaks of 2−5 ppb over urban areas.
These urban inﬂuences are magniﬁed in the population
exposure density panels, which also show large impacts on
eastern China caused by transboundary transport of pollution
from Southeast Asia. We discuss the inﬂuence on China in
more detail below. While, as we show, the contribution of
Southeast Asian coal plant emissions to regional PM2.5 and
ozone air quality is signiﬁcant, total PM and ozone
concentrations in East and Southeast Asia are also heavily
inﬂuenced by noncoal emission sources such as ﬁres and
biofuels.55 Since we do not examine these other sectors in our
analysis, a direct comparison between observed and modeled
PM and ozone concentrations would have limited utility for
evaluating the coal-related pollutant changes simulated here.
Isolating changes in observed PM and ozone due to Southeast

3. RESULTS AND DISCUSSION
Figure 2 shows the increases (Δ) in annual mean surface PM2.5
and 6-month averaged daily maximum 1 h ozone in 2011 due
to coal emissions for the countries of Table 1 (populationweighted changes in PM2.5 and ozone by country are listed in SI
1471
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ischemic heart disease (6470) and stroke (5970). Mortality is
highest in Indonesia (7480 excess deaths per year) followed by
Vietnam (4250 excess deaths per year). China incurs the third
highest mortality after Indonesia and Vietnam with 3150 excess
deaths per year. All excess deaths estimated for China are due
to transboundary pollution.
By 2030, we project that total regional premature mortality
due to coal pollution will be 63 520 excess deaths from PM2.5
and 6140 from ozone, resulting in a total of 69 660 (40 080−
126 710) excess deaths per year (Figure 4; see SI Figure S4 for
the relative contributions of projected population growth,
urbanization, and baseline health status changes to these
estimates). The highest mortality totals again occur in
Indonesia (24 400 excess deaths per year), Vietnam (19 220
excess deaths per year), and China (8870 excess deaths per
year). Myanmar experiences the fourth-highest mortality in
2030 with 4030 excess deaths per year, reﬂecting the dramatic
increase in emissions projected there (Table 1).
The right panel of Figure 4 shows for each country the
contributions to 2030 premature mortality from domestic and
foreign coal emissions. These were obtained from the national
simulation results with vs without coal emissions for individual
countries. We ﬁnd that more than 80% of coal-related mortality
in individual countries of Southeast Asia is due to domestic
emissions. The exception is Thailand, for which transboundary
pollution from nearby Vietnam is larger than the domestic
source.
Vietnam is the largest transboundary contributor to 2030
mortality in China, mainly inﬂuencing southern China by direct
transport of coal PM2.5. In addition, we see in the right-hand
panel of Figure 3 signiﬁcant population exposure in the densely
populated East China Plain. The increase in PM2.5 there is
mostly driven by PM2.5 pollution transported from South Korea
(SI Figure S1) and by the increase in ozone, speeding up the
rate at which local Chinese SO2 and NOx emissions are
converted to sulfate and nitrate.
Leibensperger et al.57 previously showed that NOx emissions
in the US, Europe, and China cause intercontinental PM2.5
pollution by increasing surface ozone on a hemispheric scale,
leading to faster PM2.5 production in downwind continents
from the oxidation of locally emitted SO2 and NOx, that is, the
same eﬀect that we ﬁnd here on a smaller scale for the East
China Plain (Figure 3). We used the global GEOS-Chem
simulation to examine the inﬂuence of Southeast Asian coal
emissions on other continents but found the eﬀects to be very
small. Maximum annual average intercontinental PM 2.5
enhancements occur over polluted northern Europe but are
less than 0.01 μg m−3. Peak intercontinental increases in
seasonal average daily maximum 1 h surface ozone occur over
other tropical continents but are less than 0.5 ppb. Even when
normalized to the magnitude of NOx emissions, intercontinental inﬂuence from Southeast Asia on surface PM2.5 in the
U.S. and Europe is small compared to that from northern
midlatitude continents57,58 because Southeast Asia is out of the
westerly midlatitude circulation. On the other hand, seasonal
southerly ﬂow from Southeast Asia leads to stronger inﬂuence
on China as shown in Figure 3. Intercontinental inﬂuence from
Southeast Asia on surface pollution in other tropical continents
is weak in part because of strong vertical mixing, limiting
inﬂuence on ozone, and relatively low emissions of SO2 and
NOx in these other continents, limiting oxidant-mediated
inﬂuence on PM2.5.

Asian coal plant emissions would be informative, but also
extremely diﬃcult given the limited coverage of surface
monitoring sites in this region.
Figure 3 shows the same results for 2030. Increases in PM2.5
exceed 11 μg m−3 over Hanoi and reach 5 μg m−3 over Jakarta

Figure 3. Same as Figure 2 but for 2030. Pie charts inset show relative
contributions of diﬀerent aerosol types to regional PM2.5 coal
pollution.

and much of southern Sumatra. Increases in ozone are as high
as 15 ppb over Indonesia and northern Vietnam. Sulfate
contributes 56% of the overall regional increase in PM2.5,
followed by ammonium (18%), nitrate (15%), and primary
particulate emission (11%). From an exposure perspective,
sulfate is somewhat less important (38%) while nitrate is more
important (29%) due to abundant ammonia from croplands
near populated areas, particularly surrounding Hanoi and Ho
Chi Minh City in Vietnam and across much of Sumatra and
Java in Indonesia.
The population-weighted PM2.5 and ozone increases in
Figures 2 and 3, combined with eq 3, allow us to compute the
current and future premature deaths caused by coal emissions.
We estimate 19 880 (11 400−28 400) premature deaths in
2011 from coal combustion in the countries of Table 1, where
the numbers in parentheses indicate the uncertainty bounds of
the estimates derived from the high and low RR values shown
in SI Table S1. Of these 17 940 are due to PM2.5 and 1940 due
to ozone. For comparison, we also estimate premature
mortality for 2011 using values from Burnett et al.56 (SI
Table S3). We do not evaluate the 2030 results following the
Burnett et al.56 approach because in this work we do not project
emissions for other sectors or countries outside of Table 1 to
2030, and the Burnett et al.56 relationships are more sensitive to
baseline pollutant concentrations than the ACS functions.
Figure 4 shows the breakdown by country and by cause of
death (the breakdown shown is for 2030, but percentages for
2011 are almost identical). Most premature deaths are due to
1472

DOI: 10.1021/acs.est.6b03731
Environ. Sci. Technol. 2017, 51, 1467−1476

Article

Environmental Science & Technology

Figure 4. Coal-related mortality due to emissions in Southeast Asia (countries in Table 1). The left panel shows the premature deaths in individual
countries. Premature deaths due to 2011 emissions are shown in blue, and increases between 2011 and projected 2030 emissions are shown in red
(population-normalized results are shown in Table S4). Deaths due to PM2.5 and ozone are shown separately. The fraction of PM2.5-related mortality
by cause is shown in the pie chart as an average for the whole region in 2030 (IHD ≡ ischemic heart disease, COPD ≡ chronic obstructive
pulmonary disease). All ozone-related mortality is from respiratory diseases. The right panel shows the 2030 coal-related mortality in each country
broken down by contributions from domestic and transboundary sources (see SI Figure S5 for the domestic and transboundary contributions in
2011). Source countries responsible for transboundary pollution are identiﬁed in the legend. As computed here, mortality in China and Rest of East
Asia (not included in Table 1) is solely from transboundary pollution. The mortality totals in the right panel are the sums of the contributions from
the national simulations with vs without coal emissions for the individual countries in Table 1; because of chemical and CRF nonlinearities they may
be greater than the mortality totals in the left panels.

assuming dry conditions, possibly underestimating PM2.5 by as
much as 30% and oﬀsetting some of the potential overestimate
incurred by our choice of CRFs. Additionally, while our total
mortality estimates for 2011 are high compared to using the
values from Burnett et al.,56 our estimate for premature
mortality in Indonesia, the country with the most excess deaths
overall, is lower by 20%.
In contrast to the global trend toward cleaner fuel, the future
of power generation in Southeast Asia is currently projected to
rely on coal.9 Our analysis shows that the cost to human health
of this coal-dominated energy trajectory is severe. We estimate
∼20 000 premature deaths every year due to coal pollution
from currently operating power plants in Southeast Asia, with
the largest eﬀects in Indonesia and Vietnam. These numbers
may increase to ∼70 000 excess deaths per year by 2030 if all
currently approved coal plants in Southeast Asia become
operational. Beyond Indonesia and Vietnam, the third greatest
mortality toll from Southeast Asian coal emissions is in China,
where we expect ∼9000 premature deaths annually by 2030.
Coal emissions from power plants in China are presently
declining,2,60 so that rising transboundary pollution inﬂuence
from Southeast Asia will likely become of increasing concern if
no action is taken to avoid emission increases from that region.
In January 2016, the Vietnam government announced plans
to drastically reduce their plans for future coal expansion61
citing both climate and air quality concerns. The air quality
concerns drew from preliminary accounts of our work
presented at news conferences.62 Recognition of the public
health costs of a coal-based future may guide other countries in
Southeast Asia to follow Vietnam’s lead and choose a more
sustainable pathway for meeting their energy needs.

There are several limitations to our analysis. First, our
analysis only includes one year of meteorology and therefore
does not account for interannual variability in meteorological
parameters (e.g., precipitation or temperature) that may aﬀect
pollutant formation and transport. We also do not account for
future changes in climate, which may inﬂuence PM2.5 and
ozone formation over Asia.47 Second, we do not account for
potential changes in total PM and ozone concentrations by
2030 due to noncoal plant emissions (e.g., biofuels or
residential coal) or future emissions in countries outside
Table 1. Because we use a nonlinear CRF function, assuming
diﬀerent background PM and ozone concentrations for 2030
might lead to diﬀerent estimates for premature mortality due to
coal-related pollution, especially in areas with lower background
PM and ozone. Also, our total mortality estimates assume that
the PM2.5- and ozone-related deaths can be added together,
which could lead to double counting if the observed inﬂuences
of PM 2.5 and ozone on premature mortality are not
independent of each other. However, single pollutant assessments may also underestimate the total disease burden by
neglecting the eﬀects of other pollutants that may be present.59
Ultimately our results are not signiﬁcantly sensitive to this
assumption since ozone-related mortality represents less than
10% of our total estimate; including only PM2.5-related
mortality still produces an estimate of 64 000 excess deaths
annually from Southeast Asian coal pollution by 2030. Lastly,
although comparisons vary by cause of death and by country,
our total premature mortality estimates are also almost twice as
high overall for 2011 compared to estimates produced with the
Burnett et al.56 relationship, suggesting that the CRFs we use
may be biased high compared to other approaches. On the
other hand, the PM2.5 estimates we report were calculated
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