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A B S T R A C T

To what extent do the short-term negative externalities of fossil fuel use traverse national borders? Transna-
tional negative externalities are thought to motivate international environmental cooperation, but we often
lack detailed data on their occurrence. Using a Hybrid Single Particle Lagrangian Integrated Trajectory Model
(HYSPLIT), we offer global estimates of the extent of transboundary air pollution from coal-fired power
generation. In an advance of the existing literature, we attribute the air pollution experienced in different
locales to specific coal-fired power plants, allowing us to evaluate the extent to which pollution from the coal
industry is experienced across different jurisdictions. Our results indicate that the issue is most severe in South
Asia and East Asia. When weighting by the population of ‘‘receiving’’ locations, India is found to be the largest
emitter of transboundary air pollution, followed by China. Residents of Bangladesh are found to experience
the most transboundary air pollution by a wide margin.

1. Introduction

Transboundary negative externalities, from greenhouse gas emis-
sions to air and water pollution, play an important role in global
environmental politics (Barrett, 1990). They allow states to ‘‘pass off’’
the polluting byproducts of industrial activity, forcing other govern-
ments to adapt to environmental degradation not of their own do-
ing. International environmental agreements aim to generate mutual
gains from cooperation between sovereign governments on negative
externalities that cross national borders (e.g., Barrett, 2003). In these
agreements, governments agree to control their pollution or resource
use such that each party reaps net gains. Even though each government
incurs a cost from mitigating the problem, the agreement is worthwhile
if collective gains from a cleaner environment are large enough and
the terms of cooperation enforceable. In political science, theoretical
work on the complications stemming from negative externalities is
well developed. But empirical research on its extent, incidence, and
consequence remains limited. In some cases, such as global warming
and ozone depletion, the externalities are truly global and the geo-
graphic location of a source is irrelevant. But in others, such as for
air pollution, the location of the source determines where the negative
externality is experienced. In the case of coal, communities proximate
to or ‘‘down wind’’ from power plants disproportionately bear the costs
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of these externalities. Understanding the incidence of air pollution is
valuable both academically, as it outlines the domains in which inter-
national environmental cooperation would be useful, and for policy, as
it helps governments identify these opportunities for welfare-enhancing
cooperation.

These externalities have attracted particular attention in work on
global warming. Because the environmental consequences of fossil fuel
combustion are widely dispersed, markets fail to accurately price fossil
fuel-intensive activities, leading to excessive greenhouse gas emissions.
For this reason, Stern (2007) terms anthropogenic climate change ‘‘the
greatest and widest-ranging market failure ever seen’’. Yet international
efforts to mitigate climate change have stagnated, partly because the
effects of greenhouse gas emissions take long periods of time to become
apparent (Hovi et al., 2009). As some authors have pointed out, how-
ever, a short-term co-benefit of mitigation—improved air quality—may
lead to the adoption of stronger climate policies (Keohane and Victor,
2016). Frustration with poor air quality may lead to publics placing
pressure on governments to better limit pollution (Alkon and Wang,
2018). Should the consequences for air quality of fossil fuel combustion
cross borders, it may provide an impetus for a renewal of international
climate-relevant cooperation.
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Existing work offers limited information on the extent to which
these consequences actually do cross borders. Though research has
been done on the occurrence of transboundary pollution in particular
regions (e.g., de Leeuw, 2002; Kaldellis et al., 2007), we lack informa-
tion on its occurrence globally. To rectify this, we contribute in this
paper new estimates of the extent and trajectory of transboundary air
pollution from coal-fired power generation. Coal is a leading power
source throughout the world and a major contributor to greenhouse
gas emissions (IEA, 2017; Myhrvold and Caldeira, 2012). It is also
known to generate a number of short-term environmental externalities
that contribute to higher mortality rates and increased occurrences
of other maladies (Chen et al., 2013; Huang et al., 2012). We use
the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)
model (Draxler and Hess, 1998) to describe the dispersion of air pol-
lutants from all coal-fired power plants in the world, weighted by the
size of the emitting plant, the plant’s sulfur dioxide (SO2) emissions,
and the population of the locality experiencing the airborne pollutants.

We find that transboundary air pollution from coal-fired power
generation is a global problem, but one that is most severe in South
Asia and East Asia, areas of both heavy reliance on coal and high levels
of population density. China and India are the two largest emitters
of transboundary air pollution when accounting for the population in
‘‘receiving’’ areas, while the population of Bangladesh suffers the most
from pollutants emitted abroad.

While scholars have examined issues of local and transboundary
pollution, this paper is one of the first to precisely estimate trans-
boundary pollution flows attributable to specific sources (individual
coal-fired power plants). In doing so, this paper provides new infor-
mation on the extent and magnitude of transboundary air pollution,
enabling researchers to explore topics including the effect of incoming
transboundary pollution on attitudes towards the environment and the
political determinants of variation across country dyads in the extent of
cross-border pollution flows. It further provides information on the de-
gree to which the short-term co-benefits of climate change mitigation,
such as improved air quality, would be shared across countries.

2. Transboundary negative externalities in international relations

In international relations, negative transboundary externalities are
produced when activities in one country impose unintended costs on
other countries. This is a particularly salient issue in the domain of
environmental politics, where water or air pollution produced by indus-
trial activity in one country can easily traverse national borders (e.g.,
Cao and Prakash, 2010). Theoretically, transboundary externalities
in this context both require greater international cooperation, as the
recipients of transboundary pollution cannot address these externalities
unilaterally, and make cooperation more difficult, as the producer of
the externalities does not bear their costs and hence lacks a strong moti-
vation to mitigate (Sigman, 2002). Air pollution in fact is an example of
an externality given by Coase (1960) and reiterated by Keohane (1984)
as a problem that belies easy resolution in world politics, at least in the
absence of a well-established international organization.

Work has been done on how countries can overcome these diffi-
culties to address transboundary externalities. Sprinz and Vaahtoranta
(1994) detail, for example, the negotiations leading to the 1985
Helsinki Protocol on transboundary acid rain in Europe, while Mitchell
(1994) considers the institutional design rules that create disincentives
to the production of pollutive externalities. Additionally, substan-
tial work has been done on how international trade might produce
transboundary pollution, and how said transboundary water and air
pollution might impede gains from trade (e.g., Benarroch and Thille,
2001; Cao and Prakash, 2010; Conconi, 2003). But less is known about
the specific origins of transboundary air pollution and its political,
social, and economic effects. Bernauer and Koubi (2009) link demo-
cratic forms of government to improved air quality, drawing on the
traditional claim that democracies are particularly adept at providing

public goods (Bueno de Mesquita et al., 2003). Bernauer and Kuhn
(2010) extend this to the transnational case, examining upstream-
downstream water pollution in Europe. Notably, they find that while
democracy induces cleaner economic activity at home, it does not have
a large effect on transboundary air pollution—incentives for upstream
polluters to free ride on downstream countries remain strong even
among wealthy democracies. Perrin and Bernauer (2010) find similar
results in the context of the Convention on Long-Range Transboundary
Air Pollution: net exporters of pollution were substantially less likely
to ratify than net receivers, suggesting again the presence of strong
free-riding incentives.

Transboundary air pollution from coal, the focus of this study, may
be a particularly difficult issue to resolve. Coal-fired power generation
is closely linked to economic growth in many developing countries,
where there are also significant issues of corruption and weak over-
sight. Recent electrification drives in China, for example, have been
driven by increased reliance on coal-fired power generation (Wolfram
et al., 2012). On the latter point, Cole (2007) ties higher levels of
corruption to more domestic air pollution, in part through an un-
dermining of environmental regulations and enforcement. In India,
which is one of the world’s largest consumers of coal, enforcement of
environmental standards on industrial plants is often weak and plagued
by corruption (Duflo et al., 2013). The implication is that free-riding
incentives may be particularly strong in the case of transboundary
air pollution from coal in developing countries, where coal is seen
as important to fueling economic growth and where enforcement of
pollution standards is often lax.

Issues of air pollution from coal combustion speak to more gen-
eral problems of mitigating climate change. Climate change has been
described as a ‘‘problem of externalities ... on steroids’’, due to the
centrality of transboundary externality issues and concomitant free-
riding incentives (Greenstone and Jack, 2015, 33). Whereas certain
pollutants may only affect relatively limited geographic areas, central
to climate change are ‘‘uniformly mixed’’ pollutants that do damage
around the world, regardless of their initial location.

Coal combustion produces severe localized pollution (e.g., Eben-
stein et al., 2017) and, through the emission of greenhouse gases,
is a key driver of the global greenhouse effect. Transitioning away
from coal is seen as necessary for climate change to be successfully
mitigated (Myhrvold and Caldeira, 2012). This paper probes the pre-
cise extent to which pollutants released from coal combustion travel
geographically and are experienced by foreign populations. By focusing
on transboundary air pollution produced by coal combustion, we offer
insights into how the unique politics around coal power and broader
issues of negative transboundary externalities interact, speaking to
questions around the determinants of national climate policies and the
likelihood of international cooperation on climate change.

This paper additionally offers a substantial methodological contri-
bution. With our use of a HYSPLIT model, grounded in both the location
of a given power plant and the prevailing meteorological conditions
in its vicinity, we are able to provide high-resolution estimates of
the geographic dispersal of pollutants released by specific plants at a
global scale. In an advance over existing literature, this permits us to
obtain precise estimates of the extent to which the short-term negative
externalities of fossil fuel combustion are experienced domestically or
passed off onto other jurisdictions.

3. Transboundary air pollution from coal-fired power generation

Coal-fired power generation is a major source of air pollution. It is
estimated that in 2010, coal-fired power plants generated 2.51 mega-
tons of PM2.5 emissions, accounting for 95% of PM2.5 emissions from
fossil fuel-powered power units. Coal was also estimated to have pro-
duced 77% of SO2 emissions from fossil fuel-burning power plants, 75%
of nitrous oxide emissions, and 73% of carbon dioxide emissions (Tong
et al., 2018).
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There have been prior academic evaluations of transboundary air
pollution. Some scholars have used atmospheric models to simulate
trajectories of air mass and demonstrate the extent of transboundary
air pollution (e.g., Li et al., 2010; Mallik et al., 2013). Other studies
have focused on pollution ‘‘shocks’’ in single locales (e.g., Jeong et al.,
2013). Although there is substantial evidence pointing to the occur-
rence of transboundary air pollution, one persistent challenge has been
in attributing air pollution to specific pollution sources. In the context
of coal, some researchers have exploited unique characteristics of pol-
lutants released by coal (the metallic content) to link transboundary
pollution to coal combustion (e.g., Moreno et al., 2012; Dong et al.,
2017). Yet this work often relies on narrow case studies and cannot
always pinpoint the exact site of coal combustion. We move beyond this
by estimating global flows of pollutants from coal combustion across
specific power plants.

4. Research design

We draw our sample of coal-fired power plants from the 2017 edi-
tion of the Global Coal Plant Tracker, which contains a global database
of coal-fired power plant units with capacities of at least 30 megawatts
(MW). We supplement this with information from the Global Energy
Observatory and SourceWatch, also from 2017. These data include
individual coal plant units’ commissioning dates, statuses (i.e., actively
operating or not), power generation capacities, and precise coordinate
locations, which were verified through several rounds of multi-coder
review. The sample contains 6922 coal plant units operating as of 2017
(see plant map in Appendix A1); coordinates are missing for 512 of
these units (7.4% of the sample).

Though polluting plants are often placed in areas populated by
domestically disadvantaged groups (e.g., Brulle and Pellow, 2006),
we lack indications that countries strategically place their plants near
international borders to direct pollution abroad. Economic and natural
resource constraints are likely of higher priority when building plants.
This is supported by previous studies on how siting decisions are
actually made (Aguilar et al., 2012; Xie et al., 2016).

4.1. Air pollution models and administrative boundaries

We construct estimates of the likely dispersal of individual particles
from each plant in the dataset. A standard number of generic particles is
assumed to be emitted by individual plants. To capture the magnitude
of air pollution flowing across borders, we multiply sums of particles
observed in different countries by a set of weights intended to estimate
the severity of pollution emitted by particular plants. These weights,
discussed in greater detail below, focus on the capacity of a given plant,
the amount of SO2 it emits, and the size of the population that receives
the emitted pollutants.

We estimate a HYSPLIT model based on conditions in 2013 to mea-
sure the trajectories of particles emitted from operating plants (Draxler
and Hess, 1998). We run forward trajectories for each power plant
in our dataset every four days for the entire year of 2013, at four
separate times each day (5:00, 11:00, 17:00, 23:00 UTC). We assume
that the particles have a four-day lifespan. We run the models assuming
the particles are released at an altitude of 100 m. To estimate the
movement of the particles, we use meteorological data from the Global
Data Assimilation System at a 1◦ resolution. The sensitivity of our
results to alternate parameterizations is discussed in Section 5.2.

The HYSPLIT approach allows us to obtain detailed information on
the likely dispersal of pollutants from plants in our sample, thereby
enabling us to ‘‘attribute’’ air pollution experienced in particular lo-
calities to specific sources. This is a substantial step forward for the
social science literature on pollution, which often considers trans-
boundary pollution flows in fairly coarse terms with regard to origin
locations. This application of HYSPLIT modeling expands on recent

work by Kopas et al. (2020), who use such a technique to evaluate the
distribution of domestically generated air pollution in India.

Despite these advantages, there are some limitations to our ap-
proach that are worth noting. First, HYSPLIT models require assump-
tions to be made about the height at which pollutants are released
(e.g., the height of coal plant stacks) and the ‘‘transmission time’’ of
individual particles, or the length of time for which they are able
to travel. In our primary model, we assume constant heights and
transmission times across plants. In a robustness check discussed below,
we test for the sensitivity of our results to changes in these parametric
inputs. We find that our results are largely robust to these alternate
specifications.

Second, our model only considers transboundary pollution from
primary air pollutants, taking no account of secondary pollutant for-
mation or further chemical reactions between pollutants. While we
weight pollution by plants’ emissions of SO2, an important source of
aerosol formation (Kasahara and Takahashi, 1976; Stangl et al., 2019),
we do not directly model the contribution of aerosol formation to
transboundary pollution. The chemical formation of transboundary air
pollution can be better addressed with Eulerian chemical transport
models (CTMs), but running CTMs for a large number of individual
plants is not computationally feasible at this time. Further, pollutant
flows estimated via CTMs may be too coarse to attribute to specific
plants. Under the Task Force of Hemispheric Transport of Air Pollution
(TF-HTAP), a number of CTM studies have been conducted to quantify
the source–receptor relationships of ozone and PM2.5, but these studies
principally quantify the transboundary impacts of total anthropogenic
emissions (West et al., 2009).

To estimate the degree to which transboundary air pollution is
experienced by foreign populations, we overlay particle trajectory es-
timates onto high-resolution gridded population data provided by the
Center for International Earth Science Information Network (CIESIN,
2017). We use the latest available population data from 2010 at a
2.5-minute grid resolution. In supplementary tests, we scale these cell-
level population figures according to the national population of the
receiving country, which allows for an assessment of the proportion of a
country’s population that experiences transnational pollution. Data for
these analyses are gathered from the World Bank’s World Development
Indicators dataset for the year of 2010.

4.2. Country characteristics

To calculate the amount of transboundary air pollution emitted by
a particular country, we estimate the amount of pollution released
by each coal-fired power plant present within its borders. To do this,
we record the number of particles released by a given plant that
are ‘‘observed’’ in other countries (excluding particles observed over
oceans), as estimated by our HYSPLIT model. We then multiply each
particle by weights that capture the full operating capacity of the plant,
its SO2 emissions intensity (ratio of SO2 emissions to capacity), and the
population of the receiving grid cell (using the aforementioned CIESIN
data). The assumption here is that the interaction of a plant’s name-
plate capacity and its SO2 emissions intensities provides an accurate
approximation of the total amount of pollutants released by the plant.

We include the SO2 intensity weight to capture variation across
plants in emissions owing, for example, to different pollution control
technologies that may be in place. We gather this SO2 emissions infor-
mation from the Global Power Emissions Database (Tong et al., 2018),
which includes plant-specific data on SO2 emissions as of 2010. We link
plants in this database to those in our own dataset via a combination of
automated and manual matching according to plant name and country.
In cases where a match between the two datasets cannot be made, we
use country-level averages to approximate a plant’s emissions intensity
(i.e., the mean ratio of SO2 emissions to capacity across all coal-fired
power plants in a country). Additional details on this weighting process
are provided in Appendix A2.
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Following this, we sum these weighted values for each coal plant
in a given country to calculate the total amount of transboundary pol-
lution emitted by that country. We additionally compare these values
to the amount of air pollution from coal-fired power plants that is
experienced domestically, which allows for an analysis of the extent to
which countries internalize or pass off the pollution costs of industrial
coal combustion. On the receiving end, to measure countries’ exposure
to transboundary air pollution, we sum the number of particles emitted
by foreign plants observed in a given country, with each particle
multiplied by the plant-level capacity, SO2, and population weights.
We further calculate the ratio of transboundary pollution to domestic
air pollution from coal-fired plants, which provides an estimate of the
degree to which foreign coal combustion is responsible for individuals’
experienced air quality relative to domestic coal combustion.

Summary statistics are available in Appendix A3. In Appendices
A7 and A8, we test for whether the age of a given plant and the
political-economic profile of an emitting country predicts the amount
of transboundary pollution released; we find weak associations in both
cases.

5. Results

Analysis of estimated transboundary pollution flows reveals heavy
right skews to the distributions of pollution emitters and receivers.
India, notably, produces far more weighted transboundary air pollu-
tion than any other country. It emits roughly 7.6 standard deviations
more transboundary pollution than the mean coal-producing country;
about four times as much as China, the second-largest emitter of
weighted transboundary pollution; and nearly ten times more than
Turkey, the third-largest emitter. Among receivers of transboundary
pollution, Bangladesh experiences the most transboundary air pollution
by a wide margin owing to its proximity to Indian coal plants. Its
weighted transboundary pollution load that exceeds that of the mean
country by 13 standard deviations and is nearly four times heavier than
the pollution load experienced in Pakistan, the second-largest recipient.
Transboundary air pollution appears to be most severe in South and
East Asia more generally. The United States emits a notable amount of
transboundary pollution, primarily received by Canada, as do various
European countries. Interestingly, the Nordic countries, which led the
push for the 1985 Helsinki Protocol on transboundary pollution (Sprinz
and Vaahtoranta, 1994), are estimated to receive relatively low levels
of transboundary pollution today. These results are described in Table 1
and depicted graphically in Fig. 1.

We further evaluate pollution flows while adjusting cell-level pop-
ulation figures for national populations. As depicted in Fig. 2, South
Africa is the largest emitter of transboundary pollution when account-
ing for the total size of receiving country populations, principally due to
its neighbor Swaziland, which is recorded as by far the largest recipient
of transboundary pollution in this alternative weighting scheme.

We additionally calculate the ratio of domestic to foreign and
foreign to domestic pollution for each country. As a relatively iso-
lated country, Australia experiences the highest proportion of domestic
pollution relative to foreign pollution, followed by Chile. Bangladesh
experiences the most foreign pollution relative to domestic pollution,
followed by Sweden, Pakistan, and Argentina.

Lists of countries by the ratios of domestic to foreign pollution and
foreign to domestic pollution are included in Table 1, along with lists of
the largest emitters and recipients and the list of most polluted country
dyads. Notably, India or China is the emitter in eight of the ten country
dyads in which transboundary air pollution is most severe. Bangladesh
and Pakistan are the primary recipients of pollution from India, while
Vietnam and South Korea bear the brunt of Chinese pollution. The
amount of pollution sent from India to Bangladesh is particularly
noteworthy—it exceeds the mean pollution exchanged between a coun-
try dyad by 45 standard deviations and is roughly eleven times more
severe than pollution emitted across the largest non-India dyad (China

to Vietnam). The pollution data used to calculate these rankings include
the capacity, SO2, and population weights described previously (they
exclude adjustments for national populations).

Table 2 presents lists of the largest emitters, receivers, and coun-
try dyads when adjusting for the national population of a receiving
country. As noted above, South Africa is the largest emitter and Swazi-
land the largest recipient of transboundary pollution when accounting
for national population size, though they are immediately followed
by India and Bangladesh, respectively. Given that it is one of the
most populous countries in the world, the high ranking of Bangladesh
in this scheme is striking and further underscores the severity of
transboundary pollution experienced in the country.

These findings are summarized in Fig. 3, which depicts total pol-
lution emitted and received by country across both domestic and
foreign plants. Without adjusting for national populations, our model
estimates that India produces just over 50% more pollution through
coal combustion (both domestic and transboundary) than China and
over 60 times as much as the United States.

Residents of India additionally receive about a third more pollution
from coal combustion than people in China. In both India and China,
it is notable that a vast majority of the pollution emitted is experi-
enced domestically; relatively little is passed off onto nearby countries.
Pollution elsewhere in South and Southeast Asia largely originates
abroad, however, particularly in Bangladesh, Pakistan, and Vietnam.
This indicates that while emissions of transboundary pollution are
comparatively minor in India and China, they are practically significant
for other countries in the region.

5.1. Seasonality and sensitivity tests

Results for pollution loads emitted and received use data aggregated
by year. However, meteorological conditions shift within years, sug-
gesting that there may be seasonal variation in transboundary pollution
flows (Keating et al., 2010). To assess this possibility, we select five
plants responsible for emitting large amounts of air pollution and
rerun the HYSPLIT model for each of the four seasons in 2013. These
include three plants in India (the Kahalgaon Super Thermal Power
Plant, Farakka Super Thermal Power Station, and Talwandi Sabo Power
Project), as well as one in Vietnam (the Mong Duong power station) and
one in Taiwan (the Taichung power station). The results are presented
in Appendix A4.

The Kahalgaon Super Thermal Power Plant appears to generate the
most transboundary pollution in the winter and spring, a pattern also
apparent for the other three Indian plants. Tests for the Taichung power
station in Taiwan show different transboundary patterns over the four
seasons, however. In winter and fall, air pollutants are more likely
to be transported to Vietnam, Cambodia, and elsewhere in Southeast
Asia; in the spring, some pollution is diverted to mainland China; in
the summer, most pollution heads northward to China and the Korean
peninsula. This seasonal variation appears unlikely to significantly
affect the general tenor of the our main country-level results, but might
be probed in further detail in future work.

As an additional robustness check, we consider the sensitivity of
our results to different parameter assumptions, which are required for
HYSPLIT models. To assess the severity of these issues, we alter two
parameters within the HYSPLIT model: the height of a plant’s stack
(10 meters and 200 m, versus a default of 100 m) and the ‘‘run time’’
for which simulated particles are permitted to travel (72 h and 120 h,
versus a default of 96 h). These results are presented in Appendix A5.

Altering the altitude at which pollution is emitted (stack height)
does not appear to have a notable effect on particle trajectories. This
suggests that our results are valid despite assuming equivalent stack
heights across all plants in the sample. Shifting stack heights from 100
meters to 10 or 200 meters amounts to a fairly rigorous robustness test,
adding to our confidence in our results.
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Fig. 1. The amount of transboundary air pollution emitted and received. Estimates of transboundary air pollution loads are weighted by the capacity and SO2 emissions intensity
of the emitting plant and the population of the receiving locality.

Fig. 2. The amount of transboundary air pollution emitted and received. Estimates of transboundary air pollution loads are weighted by the capacity and SO2 emissions intensity
of the emitting plant and the population of the receiving locality, scaled by the national population of the receiving country.

Table 1
Lists of the largest countries by transboundary pollution emitted and received, the largest countries by the ratio of domestic pollution experienced to foreign pollution experienced
and vice versa, and the largest country dyads by the amount of transboundary air pollution emitted and received. Standardized pollution loads are in parentheses. All calculations
of transboundary air pollution loads are weighted by the capacity and SO2 emissions intensity of the emitting plant and linearly scaled according to population of the receiving
locality.

Rank Emitter Receiver Domestic:Foreign Foreign:Domestic Dyad

1 India (7.584) Bangladesh (12.963) Australia (8666) Bangladesh (701) India - Bangladesh (45)
2 China (1.919) Pakistan (3.265) Chile (7750) Sweden (649) India - Pakistan (12)
3 Turkey (0.791) China (1.986) India (2575) Pakistan (510) China - Vietnam (4)
4 Ukraine (0.136) Vietnam (1.541) Colombia (1181) Argentina (469) China - South Korea (3)
5 Thailand (0.114) South Korea (0.75) United States (276) Myanmar (82) India - China (3)
6 Bulgaria (0.061) Nepal (0.655) South Africa (272) Austria (72) India - Nepal (3)
7 United States (0.027) Russia (0.574) Brazil (155) Cambodia (39) China - North Korea (2)
8 Vietnam (0.015) Egypt (0.552) Guatemala (93) Croatia (37) Turkey - Iraq (2)
9 Poland (−0.011) North Korea (0.537) Morocco (54) Canada (29) China - Japan (2)

10 South Africa (−0.032) Japan (0.482) China (49) Hungary (24) Turkey - Egypt (2)

Table 2
Lists of the largest countries by transboundary pollution emitted and received and the largest country dyads by the amount of transboundary
air pollution emitted and received. Standardized pollution loads are in parentheses. All calculations of transboundary air pollution loads are
weighted by the capacity and SO2 emissions intensity of the emitting plant and linearly scaled according to population of the receiving locality.
Calculations include adjustments for national populations of receiving countries.
Rank Emitter Receiver Dyad

1 South Africa (4.88) Swaziland (10.85) South Africa - Swaziland (39)
2 India (3.58) Bangladesh (4.78) India - Bangladesh (18)
3 Turkey (3.5) Cyprus (1.52) India - Nepal (6)
4 China (2.51) Serbia (1.51) Turkey - Cyprus (6)
5 Bulgaria (0.89) Macedonia (1.46) China - North Korea (5)
6 Ukraine (0.59) Nepal (1.41) China - Hong Kong (5)
7 Serbia (0.58) North Korea (1.31) India - Bhutan (4)
8 Poland (0.55) Hong Kong (1.27) India - Pakistan (4)
9 Bosnia and Herzegovina (0.48) Palestine (1.14) Turkey - Iraq (4)

10 Greece (0.35) Moldova (1.03) China - South Korea (4)
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Fig. 3. Pollution emitted (top row) and received (bottom) by country, weighted by plant capacity, SO2 emissions intensity, and receiving population. Plots on the right adjust for
the national populations of receiving countries. Gray bars indicate pollution emitted and experienced domestically. Red bars indicate pollution released overseas. Values atop each
bar indicate total pollution loads experienced by each country (standardized). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Changing the run time for emitted particles does have a noticeable
effect. As would be expected, a longer run time produces substantially
wider particle dispersions, which in turn increase estimated amounts
of transboundary air pollution. Nevertheless, the general directions of
emitted particles appear largely similar across these alternate tests and
the increased dispersion of particles is consistent across plants. This
underscores the robustness of our main results.

5.2. Alternative atmospheric models

Though the HYSPLIT model allows us to simulate the trajectories
of air pollutants according to meteorological conditions, it does not
account for the chemical and physical conversion of pollutants. As
we note above, given our focus on the transboundary proportion of
pollutant loads at a global scale, it is not feasible to estimate more
computationally intensive CTMs for each plant in our dataset. As an
alternative, we make use of data generated by the Task Force on Hemi-
spheric Transport of Air Pollution (TF-HTAP), which has conducted

multiple simulations to estimate transboundary flows of emissions from
industrial activity that take into account these additional complexi-
ties of airborne pollutant flows. As a validation check, we compare
these HTAP data to the pollutant trajectories estimated through our
plant-specific HYSPLIT model; as discussed below, our HYSPLIT results
appear similar to the HTAP results.

We obtain HTAP Phase II simulations from the Aerosol Comparisons
between Observations and Models Database (AeroCom). Simulations
from multiple models are available (Galmarini et al., 2017); we em-
ploy data from the GEOS-Chem Adjoint Model given its assessment
of changes in pollution levels resulting from particular economic sec-
tors (Henze et al., 2007). With regional ‘‘perturbation’’ simulations for
power and industrial sectors, this model enables us to evaluate the role
of power plant emissions in determining nearby air quality.

The resolution of GEOS-Chem Adjoint Model is 2◦ ×2.5◦. We obtain
monthly average fields of near-surface SO2. Given the importance of
Indian and Chinese plants to our main results, we focus on model



Journal of Environmental Management 270 (2020) 110862

7

X. Du et al.

Fig. 4. The top two figures depict the changes in near surface SO2 (ppbv) concentration resulting from 20% emissions reductions from power plants and industries over East Asia
(left) and South Asia (right) estimated from GEOS-Chem adjoint simulations available from the HTAP Phase II. The bottom two figures depict pollution received in given grid cells
(SO2 weighted load) according to our HYSPLIT estimations.

outputs from the global base (BASE) simulation and two counterfactual
perturbation simulations that reduce emissions from power plants and
industry by 20% in South Asia (SASPIN) and East Asia (EASPIN).

The top two plots in Fig. 4 provide the annual mean SO2 difference
in Asia in the EASPIN and SASPIN models when compared to the BASE
scenario; reducing power and industrial sector emissions by 20%, we
can see that air quality improves substantially, particularly in eastern
areas of China and India. The bottom two plots in Fig. 4 compare
these HTAP results to pollution flows estimated through our HYSPLIT
model. To make these results comparable, we limit our HYSPLIT data
to pollutants released from plants in South and East Asia and estimate
pollutant loads received across 2◦ × 2.5◦-resolution grid cells.

These lower two plots show that the pollution estimates produced
by our HYSPLIT model resemble the trajectories from the HTAP sim-
ulations. Comparing estimated pollution loads at the grid cell level,
we find a correlation coefficient of 0.854 for cells in East Asia and a
correlation coefficient of 0.761 for those in South Asia. The similarity of
these results indicate that our HYSPLIT simulation produces an accurate
depiction of pollutant flows originating from coal-fired power plants in
the region.

As a final test, we average HTAP outputs over grid cells within given
countries, allowing us to compare to the country-level figures we find
via the HYSPLIT model. In South Asia, the HTAP simulations indicate
that grid cells in Bangladesh experience the most industrial pollution on
average, which accords with our primary HYSPLIT results. The HTAP
results additionally indicate high levels of pollution experienced within
India and China, which resembles our results as well. Though the HTAP
simulations are not limited to coal-fired power plants, the similarity in
results again suggests that the HYSPLIT modeling approach used in this
paper is valid. Additional details of these tests are available in Appendix
A6.

6. Conclusion

By combining coal-fired power plant data with atmospheric dis-
persion modeling, our work serves as the first attempt to show the
existence, incidence, and consequence of transboundary air pollution

from coal-fired power generation at a global scale. Our results demon-
strate that contributions and exposure to transboundary pollution are
highly uneven across countries and strongly concentrated in South
and East Asia. In our primary model, India is found to be the largest
emitter of transboundary pollution by a wide margin, while its neighbor
Bangladesh is found to receive the most pollution from foreign coal
combustion. In a series of sensitivity tests, we find that our results
are generally robust to different assumptions being made within the
HYSPLIT model. We additionally find that the results from the HYSPLIT
model resemble those produced by more complex and computationally
intensive models.

Our work speaks to several potential avenues for future research.
We rely on estimates of potential pollution flows; improvements in
satellite imaging technology may eventually allow for researchers to
associate ‘‘true’’ or observed pollution flows with specific coal-fired
power plants. We additionally detect some evidence of seasonality
patterns in transboundary pollutant flows that might be investigated
in future work. Furthermore, the capacity weights we use to estimate
pollution burdens are based on the nameplate capacities of emitting
plants. Not all coal-fired power plants operate at full capacity; future
work might probe the effect of accounting for plants’ actual operating
capacity.

Finally, our results address a potential source of renewed interna-
tional cooperation on climate change. Political scientists have theorized
that countries will be likelier to commit to substantial reductions
in greenhouse gas emissions when they generate local, short-term
co-benefits like improved air quality (Keohane and Victor, 2016). Prob-
lems of severe air pollution in places like China and India, owing
to local industrial activity, are well documented (e.g., Roston and
Tartar, 2018) and further indicated by our results. The magnitude of
transboundary air pollution that we document here for China, India,
and their neighbors may add to the international pressure placed on
major coal-producing countries to adopt stricter pollution measures for
coal-fired power plants. There are important caveats to this, however.
First, while implementing stricter emissions control technologies may
partly relieve the issues of local and regional pollution highlighted here,
such ‘‘end-of-pipe’’ control measures have the side effect of increasing
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electricity usage and intensifying greenhouse gas emissions (Zhao et al.,
2017). This suggests that while the transboundary pollution flows we
estimate may provide openings for international collaboration, the
efforts of pollution-receiving localities may not always be compatible
with global climate goals. Second, we find that the vast majority of
air pollution from coal combustion in India and China is experienced
domestically. This suggests that while these countries may be pressured
by their neighbors to limit coal use, the strongest impetus for action
may emerge from within their own borders.
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