
B
urden of D

isease Attributable to M
ajor Air Pollution Sources in India

Jan
uary 2018

s
p

e
c

ia
l

 R
e

p
o

R
t

 2
1 H E A L T H

E F F E CTS
INSTITUTE

s p e c i a l  R e p o R t  21

75 Federal Street, Suite 1400

Boston, MA  02110, USA

+1-617-488-2300 

www.healtheffects.org

s p e c i a l
R e p o R t 
2 1 

H E A L T H
E F F E CTS
INSTITUTE

January 2018

Burden of Disease Attributable  
to Major Air Pollution
Sources in India

GBD MAPS Working Group

January 2018





Burden of Disease Attributable to Major 
Air Pollution Sources in India

GBD MAPS Working Group

  

Special Report 21

Health Effects Institute 
Boston, Massachusetts

Trusted Science · Cleaner Air · Better Health



Publishing history: This document was posted at www.healtheffects.org in January 2018.

Citation for document:

GBD MAPS Working Group. 2018. Burden of Disease Attributable to Major Air Pollution 
Sources in India. Special Report 21. Boston, MA:Health Effects Institute.

© 2018 Health Effects Institute, Boston, Mass, U.S.A. Cameographics, Union, Me., Compositor. Library of 
Congress Catalog Number for the HEI Report Series: WA 754 R432.



C O N T E N T S   

About HEI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Contributors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

SUMMARY FOR POLICY MAKERS  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.0 INTRODUCTION  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .13

1.1 Project Rationale and Overview. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .13

1.2 Specific Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .13

1.3 Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .14

2.0 BACKGROUND. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .14

2.1 Air Quality in India . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .14

2.2 Burden of Disease from Air Pollution  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .14

2.2.1 Air Pollution and Health . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .14

2.2.2 Studies of Air Pollution and Health in India . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .15

2.2.3 Integrated Exposure–Response Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .17

2.2.4 Estimation of the Burden of Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .17

Sidebar 1: IER Model for PM2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .18

2.3 Status (2015) of and Trends (2009–2015) in the Burden of Disease 
Attributable to PM2.5 for India . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .20

2.3.1 Burden of Disease Status in 2015 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .20

2.3.2 Trends in Health Burden (2005–2015) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .22

2.4 Air Quality Management in India  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .24

3.0 METHODS FOR ESTIMATING BURDEN OF DISEASE RELATED 
TO MAJOR AIR POLLUTION SOURCES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .26

3.1 Development of Emissions Inventories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .27

Sidebar 2: GEOS-Chem and the High-Resolution Simulation for India . . . . . . . . . . . . . . . .27

3.2 Estimation of Fractional Contributions to PM2.5 from Individual Sources . . . . . . . . . . .30

3.3 Estimation of PM2.5 Concentrations Attributable to Different 
Source Sectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .31

3.4 Estimation of Sector Contributions to Disease Burden . . . . . . . . . . . . . . . . . . . . . . . . . .31

3.5 Estimation of Uncertainty in Attributable Disease Burden . . . . . . . . . . . . . . . . . . . . . . .32



S p e c i a l  R e p o r t  2 1   

4.0 RESULTS: THE CURRENT BURDEN OF DISEASE RELATED TO 
MAJOR AIR POLLUTION SOURCES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .32

4.1 Emissions Estimates for Source Sectors in 2015. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .32

4.1.1 Evaluation of 2015 Emissions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .34

4.2 Spatial Contribution of Major Sources to PM2.5 Concentrations . . . . . . . . . . . . . . . . . .34

4.2.1 Evaluation of GEOS-Chem Model Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . .40

4.3 Estimates of the Population-Weighted PM2.5 Concentrations . . . . . . . . . . . . . . . . . . . .43

4.4 Estimates of the Current Burden of Disease by Sector . . . . . . . . . . . . . . . . . . . . . . . . . .44

5.0 ESTIMATION OF THE FUTURE BURDEN OF DISEASE 
RELATED TO MAJOR AIR POLLUTION SOURCES. . . . . . . . . . . . . . . . . . . . . . . . . .47

5.1 Characterization of Future Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .47

5.2 Estimation of Emissions under Future Scenarios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .47

5.2.1 Growth in Sectoral Activity Demand. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .48

5.2.2 Evolution of Technology Mix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .49

5.2.3 Evolution of Emissions for Future Scenarios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .51

5.2.4 Evaluation of Emissions Projections (2015–2050) . . . . . . . . . . . . . . . . . . . . . . . . . . . .53

5.3 Simulated Future Ambient PM2.5 Concentrations and Sector Contributions 
under Alternative Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .54

5.4 Methods for Estimating Future PM2.5 Concentrations and Disease Burden 
Attributable to Individual Sectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .62

5.5 Future Population-Weighted PM2.5 Concentrations and Contributions 
by Individual Sectors under Alternative Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . .63

5.6 Estimates of Future Disease Burden Attributable to Individual Sectors. . . . . . . . . . . . .64

6.0 SUMMARY AND CONCLUSIONS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .69

6.1 Current and Future Exposure and Burden . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .70

6.2 Key Role of Rural Exposures in Burden Estimates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .70

6.3 Current and Future Burdens from Specific Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . .71

6.3.1 Residential Biomass and Open Burning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .71

6.3.2 The Growing Importance of Coal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .71

6.3.3 Transportation, Brick Kilns, and Distributed Diesel  . . . . . . . . . . . . . . . . . . . . . . . . . . .71

6.3.4 Anthropogenic and Windblown Dusts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .72

6.4 Comparison with Other Estimates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .72

6.5 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .73

7.0 ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .74



S p e c i a l  R e p o r t  2 1   

8.0 REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .74

9.0 MATERIALS AVAILABLE ON THE HEI WEBSITE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .84

Abbreviations and Other Terms  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .85

Related HEI Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .87

HEI Board, Committees, and Staff  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .89





A B O U T  H E I

 vii

The Health Effects Institute is a nonprofit corporation chartered in 1980 as an independent 
research organization to provide high-quality, impartial, and relevant science on the effects of air 
pollution on health. To accomplish its mission, the institute

• Identifies the highest-priority areas for health effects research;

• Competitively funds and oversees research projects;

• Provides intensive independent review of HEI-supported studies and related 
research;

• Integrates HEI’s research results with those of other institutions into broader 
evaluations; and

• Communicates the results of HEI’s research and analyses to public and private 
decision makers.

HEI typically receives balanced funding from the U.S. Environmental Protection Agency and the 
worldwide motor vehicle industry. Frequently, other public and private organizations in the 
United States and around the world also support major projects or research programs; the 
William and Flora Hewlett Foundation and the Oak Foundation contributed the primary support 
for GBD MAPS. HEI has funded more than 330 research projects in North America, Europe, 
Asia, and Latin America, the results of which have informed decisions regarding carbon 
monoxide, air toxics, nitrogen oxides, diesel exhaust, ozone, particulate matter, and other 
pollutants. These results have appeared in more than 260 comprehensive reports published by 
HEI, as well as in more than 1,000 articles in the peer-reviewed literature. 

HEI’s independent Board of Directors consists of leaders in science and policy who are 
committed to fostering the public–private partnership that is central to the organization. For this 
report, a GBD MAPS International Steering Committee was appointed to provide high-level 
advice to and oversight of the GBD MAPS Working Group. In addition, the draft final report was 
reviewed by independent external peer reviewers from India and other countries, who were 
selected by HEI for their expertise. A draft final version of this report was also reviewed by 
experts on the GBD MAPS Steering Committee. 

All project results are widely disseminated through HEI’s website (www.healtheffects.org), 
printed reports, newsletters and other publications, annual conferences, and presentations to 
legislative bodies and public agencies. 
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Burden of Disease Attributable to Major Air Pollution 
Sources in India

 THE AIR POLLUTION CHALLENGE

India has some of the highest levels of outdoor
air pollution in the world. The most comprehen-
sive air pollution estimates available from both

satellite and Indian ground-level measurements of
fine particulate matter (PM2.5*) indicate that
99.9% of the Indian population is estimated to live
in areas where the World Health Organization
(WHO) Air Quality Guideline of 10 µg/m3 for

This document was made possible, in part, through support pro-
vided by the William and Flora Hewlett Foundation and the
Oak Foundation. The contents of this document have not been
reviewed by these or other institutions, including those that sup-
port the Health Effects Institute; therefore, it may not reflect the

views or policies of these parties, and no endorsement by them
should be inferred.

*A list of abbreviations and other terms appears at the end of this
volume.

What This Study Adds
• This report provides the first comprehensive 

assessment of the current and predicted 
burdens of disease attributable to major 
sources of air pollution in India. 

• In 2015, particulate matter (PM) air pollution 
from several major sources was responsible 
for approximately 1.1 million deaths, or 
10.6% of the total number of deaths in India. 
Combustion sources are among the leading 
contributors:
° Residential biomass burning is the largest 

individual contributor to the burden of 
disease in India. Residential biomass burn-
ing was responsible for 267,700 deaths, or 
nearly 25% of the deaths attributable to 
PM2.5, making it the most important single 
anthropogenic source related to mortality in 
2015. These burden estimates do not include 
the considerable additional burden from 
indoor exposure to biomass burning.

° Coal combustion and open burning also 
contribute substantially to disease bur-
den. Coal combustion, roughly evenly split 
between industrial sources and thermal 
power plants, was responsible for 169,300 
deaths (15.5%) in 2015. The open burning of 
agricultural residue was responsible for 
66,200 (6.1%) PM2.5-attributable deaths.

° Transport, distributed diesel, and brick 
production are also important contribu-
tors to PM2.5-attributable disease burden. 
In 2015, transportation contributed 23,100 
deaths, distributed diesel contributed 20,400 
deaths, and brick production contributed 
24,100 deaths.

• If no action is taken, population exposures to 
PM2.5 are likely to increase by more than 40% 
by 2050. Three different energy efficiency and air 
pollution control pathways (scenarios) were 
evaluated. In the reference scenario (REF), in 
which little additional action is taken, exposures 
increase from 74 µg/m3 in 2015 to 106 µg/m3 in 
2050. Exposure levels are kept close to 2015 levels 
under an ambitious S2 scenario. Only under the 
most active reductions envisioned in the 
aspirational S3 scenario are exposures projected 
to be reduced in a major way — by nearly 35% 
from 2015 to 2050, reaching about 48 µg/m3.

• If no action is taken, the future burden of 
disease from all sources will grow substantially 
by 2050. The burden of disease is expected to 
grow in the future, as the population ages and 
grows and leaves more people susceptible to air 
pollution, despite the projected exposure 
decreases in the S2 and S3 scenarios. Compared 
with nearly 1.1 million deaths in 2015, deaths 
attributable to ambient PM2.5 are projected to 
rise to 3.6 million with no action. 

• Aggressive action could avoid nearly 
1.2 million deaths; all major sectors will need 
to achieve reductions in air pollution to 
reduce disease burden. The Indian government 
has begun taking actions to improve air quality. 
This analysis demonstrates that aggressive 
actions under the S3 scenario could avoid nearly 
1.2 million deaths in 2050 compared with the 
REF scenario. That will be especially true for 
actions to reduce exposure from residential 
biomass combustion, coal burning, and dusts 
related to human activities. 
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PM2.5 was exceeded in 2015. Nearly 90% of people live in
areas exceeding the WHO Interim Target-1 (35 µg/m3). Sim-
ilarly, the population in most Indian states (21) and minor
territories (6) was exposed to PM2.5 levels above the Indian
annual standard of 40 µg/m3 in 2015. Summary Figure 1
shows that, although the air pollution levels experienced
by the Indian population can vary substantially depending
on where people live, these levels are unusually high com-
pared with WHO guidelines and Indian standards. 

Trends in outdoor air pollution levels are not promising.
Air pollution estimates indicate that, in the last 25 years,
average exposure for India increased from about 60 µg/m3

in 1990 to 74 µg/m3 in 2015 — a level more than double the
WHO Interim Target-1 and more than seven times higher
than the WHO Air Quality Guideline (see related map at

the State of Global Air website, www.stateofglobal
air.org/air). The steepest increases have occurred in the last
10 years. The Indian government has begun to take action
to improve air quality by addressing emissions from vehi-
cles, thermal power plants, and household energy use,
among other sources (see full report for details), but signif-
icant challenges remain. 

THE EVIDENCE ON AIR POLLUTION AND 
HUMAN HEALTH IN INDIA

Exposure to air pollution has serious consequences for
human health. A recent authoritative report of the Steering
Committee on Air Pollution and Health-Related Issues of
the Indian Ministry of Health and Family Welfare reviewed

Summary Figure 1. Population-weighted state-level mean PM2.5 concentrations in 2015 across India. These state-level means are created by aggregating up
from the 11-by-11-km-grid population and ambient PM2.5 concentration data developed for GBD 2015 (see text for details).

www.stateofglobalair.org/air
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Summary for Policy Makers

current evidence on the health effects of exposure to
ambient and household air pollution and noted the “…
long history and substantive volume of studies in India
that have examined the health effects of ambient and
household air pollution,” pointing out the “… compara-
bility of available study results to the global pool of evi-
dence …” (MoHFW [Ministry of Health and Family Welfare]
2015). The report bases its assessment on the growing body
of Indian studies on the adverse effects of air pollution
whose results are consistent with studies conducted else-
where in Asia and with systematic scientific reviews of the
worldwide literature by national governments and interna-
tional agencies. 

This report focuses on PM2.5 as the primary indicator of
air pollution. A substantial body of evidence links PM2.5 to
many adverse health effects, including diminished lung
function, acute and chronic respiratory symptoms (such as
asthma and cough and wheeze), and increased risk of mor-
tality from non-communicable diseases such as chronic
obstructive pulmonary (lung) disease, heart disease,
stroke, and lung cancer, and from lower-respiratory infec-
tions in children and adults.

ESTIMATING THE HEALTH BURDEN 
ATTRIBUTABLE TO AIR POLLUTION:
THE GBD PROJECT

Population exposure to air pollution places a substantial
burden on public health and on society. The burden on
public health is measured by the Global Burden of Dis-
eases, Injuries, and Risk Factors project (GBD), which is
the largest and most comprehensive effort to measure epi-
demiological levels and trends worldwide (www.health
data.org/gbd). The 2015 update of the GBD involved more
than 1,800 collaborators (including 229 Indian experts)
from more than 120 countries and 3 territories. GBD 2015
estimated the burden of disease attributable to 79 risk fac-
tors — that is, behavioral, environmental (including
ambient and household air pollution), and diet-related
metabolic factors that can affect health — in 195 countries
and territories over a 25-year period (1990–2015) (GBD
2015 Risk Factor Collaborators 2016). These estimates are
updated annually, with the 2016 results released in Sep-
tember 2017 and the India-specific 2016 results for all dis-
eases and risk factors published in November 2017
(Dandona et al. 2017; Indian Council of Medical Research,
Public Health Foundation of India, and Institute for Health
Metrics and Evaluation 2017).

 The GBD project measures public health burden in terms
of the numbers of deaths and years of healthy life lost
(DALYs, or disability-adjusted life-years). The burden of

disease attributable to air pollution is estimated from
(1) integrated exposure–response relationships between
air pollution exposure and the increased risk of mortality
from specific diseases using the evidence from a large
peer-reviewed international literature combined with
(2) India-specific data on baseline population rates of each
disease or cause of death and (3) India-specific exposures
to air pollution.

In India, the GBD 2015 study found exposure to outdoor
PM2.5 to be the third leading risk factor contributing to
mortality among the 79 behavioral, environmental, and
metabolic factors that were analyzed; it was responsible
for more than 1 million deaths in 2015, which represent
nearly a quarter of the 4.2 million deaths attributable to
outdoor air pollution worldwide. It also accounted for 29.6
million years of healthy life lost (i.e., DALYs). The number
of deaths attributable to air pollution has been growing
steadily in India over the past 25 years (Summary Figure 2).
This trend is in part attributable to increases in ambient
PM2.5 levels, but also to a growing and aging population
with increasing numbers of people with ailments that are
affected by exposure to air pollution, such as cardiovascular
disease. When this loss of life is translated into economic
terms, the costs are considerable — more than US$225 bil-
lion in lost labor income and US$5.11 trillion in welfare
losses (considered a more comprehensive measure of eco-
nomic losses, beyond just lost income) worldwide in 2013
according to an analysis by the World Bank and the Institute
for Health Metrics and Evaluation (2016). For India alone,
the estimate for lost labor output was US$55 billion and for
welfare losses US$505 billion. 

Summary Figure 2. Total deaths in India (1990–2015) from diseases for
which exposure to PM2.5 is a risk factor. (LRI = lower-respiratory infection,
COPD = chronic obstructive pulmonary disease, IHD = ischemic heart disease,
and LC = lung cancer). Data from the Institute for Health Metrics and Evalua-
tion’s GBD Compare website (http://vizhub.healthdata.org/gbd-compare/)
[accessed 2 February 2017].
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These estimates of burden do not include the addi-
tional effects that air pollution has on society via its
impacts on climate and on the environment. 

ESTIMATING BURDEN OF DISEASE 
ATTRIBUTABLE TO MAJOR AIR POLLUTION 
SOURCES: GBD MAPS 

Understanding the major sources of air pollution and
their relative contributions to PM2.5 exposure and, thereby,
to disease is a critical next step toward implementing sys-
tematic and effective air quality management solutions
and reducing exposures and health impacts. The Global
Burden of Disease from Major Air Pollution Sources (GBD
MAPS) project was designed to improve our under-
standing of these issues. Specifically, its objectives were

• To apply Indian emissions data to estimate ambient 
PM2.5 concentrations and the associated disease bur-
den (defined in terms of numbers of deaths) for the 
baseline year 2015 that were attributable to major air 
pollution sources in India, including residential 
burning of biomass, the burning of coal for industry 
and power generation, open burning of agricultural 
residues, transportation, brick kilns, and dust related 
to industrial and human activities, among others. 

• To estimate future (years 2030 and 2050) ambient 
PM2.5 concentrations and the disease burden attribut-
able to major sources or sectors (hereafter referred to 
simply as “sources”) under three future scenarios. 
The three scenarios were designed to reflect popula-
tion growth, development, energy policy, technology 
changes, and different strategies to address emissions 
from major sources.

GBD MAPS is a multiyear collaboration between the
Health Effects Institute (HEI), the Institute for Health Met-
rics and Evaluation, the India Institute of Technology (IIT)–
Bombay, Tsinghua University, the University of British
Columbia, Sri Ramachandra Medical College and Research
Institute, and other leading academic centers. (A list of GBD
MAPS Working Group members can be found at the front of
this volume.) GBD MAPS builds on its parent project, the
Global Burden of Disease (GBD). The current GBD MAPS
study relies on the 2015 update of the GBD data.

The GBD MAPS analysis involved four main stepwise
components, which are illustrated schematically in Sum-
mary Figure 3. 

In the first step, the GBD MAPS partners at IIT–Bombay
developed detailed emissions inventories for 2015, the base

year of the study. The inventories include primary emis-
sions of sulfur dioxide, nitrogen oxides, PM2.5, black
carbon, organic carbon, ammonia, and non-methane vola-
tile organic hydrocarbons. The emissions were drawn from
a multipollutant database for India, covering the period
1996–2015, that included emissions from the industrial,
transport, power generation, residential, and agricultural
sectors, as well as from the “informal industry” sectors,
which included fuel consumption, process and fugitive
emissions (unintended or irregular emissions that escape
from processes other than through pipes or stacks), and sol-
vent use. The emissions from each sector were estimated at
the sub-state (district) level using official Indian statistics
and specialized reports. The emissions were then projected
forward by IIT–Bombay to 2030 and 2050 under three dif-
ferent energy and policy scenarios that represent a range of
assumptions, based on data from the Government of India
and others, about shifts in population growth, energy
supply and use, technology, and emissions control over
time in each of the major sectors (see Summary Table 1).
These projections are used to help estimate changes in
emissions of PM2.5, its components (black carbon and
organic carbon), and its gaseous precursors (sulfur dioxide,
nitrogen oxides, ammonia, and non-methane volatile
organic compounds). 

With the emissions from step one as inputs, the second
step used the South Asia nested version of GEOS-Chem, a
global chemical transport model, to estimate first the
ambient PM2.5 concentrations from all sources or sectors
and then the fraction of that total attributable to each of sev-
eral major sources (see Summary Table 2). These sources
were chosen given their inclusion in similar national- and
global-level analyses and specific interest in potentially
important sources within India. The simulations were con-
ducted for the baseline year 2015, for 2030 (for total PM2.5
only), and for 2050 under the three scenarios described in
Summary Table 1. 

The third step, illustrated in Summary Figure 3, com-
bined the fractional contributions of each source (step
two) with higher-resolution estimates (defined by approx-
imately 11-km by 11-km grids) of ambient PM2.5 concen-
trations developed for GBD 2015 to calculate the source
contributions to population exposure (referred to as “pop-
ulation-weighted concentrations” of PM2.5) in each grid
cell. The GBD 2015 estimates combine (1) satellite-based
PM2.5 estimates and GEOS-Chem data and (2) annual
average PM measurements (2008–2014). This approach
explicitly incorporated more than 400 Indian surface-
level measurements (25 for PM2.5 and 411 for PM10 [the
larger particulate size fraction that can also be used to
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estimate PM2.5, a size fraction within PM10]) — all the
measurements that were then available. 

The final step in the analysis (see Summary Figure 3)
estimates the source-specific burden of disease in India.
This step couples the source-specific exposures to PM2.5
with the GBD’s integrated exposure–response relation-
ships for specific diseases (ischemic heart disease, stroke,
chronic obstructive pulmonary disease, lung cancer, and
lower-respiratory infections) and with India-specific dis-
ease and mortality rates. This Summary focuses on the
burden from mortality, expressed in terms of the number of
deaths attributable to air pollution. The complete results,
including DALYs, can be found in the full report. The anal-
yses were conducted for 2015 and for 2050 for each of the
three future scenarios taking into account projections of
future population, demographics (e.g., age structure and

rates of illness), and economic activity. For 2030, the dis-
ease burden attributable to ambient PM2.5 in total was also
estimated as an interim analysis. As with the exposure esti-
mates, source-sector–specific contributions to disease
burden were estimated for India as a whole and separately
for urban and rural areas. 

PREPARATION AND PEER REVIEW OF THE GBD MAPS 
REPORT

The draft final report prepared by the GBD MAPS
Working Group was reviewed with regard to methodolog-
ical approach, validity of estimates, and appropriateness of
interpretation by independent external peer reviewers
from India and other countries, who were selected by HEI
for their expertise in different technology sectors and their
emissions, in air quality measurement, in atmospheric

Summary Figure 3. Schematic representation of GBD MAPS methodology for estimating the burden of disease attributable to major sources of air pollu-
tion in India in 2015 and for future scenarios in 2030 and 2050.
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chemistry and modeling, and in health effects assessment.
The list of reviewers can be found in the Contributors list at
the beginning of this report. A draft final version of this
report was also reviewed by experts on the GBD MAPS
Steering Committee. The GBD MAPS Working Group pre-
pared the final report in response to the comments received. 

MAIN FINDINGS

THE SITUATION IN 2015

Sources Related to Human Activities Were Responsible for 
the Largest Proportion of the Population Exposure to 
PM2.5 in India.

 In 2015, the leading contributors to ambient PM2.5 expo-
sure (defined as “annual average population-weighted PM2.5
concentration”) were the sources associated with combus-
tion of biomass and coal and other human activities that gen-
erate dust (Summary Figure 4). The India-wide average
PM2.5 exposure in 2015 was 74.3 µg/m3. Residential biomass

burning contributed nearly 24% of the total (see Table 2 in
the main report); coal combustion was the next largest con-
tributor (with 7.7% from industry and 7.6% from power gen-
eration); and anthropogenic dust (dust related to human
activities, including fugitive dust from roads and fly-ash
from coal burning and waste burning) contributed about 9%.
Also, agricultural burning contributed more than 5%, and
transportation, brick production, and distributed diesel each
contributed about 2%. Windblown mineral dust contrib-
utes to ambient PM2.5 air pollution; however, the extent of
the contribution varies greatly across India, with the most
significant contribution in the northwest region.†

Summary Table 1. Future Scenarios of Energy and 
Emissions Control Policies

REF, or Reference Scenario

Where the sectoral energy demand is met through 
sectoral technology-mix evolution at rates 
corresponding to changes observed during 2005–2015.

S2, or Ambitious Scenario

Assumes that the technology mix will reflect (1) the 
energy-efficiency targets for thermal power and 
industry as desired in India’s INDC; (2) the emissions 
standards in transport as proposed in auto-fuel policy; 
and (3) the emissions controls expected from an influx 
of cleaner technologies in residential, brick 
production, and informal industry sectors.

S3, or Aspirational Scenario

Aimed at more profound energy efficiency targets, 
represented by published high-efficiency–low-carbon-
growth pathways in industrial, electricity-generation, 
and transport sectors; high rates of shifting away from 
traditional biomass technologies (residential and 
informal industry); and including a complete end to 
agricultural field burning.

Note: INDC refers to India’s Intended Nationally Defined Contribution to 
greenhouse gases under the United Nations Framework Convention on 
Climate Change signed in Paris in 2015.

Summary Table 2. Major Sources or Sectors Evaluated

Source or Sector Name /
Subcategories of Sources or Activities Included

• Residential Biomass
Residential cooking, lighting, heating, and water
heating

• Open Burning
Burning of agricultural residue

• Total Coal
Heavy and light industry, electricity generation

• Industrial Coal
Heavy and light industry

• Power Plant Coal
Electricity generation

• Transportation
Private passenger vehicles; public passenger vehicles;
freight including light-duty and heavy-duty diesel 
vehicles; diesel railway locomotives. Shipping not 
included

• Brick Production
Traditional brick kilns (predominantly)

• Distributed Diesel
Agricultural pumps, agricultural tractors, and electric
generator sets

• Anthropogenic Dust
Dust related to human activities — fugitive,
combustion, and industrial production

• Total Dust
Windblown mineral dust and anthropogenic dust

† Note that, although it was not included in the set of sources related to
human activities, windblown dust also arguably results in part from human
activities that contribute to desertification, for example, either directly
through agricultural or forestry practices or indirectly through impacts on
climate.
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Sources of Air Pollution Linked to Human Activity Are 
Also the Largest Overall Contributors to the 2015 Burden 
of Disease in India, and the Rural Population Faces the 
Highest Burdens.

Consistent with their contribution to exposure, sources
associated with human activity contributed to nearly 70%
of all PM2.5-attributable mortality in 2015. Summary
Figure 5 shows that the PM2.5-attributable mortality esti-
mates for India as a whole in 2015 were dominated by the
mortality estimates for the rural population (as defined by
the 2011 Indian Census and indicated by the hatched por-
tion of the bars); that is, about 75% of the deaths in India
occur among the rural population. This result reflects the
fact that a large proportion of the Indian population lives
in rural areas (about two-thirds in 2015) and that there are
differences in mortality rates and age structures in these
populations. Unlike the situation in many other countries,
where urban exposures dominate, this study found that the
PM2.5 exposure levels in rural and urban areas in India
were similar (i.e., both more than 70 µg/m3). 

Residential biomass burning is the largest individual 
contributor to the burden of disease in India. Among all
sources related to human activities, residential biomass
burning was responsible for 267,700 deaths or nearly 25%
of the deaths attributable to PM2.5, making it the most
important single anthropogenic source related to mortality
in 2015. These burden estimates do not include the
additional substantial burden from indoor exposure to bio-
mass burning. 

Coal combustion and open burning are also substantial 
contributors to disease burden. Coal combustion, roughly
evenly split between industrial sources and thermal power
plants, was responsible for 169,300 deaths (15.5%) in
2015. The open burning of agricultural residue was respon-
sible for 66,200 PM2.5-attributable deaths (6.1%). 

Transport, distributed diesel, and brick production are 
also important contributors to disease burden. Com-
pared with other sources in this nationwide analysis,
transportation, brick kilns, and distributed diesel have rel-
atively small percentage impacts on health burden in 2015.
Nonetheless, the numbers of deaths in 2015 attributable to
these sources in this study are substantial: 23,100 for trans-
portation; 20,400 for distributed diesel; and 24,100 for
brick production.

On a national basis, transportation’s contribution to mor-
tality burden was around 2% in both rural and urban areas.
These national-level contributions to exposure and burden
attributable to transportation are relatively low compared
with some produced for city-specific analyses, in part
because the geographic scale of the grid used for the analysis
is relatively larger and less likely to capture detailed varia-
tion in traffic-related exposure within urban areas and near
roads. Transportation and distributed diesel sources typi-
cally operate in closer proximity to populations than do
large stationary sources such as power plants and industrial
facilities; for that reason the approach taken in this analysis
may underestimate actual exposures and the related disease
burden attributable to these sources. Indeed, Indian anal-
yses conducted at finer scales — albeit with their own
uncertainties -— have found transportation to be a more sig-
nificant contributor to exposure in India’s cities.

Summary Figure 4. Contribution by selected sources to average popula-
tion exposure to PM2.5 in India for 2015 (see Table 3 in the main report). 

Summary Figure 5. Contributions (including 95% uncertainty intervals)
by selected sources to mortality burden in India in the baseline year, 2015.
Hatched bars indicate rural population, and solid bars indicate urban popu-
lations.
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LOOKING AHEAD

If No Action Is Taken, Population Exposures to PM2.5 Are 
Likely to Increase Substantially in India by 2050.

As indicated in the introduction, the annual average levels
of exposure to PM2.5 in India are already high relative to
guidelines for air quality set by the WHO and Indian
national air quality standards. The analysis of alternative
future energy and control scenarios shows that choices
made on the actions taken to reduce emissions have impor-
tant implications for reducing both exposure to (see Sum-
mary Figure 6) and disease burden from ambient PM2.5. Not
surprisingly, the scenario with the least aggressive mea-
sures (REF) leads to the largest expected increases in the
mean population-weighted exposures to PM2.5 in both
2030 and in 2050 relative to current levels. Even the S2 sce-
nario, an ambitious scenario that will require major com-
mitments to emissions reductions in the face of continued
economic growth, is projected just to hold PM2.5 to current
levels by 2030, and to a more modest increase (10%) by
2050. Only under the most active reductions envisioned in
the aspirational S3 scenario are exposures projected to be
reduced substantially by 2030 and 2050 compared with
current levels. The 2050 population-weighted mean expo-
sure for the S3 scenario, even excluding any impact from
windblown mineral dust, is estimated to be nearly three
times higher than the WHO Air Quality Guideline.

Summary Figure 7 illustrates the contributions of dif-
ferent sources to PM2.5 under the three future scenarios. It
shows that, in 2050, both the magnitude and relative
importance of different sources would vary substantially by
scenario, reflecting the impacts of the various energy,
policy, and other actions assumed under the three sce-
narios. Although not shown here, the contributions of dif-
ferent sources to PM2.5 can also vary substantially across
India given differences in the location and prominence of
those sources regionally. Details can be found in the full
report.

If No Action Is Taken, the Future Burden of Disease from 
All Sources Will Grow Substantially by 2050; Aggressive 
Action Could Avoid Nearly 1.2 Million Deaths. 

The burden of disease, in terms of the numbers of deaths
attributable to total PM2.5, is substantial and expected to
grow in the future, as the population ages and grows and
leaves more people susceptible to air pollution, despite the
projected exposure decreases in the both the S2 and S3 sce-
narios (Summary Figure 8). Compared with 1.09 million
deaths in 2015, ambient PM2.5 was projected to be respon-
sible for 1.7 million, 1.6 million, and 1.3 million deaths in
2030, rising to 3.6 million, 3.2 million, and 2.5 million

Summary Figure 6. Projected average exposures to PM2.5 from all study
sources in India for 2015 and for the three scenarios in the years 2030 and
2050.

deaths in 2050 for REF, S2, and S3, respectively. Over time,
some of the increases in mortality from 2015 can be ex-
plained by increases in the numbers and susceptibility of
people exposed to air pollution. However, comparison
among scenarios suggests that the number of deaths attrib-
utable to PM2.5 was consistently lower in the more aggres-
sive S2 and S3 scenarios than in the REF scenario. Nearly
100,000 to 400,000 deaths could be avoided in 2030 and as
many as 340,000 to nearly 1.2 million deaths avoided in
2050 if the more aggressive measures described in scenarios
S2 and S3 are implemented. 

Aggressive Action Will Need to Be Taken in All Major 
Sectors. 

Summary Figure 9 breaks down total contributions to
disease burden by source for urban and rural areas in 2015
and in 2050 for all three scenarios. 

Residential biomass burning. Left unaddressed, as it is
under the REF scenario, the burden of disease from the
burning of residential biomass to outdoor air pollution
could grow to more than 500,000 annual deaths in 2050.
There is, however, substantial opportunity to reduce these
exposures and effects, especially through a major shift to
use of cleaner fuels (e.g., liquefied petroleum gas).

Combustion of coal by industries and power plants. In al l
future scenarios, coal combustion is projected to replace res-
idential biomass burning as the leading contributor to burden
in India. Under the REF scenario, its contribution to disease
burden is projected to increase considerably — to nearly
1.3 million annual deaths in 2050. In the REF scenario, this
increase is attributable primarily to coal-fired power
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Summary Figure 7. Source contributions to PM2.5 exposures in India in 2015 and for each of the three scenarios in 2050.

plants; however, in all three scenarios the contributions to
burden from industrial burning of coal are also projected to
increase. In the most aspirational scenario, S3, contribu-
tions from industrial burning of coal will exceed those from
power plants. Aggressive emissions control measures, such
as those incorporated into scenarios S2 and S3 for coal-
burning thermal-power plants and industries, could help
avoid between 400,000 and 850,000 coal-attributable
deaths in 2050.

Transportation, distributed diesel, and brick kilns. 
Although small in this analysis in comparison to other

sources, the impacts of transportation and distributed diesel
sources are projected to increase substantially under all
future scenarios. The increases are attributable both to factors
affecting emissions and to the growth and aging of the popu-
lation, as discussed for other sectors. The relative contribu-
tion of transportation to disease burden was projected to
increase in the S3 scenario in 2050 compared with 2015 (3%
versus 2.1%, respectively), although the number of deaths
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and 2030 and to stabilize (but not decrease) from 2030 to
2050 as emissions reductions from improvements to road
quality are offset by increased vehicle use. Left unchecked,
as in the REF scenario, dust emissions from anthropogenic
activities are projected to be responsible for 743,000 attrib-
utable deaths. These projections from our analysis suggest
that more attention should be directed toward reductions in
anthropogenic dust emissions in particular. 

LIMITATIONS

Although this study has many strengths as the first
detailed national-level analysis of source-sector–related
exposure and burden of disease in India, it has — like any
analysis — some limitations. The analysis necessarily
required a number of decisions and assumptions, which
were based on the best data available to the Working
Group at the time. Some of the decisions may underesti-
mate the true burden attributable to air pollution. For
example, this report focused only on PM2.5 exposures;
however, the GBD project also evaluates the contribution
of ozone exposure to the burden of disease from air pollu-
tion. Although ozone’s contribution has been much
smaller than that of PM2.5, recent research suggests that
exposures to ozone are likely to increase in India in the
future. Other decisions may introduce uncertainties
whose potential magnitude and biases are not yet known;
these include the use of the integrated exposure–response
curves to predict disease-specific burden and the assump-
tion that all airborne particles smaller than 2.5 µm in aero-
dynamic diameter are equally toxic, among others.
Similarly, our projections of pollution under future sce-
narios in 2030 and 2050 are based on a range of assump-
tions about planned initiatives, expected growth and
development, and feasible policies and technology
changes. The extent to which these will be realized or per-
haps replaced by as-yet-unknown disruptive technologies
and trends is unknown. As such, the reference scenario and
the more aspirational S3 scenario are best viewed as
bounding the likely path of changes in emissions in India.
Finally, with the exception of windblown mineral dust, this
report does not address the impact of specific emissions
sources outside India on exposure and disease burden
within India, nor does it estimate the impact of emissions
that originate within India on the health of populations out-
side the country, as some recent analyses have done. 

remained the same. For transportation, the future scenarios
reflect a complex interplay. This analysis assumes decreased
per-vehicle emissions as a result of the implementation of the
more stringent Bharat Stage VI/6 emissions standards. The
improvements in emissions per individual vehicle, however,
will be offset in part by increases in the numbers of vehicles
and in vehicle use. The analysis also assumes changes in
transportation modes, especially in S2 and S3, which
involve, for example, shifts to bus fleets powered by com-
pressed natural gas and electricity in urban areas. The anal-
ysis assumes a continued reliance on diesel in rural areas.

Brick production is projected to have increased impacts on
disease burden under the REF and S2 scenarios. Under the
aspirational scenario, S3, the impacts on mortality remained
at levels similar to those estimated for 2015, reflecting a bal-
ance between the impacts of reductions in emissions and the
impact of demographic trends on mortality. 

Anthropogenic dust. The potential future impacts of an-
thropogenic dust are large. Anthropogenic dust includes fu-
gitive dust and dusts from combustion and industrial
production. Of the total 1.09 million deaths attributable to
PM2.5 in 2015 in India, approximately 99,900 deaths are at-
tributable to dust from anthropogenic activities. In each of
the future scenarios, the increases in population-weighted
dust concentrations and the related burden on health are en-
tirely attributable to changes in the anthropogenic compo-
nent.  For example,  under the REF scenario,  the
anthropogenic component of dust more than tripled from
6.8 µg/m3 in 2015 to 22.2 µg/m3 in 2050. Specifically, road
dust emissions are projected to nearly double between 2015

Summary Figure 8. Total number of deaths (including 95% uncertainty
intervals) attributable to total PM2.5 from all sources in 2015 and for each
of the three scenarios in 2030 and 2050. 
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Summary Figure 9. Source contributions to disease burden (deaths) in urban (solid) and rural (hatched) areas of India in 2015 and in 2050 for each of the
three scenarios. The 95% uncertainty intervals on the combined urban and rural deaths are also presented. (Note that the x-axis scales vary.)
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CONCLUSIONS

The analyses conducted in this study have shown that
multiple air pollution sources contribute to a significant
health burden attributable to ambient PM2.5 air pollution
in India today. They also pose major challenges for air
quality management and for the reduction of air-pollu-
tion–related health burden in the future. As is the case for
all countries that are growing and aging in ways that make
them more susceptible to the effects of air pollution, future
mortality attributable to air pollution in India is expected
to grow even with reduction in air pollution levels. In
India, given expected growth in economic activity and
population, our estimates predict that future exposures to
ambient PM2.5 will increase by 2050 under the REF sce-
nario and even under the ambitious S2 scenario. Reduc-
tions in exposure are projected in 2030 and 2050 only
under S3, the most aspirational air pollution control sce-
nario. When combined with the changes in population
demographics, these exposures are predicted to increase
the number of deaths attributable to air pollution in India
in the future. However, our estimates also indicate that
there are significant opportunities in both urban and rural
India to avoid hundreds of thousands to more than a mil-
lion deaths by 2050 if the emission control measures
described in scenarios S2 and S3 are implemented. The
Indian government has begun to initiate actions to
improve air quality; ultimately, aggressive implementation
of air quality management, such as that simulated for our
aspirational S3 scenario, will be required to lead India to a
reduction of disease burden and protection of public
health from air pollution in the future. 
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1.0 INTRODUCTION

1.1 PROJECT RATIONALE AND OVERVIEW

The systematic analysis for the 2015 Global Burden of
Disease study (2016) estimated that exposure to ambient
fine particulate air pollution (PM2.5*) contributed to 4.2
million deaths globally in 2015, with 65% of those deaths
occurring in China, India, and other developing countries
of Asia. The GBD effort is the largest and most comprehen-
sive to date to measure epidemiological levels and trends
worldwide (www.healthdata.org/gbd). This update of the
study involved more than 1,800 collaborators from more
than 120 countries and 3 territories. GBD 2015 estimated
the burden of disease attributable to 79 risk factors,
including ambient and household air pollution, for 1990–
2015 in 195 countries and territories and at subnational
levels for China, the United States, and several other coun-
tries (GBD 2015 Risk Factor Collaborators 2016). 

Estimating and communicating the burden of disease
attributable to air pollution from major sources are critical
next steps to support the control of both air pollution and
climate-forcing emissions. The GBD analytic framework is
uniquely suited to develop such estimates for coal-burning
and other key emission sources, including, for example,
thermal power plants, transportation, industrial activities,
agricultural burning and residential combustion, all of
which have been found in source apportionment studies to
contribute to high levels of air pollution. The GBD meth-
odology allows estimates of both current burden due to
past exposure and predictions of future burden based on
projected trends in mortality and air pollution emissions
and concentrations at subnational, national, regional, and
global scales. 

The Global Burden of Disease from Major Air Pollution
Sources (GBD MAPS) initiative was designed to estimate
the current and future burdens of disease attributable to am-
bient air pollution from major PM2.5 sources in China and
India using the GBD framework and to disseminate the esti-
mates in order to inform planned policy decisions in these
locales. GBD MAPS is a multiyear collaboration between
the Health Effects Institute (HEI), the Institute for Health
Metrics and Evaluation (IHME), the India Institute of Tech-
nology (IIT) Bombay, Tsinghua University, the University of
British Columbia, and other leading academic centers.

The GBD MAPS China report, titled Burden of Disease
Attributable to Coal-Burning and Other Major Sources of
Air Pollution in China, was published by HEI in 2016 (GBD
MAPS Working Group 2016). In China, coal combustion
was the single largest source of air pollution–related health
impact in 2013, contributing to some 366,000 deaths —
40% of the total number of deaths in 2013 attributable to
PM2.5 pollution. Industry and household combustion were
major contributors as well. Based on an analysis of policy-
relevant future scenarios, the report indicated that health
burdens could grow substantially by 2030 in China if no fur-
ther action is taken, but that aggressive action to reduce
emissions from all major sources could reduce rates of air
pollution–attributable mortality in the future.

The current report describes the objectives, methods,
and results of the GBD MAPS analysis for India. 

1.2 SPECIFIC OBJECTIVES

1. To estimate ambient PM2.5 concentrations and the
associated disease burden attributable to major air
pollution sources in India for the year 2015 from
major source sectors, including coal-burning from
power generation and industry, residential combus-
tion, transportation, and open burning. 

2. To estimate ambient concentrations and disease
burden attributable to major source sectors for the
year 2050 — considering both future mortality projec-
tions and three future emissions scenarios. The sce-
narios were designed to reflect different strategies for
reducing emissions from major sources; they differ
with regard to the contributions of different energy
sources and their prioritization and aggressiveness of
source-specific emission reductions.

This document was made possible, in part, through support provided by the
William and Flora Hewlett Foundation and the Oak Foundation. The con-
tents of this document have not been reviewed by these or other institutions,
including those that support the Health Effects Institute; therefore, it may
not reflect the views or policies of these parties, and no endorsement by
them should be inferred.

Correspondence may be addressed to Dr. Katy Walker, Health Effects Insti-
tute, 75 Federal Street, Suite 1400, Boston, MA 02110, USA; e-mail:
kwalker@healtheffects.org.

* A list of abbreviations and other terms appears at the end of this volume.
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1.3 PROCESS

The GBD MAPS project was begun by HEI in 2014. HEI
selected the Working Group — including experts from
India and China — that designed and conducted the anal-
yses and drafted this report. HEI also recruited an Interna-
tional Steering Committee that advised the Working Group
and reviewed its work. The Working Group initially devel-
oped a detailed analytic plan in consultation with the
International Steering Committee, which in turn reviewed
the choice and design of future emission scenarios used in
this report. Selected preliminary results for India were pre-
sented at the American Association for the Advancement
of Science in February 2016 and the HEI Annual Confer-
ence in Denver in May 2016. 

The draft final report was peer-reviewed with regard to
methodologic approach, validity of estimates, and appro-
priateness of interpretation by independent external
reviewers selected by HEI for their expertise in air quality,
atmospheric chemistry and modeling, and health effects.
The peer reviewers were Dr. Noelle Selin, Massachusetts
Institute of Technology; Dr. Pallavi Pant, University of
Massachusetts; Anup Bandivadekar, International Council
on Clean Transportation; Bhargav Krishna, Public Health
Foundation of India; and Kunal Sharma, Shakti Founda-
tion. A draft final version of this report was also reviewed
by experts on the GBD MAPS Steering Committee. The
Working Group prepared the final report in response to the
comments received.

2.0 BACKGROUND

2.1 AIR QUALITY IN INDIA 

Ambient air pollution has increased in India over the
last 25 years. India has maintained air quality monitoring
stations at a number of locations throughout the country
for several decades. The GBD project estimates current
levels and trends in ambient PM2.5, a major component of
air pollution, by incorporating ground measurements from
these monitors and satellite-based estimates (Brauer et al.
2016). The latest GBD 2015 estimates indicate that the
population-weighted mean PM2.5 concentration for India
as a whole was 74.3 µg/m3 in 2015, up from about
60 µg/m3 in 1990. At current levels, 99.9% of the Indian
population is estimated to live in areas where the World
Health Organization (WHO) Air Quality Guideline of
10 µg/m3 was exceeded. Nearly 90% of people lived in
areas exceeding the WHO Interim Target 1 of 35 µg/m3. In
2015, at the state level in India, population-weighted mean

concentrations ranged from a low of 27.2 µg/m3 (in
Arunachal Pradesh) to a high of 132.4 µg/m3 (in Delhi).
Nationally the population-weighted mean increased by
24% from 1990 to 2015. Between individual states there
was variation in the trends since 1990, with increases
observed in most of the country.

2.2 BURDEN OF DISEASE FROM AIR POLLUTION 

2.2.1 Air Pollution and Health

The air that people breathe is a complex mixture —
including hundreds of individual gaseous compounds
and particles of complex composition — that varies in
composition both spatially and temporally. Therefore,
indicator pollutants are typically used to estimate expo-
sures for epidemiological analysis and disease burden
assessment. Within the GBD framework, the disease bur-
dens attributable to both PM2.5 and ozone are considered,
based on evidence of their independent adverse health
impacts and on distinctions between the spatial and tem-
poral patterns of concentrations of these two species.
However, in this report we focus our assessment on only
PM2.5, given that in the GBD 2015 report, the burden
attributable to PM2.5 (4.2 million deaths globally [1.09
million in India]) vastly exceeded that attributable to
ozone (254,000 deaths globally [107,770 in India]). In
populated regions, a large fraction of PM2.5 originates
from combustion processes, and it includes both primary
particulate matter (PM) (direct emissions) and secondary
PM (resulting from atmospheric transformations of pre-
cursor compounds such as nitrogen and sulfur oxides).
One of those combustion sources is the residential
burning of solid fuels (e.g., wood and other biomass) for
cooking, lighting, and heating. Although the contribution
of such residential pollution to concentrations of ambient
PM2.5 and to the resulting disease burden is estimated in
this report, its contribution to exposures within the
household and to the associated disease burden is not.
The estimate of disease burden from these indoor expo-
sures is substantial, with an estimated 977,000 attribut-
able deaths in 2015. As such, the estimates of the disease
burden attributable to such residential sources substan-
tially underestimate the full attributable burden from this
practice.

The health effects of exposure to PM in ambient air are
widespread and substantial, and they have been reviewed
and summarized in detail (U.S. Environmental Protection
Agency [U.S. EPA] 2009; WHO 2005). The epidemiological
observations of adverse health impacts associated with
elevated ambient PM2.5 concentrations are supported by
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toxicological experiments, epidemiological analyses of
acute exposures, and controlled exposure studies. For
example, in its most recent comprehensive Integrated Sci-
ence Assessment (ISA) document, the U.S. EPA concluded
that short-term exposure to PM2.5 was a cause of mortality
and cardiovascular effects, such as hospitalization and
emergency department visits, and was likely to be a cause
of respiratory effects such as chronic obstructive pulmo-
nary disease (COPD), respiratory infection hospitaliza-
tions, and emergency department visits for asthma. The
U.S. EPA also concluded that long-term (months to years)
exposure to PM2.5 was a cause of cardiovascular mortality,
whereas respiratory effects such as decreased lung func-
tion, increased respiratory symptoms, and development of
new cases of asthma were likely to be causally linked to
PM exposure. At the time of this assessment, reproductive
and developmental effects, as well as cancer, were charac-
terized by the U.S. EPA as suggestive of being caused by
long-term exposure to fine PM. Of note, systematic reviews
have since concluded that PM2.5 exposure is associated
with low birthweight and preterm birth (Shah and Balkhair
2011; Stieb et al. 2012) and diabetes (Eze et al. 2015).
Detailed evaluations by the American Heart Association
(Brook et al. 2010) and the European Society of Cardiology
(Newby et al. 2015) have also concluded that PM2.5 expo-
sure is a cause of cardiovascular morbidity and mortality
and that exposure for a few hours to weeks can trigger car-
diovascular disease–related mortality and nonfatal events.
Evidence for the effects of both short-term and long-term
exposure to PM on respiratory disease has also strength-
ened in recent years. For example, evidence now suggests
that exposure to PM is associated with hospitalization for
asthma as well as for COPD and with incidence of asthma
in children (Guarnieri and Balmes 2014; Sava and Carlsten
2012). Further, the International Agency for Research on
Cancer (IARC) concluded in 2014 that airborne PM was a
cause of cancer in humans (Loomis et al. 2013).

The evidence summarized above has not consistently
indicated that variation in PM composition, individual PM
components, or their sources results in different levels of
toxicity or other health impacts, so this remains an area of
active research. The most recent U.S. EPA synthesis (U.S.
EPA 2009) concluded that “many constituents of PM can
be linked with differing health effects and the evidence is
not yet sufficient to allow differentiation of those constitu-
ents or sources that are more closely related to specific
health outcomes.” Further, with respect to sources of PM,
the WHO Review of Evidence on Health Aspects of Air
Pollution (REVIHAAP) assessment (WHO 2013) con-
cluded that evidence developed since the 2009 U.S. EPA
ISA did not lead to any changes in conclusions regarding
the inability to differentiate PM constituents or sources

that are more closely linked to specific health outcomes.
IARC’s recent evaluation of the carcinogenicity of particu-
late air pollution concluded that its carcinogenicity was
independent of source or composition (Loomis et al. 2013).
These conclusions have most recently been corroborated
in large-scale epidemiological and toxicological studies
(HEI NPACT Review Panel 2013). Based on the current evi-
dence, the GBD assessments of PM2.5 have assumed all
particulate matter to have the same toxicity; we conse-
quently employ this assumption in this analysis.

2.2.2 Studies of Air Pollution and Health in India 

Urban and rural populations in India experience a sub-
stantial burden of disease from exposures to ambient air
pollution and household air pollution from the burning of
solid fuels for cooking, lighting, heating, and warming
water (Balakrishnan et al. 2014). Estimates of the burden
these exposures impose on public health impact are sup-
ported by an extensive international literature, as well as
by the Indian literature, which provides evidence that the
adverse effects of exposure to air pollution seen in other
global regions are also occurring in India. A recent author-
itative report of the Steering Committee on Air Pollution
and Health Related Issues of the Indian Ministry of Health
and Family Welfare reviewed the current evidence on the
health effects of exposure to ambient and household air
pollution and noted the “… long history and substantive
volume of studies in India that have examined the health
effects of ambient and household air pollution,” com-
menting on the “…comparability of available study results
to the global pool of evidence…” (Government of India
Ministry of Health and Welfare [MoHFW] 2015, page 96).
We briefly summarize this evidence below. 

Indian studies conducted since 1980 have reported
adverse effects of exposure to air pollution. A systematic
review of the literature on the health effects of ambient air
pollution in Asia published by HEI in 2010 identified 43
studies of the health effects of air pollution in India pub-
lished from 1980 to 2008 (HEI International Scientific
Oversight Committee 2010). These studies, largely concen-
trated in the cities of Delhi and Mumbai, reported that the
prevalence of diminished lung function, acute and chronic
respiratory symptoms such as cough and wheeze, and
asthma in children and adults was increased in areas with
elevated levels of air pollution. Three studies reported
increases in acute respiratory illness (Bladen 1983), all-
cause mortality (Cropper et al. 1997), and emergency room
visits for cardiorespiratory conditions (Pande et al. 2002)
related to short-term exposure to air pollution. 

Indian studies published since 2010 consistently report
increased rates of mortality due to short-term exposure to
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PM and other pollutants. Figure 1 compares results from
time-series studies of mortality associated with daily expo-
sures to PM in several Indian cities with those from studies
conducted in single and multicity analyses in Asia and
around the world. HEI supported a coordinated set of time-
series studies examining the association of natural all-
cause mortality with short-term (daily) exposure to PM10
in the cities of Chennai, Delhi, and Ludhiana (Bal-
akrishnan et al. 2011a; Kumar et al. 2010; Rajarathnam et
al. 2011). Studies using similar methods have also been
reported from other cities and other time periods
(Dholakia et al. 2014; Maji et al. 2017). These studies esti-
mate changes in daily rates of mortality associated with
short-term PM exposure that are similar to those reported
in multicity studies conducted in China, South Korea,
Japan, Europe, and North America (Wong et al. 2008). The
figure shows that the Indian time-series studies found sim-
ilar percentage increases in daily mortality associated with
ambient PM as did studies in the other countries. In addi-
tion, a growing body of literature reported on acute health
effects associated with episodic extreme air pollution
events such as crop burning (Awasthi et al. 2010; Gupta et
al. 2016; Pande et al. 2002), use of fireworks during Diwali
(the Hindu festival of lights) (Pal et al. 2014), and in

critically polluted areas within large cities (Kumar et al.
2007; Siddique et al. 2010). 

To date, there have been no direct epidemiological
studies in India of long-term exposure to ambient PM2.5
and mortality from chronic respiratory and cardiovascular
disease, the type of evidence used to estimate the burden
of disease from air pollution in the GBD project. For this
reason, the results of studies conducted in North America
and Western Europe have been used to estimate disease
burden in India (Burnett et al. 2014; MoHFW 2015, page
13). However, the similarity between Indian risk estimates
for effects of short-term exposure on daily mortality and
global estimates is noteworthy — especially given the dif-
ferences in concentration ranges, source mixtures, demo-
graphics, and underlying disease rates — and supports the
use of international studies to estimate Indian disease
burden. In addition, a limited number of Indian studies
corroborate the broader global evidence for pathophysio-
logical effects that may underlie the development of
chronic non-communicable respiratory and cardiovas-
cular disease. These Indian studies report findings that air
pollution has been associated with a range of underlying
effects, including cytopathological changes (such as
increased prevalence of mucus plugs and siderophages,

Figure 1. Comparison of Indian and international time-series studies of ambient air pollution and changes in daily mortality. The Indian studies were all
conducted in individual cities; their results are compared with those of individual studies in other Asian countries and with those of multicity studies in
Asia, Europe, and North America. The dashed line indicates no increase in daily mortality. Studies that relied on measures of exposure other than PM are
indicated by * (suspended particulate matter) and ** (visibility). The *** indicates that various metrics were used in the multicity studies.
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goblet cell hyperplasia, and nuclear anomalies of columnar
epithelial cells), airway inflammation (indicated by
increased counts of neutrophils, lymphocytes, eosinophils,
and alveolar macrophages, and by higher sputum levels of
IL-6, IL-8, and TNF-�) and oxidative stress (indicated by
enhanced ROS generation and depletion of SOD activity)
(Basu et al. 2001; Dutta et al. 2012; Lahiri et al. 2008; Ray et
al. 2006; Roy et al. 2001; Roychoudhury et al. 2012).

Since 1980, numerous epidemiological studies have
also examined health effects associated with household air
pollution (HAP) exposures in India, especially among
women and children (Balakrishnan et al. 2011b). However,
unlike studies of ambient air pollution that characterize
exposure to air pollution in terms of estimated levels of PM
and other pollutants, most epidemiological studies con-
cerning HAP have used qualitative indicators to charac-
terize exposure, such as type of fuel used (solid fuels as
opposed to clean cooking fuels), involvement in cooking, or
proximity to a stove. Several Indian studies are currently
included in systematic reviews and meta-analyses used by
the GBD efforts to estimate HAP-related risks. For example,
for COPD, estimated relative risks (comparing use of solid
fuels with clean fuels) ranged from 2.1 to 4.5 (Behera 1997;
Dutt et al. 1996; Jindal et al. 2006; Qureshi 1994); for lung
cancer, from 1.52 to 3.59 (Gupta et al. 2001; Sapkota et al.
2008); for acute lower respiratory infections (LRI), from 1.58
to 3.67 (Mishra and Retherford 1997; Mishra et al. 2005;
Pandey et al. 1989); and for cataracts, from 1.61 to 4.91
(Badrinath et al. 1996; Mohan et al. 1989; Saha et al. 2005;
Sreenivas et al. 1999; Zodpey and Ughade 1999). 

A small but growing number of HAP studies in India
have also reported associations of residential biomass fuel
use with increases in a range of additional health out-
comes, including low birth weight and stillbirths (Mava-
lankar et al. 1991; Tielsch et al. 2009), asthma (Mishra
2003), and tuberculosis (Kolappan and Subramani 2009;
Lakshmi et al. 2012; Mishra et al. 1999). Given the smaller
evidence base for these outcomes, none are currently
included in HAP-attributable disease burden estimates.

 Recently, the Indian Council of Medical Research, Gov-
ernment of India, has supported the launch of epidemio-
logical cohort studies to estimate the effects of long-term
exposure to ambient and HAP on a range of maternal
(birthweight), child (acute respiratory infections), and
adult (chronic respiratory symptoms and lung function)
health outcomes in populations residing in both urban
and rural locations (Balakrishnan et al. 2015). The expo-
sure estimates from these studies are being applied in
other long-term cohort studies examining cardiovascular
risk factors such as high blood pressure, brachial artery
hyperreactivity, and carotid intima-media thickness
(Thanikachalam et al. 2015) 

2.2.3 Integrated Exposure–Response Functions

In the GBD framework, the relative risks of mortality
from ischemic heart disease (IHD), stroke, COPD, lung
cancer (LC), and acute LRI in children and adults associ-
ated with PM2.5 were estimated using cause-specific inte-
grated exposure–response functions, or IERs (Burnett et al.
2014; Cohen A. et al. 2017). Each cause-specific IER inte-
grates published relative risk estimates for PM2.5 from a
variety of exposures to inhaled PM (outdoor air pollution,
second-hand smoke, household air pollution, and active
smoking) to estimate the relative risk of mortality from
exposure to PM2.5 over the entire global range. This anal-
ysis relies on the assumption, consistent with the evidence
summarized in section 2.2.1, that risk is a function of the
dose of inhaled PM2.5, regardless of exposure source. The
IER functions are non-linear, especially for IHD and stroke,
meaning that the change in the relative risk is greater at
lower concentrations than at higher ones (Pope et al.
2011). The IER functions are necessary to estimate the rel-
ative risk of air pollution exposure in countries with high
levels of air pollution, such as India, but where no epide-
miological studies of long-term exposure to PM2.5 have yet
been completed. At the low concentrations of the IER, the
functions reflect the change in risk observed in cohort
studies conducted at low concentrations of ambient PM2.5
and are nearly linear. Extrapolation of the risks based on
these studies alone would result in unrealistically high
risk estimates in countries like India where the concentra-
tions of PM2.5 are high. The predicted risks for the highest
PM2.5 concentrations on the IER curves are consistent with
the risks from tobacco smoking (Pope et al. 2011). The
applicability of the IER model in the Indian context was
recently reviewed and endorsed by the Steering Committee
on Air Pollution and Health Related Issues of the Indian
Ministry of Health and Family Welfare (MoHFW 2015,
pages 13 and 96). More detail on the development and
application of the IER functions for PM2.5 is provided in
the accompanying Sidebar 1. 

2.2.4 Estimation of the Burden of Disease 

Within the GBD framework, the process for estimating the
burden of disease in India is illustrated in Figure 2, which
shows how India-specific data on exposure to PM2.5 or
other pollutants are coupled with the IERs discussed above
and with India-specific health data in order to estimate the
burden of disease. Each of these steps is described in further
detail in subsequent sections of the report. The burden of
disease attributable to exposure to a pollutant or to other
risk factors is defined in terms of deaths (mortality) and
disability-adjusted life-years (DALYs). The number of
deaths attributable to air pollution in a given year includes
deaths that have likely occurred months or even years
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SIDEBAR 1: IER MODEL FOR PM2.5

Risk estimates attributable to exposure to outdoor concentra-
tions of fine particulate matter (i.e., PM2.5) for mortality from 
ischemic heart disease, stroke, the lung diseases of chronic 
obstructive pulmonary disease and lung cancer, and acute 
lower respiratory infection in both children and adults are 
constructed by integrating information on risk from multiple 
sources of PM2.5 exposure such as ambient air pollution, sec-
ondhand smoke, household air pollution from burning of solid 
fuels for heating and cooking, and active smoking. This 
approach was taken because no direct evidence of risk over 
the entire global concentration range was available. Exposure 
to each of these sources was integrated using an equivalent 24-
hour average ambient concentration (µg/m3). The IER model 
was developed following the assumption that the effect of each 
type of PM2.5 exposure (i.e., ambient air pollution, second-
hand smoke, household air pollution from burning of solid 
fuels for heating and cooking, and active smoking) was inde-
pendent each of the others. That is, exposure to ambient air 
pollution is based solely on the ambient air exposure estimates 
of the specific cohort studies examined. The same assumption 
was made for the other types of PM2.5 exposures. We used this 
type of risk information as a tool to extend the concentration–
response curve beyond that observed in cohort studies in 
North American and Western Europe.

The IER function has the mathematical form 

where z is the level of PM2.5 and zcf is the theoretical min-
imum risk exposure level (TMREL), below which no additional 

risk is assumed, with 

and is equal to zero otherwise. Here 1+� is the maximum 
risk, � is the ratio of the IER at low to high concentrations, and 
� is the power of PM2.5 concentration.

Observed relative risks were related to the IER within a 
Bayesian framework. Given the true values of the four param-
eters, �, �, �, zcf, we assumed that the logarithm of each 
study’s observed relative risk was normally distributed, with 
mean defined by the IER and variance given by the square of 
the observed standard error of the study-specific log-relative 
risk estimate plus an additional variance term for each of the 
four sources on PM2.5 exposure (ambient air pollution, 
secondhand smoke, household air pollution from burning of 

solid fuels for heating and cooking, and active smoking) 
(Cohen et al. 2017). 

The counterfactual concentration zcf, or TMREL, was assigned a 
uniform distribution, with lower and upper bounds given by 
the average of the minimum and fifth percentiles of outdoor air 
pollution cohort studies exposure distributions, with the 
assumption that it is impractical to characterize the shape of 
the concentration–response function below the fifth percentile 
of any exposure distribution. The specific outdoor air pollution 
cohort studies selected for this averaging were chosen based 
on the criterion that their fifth percentiles were less than that of 
the American Cancer Society Cancer Prevention II (CPS II) 
cohort’s fifth percentile of 8.8 µg/m3. This criterion was used 
because the GBD 2010 report (Lim et al. 2012) had used the 
minimum, 5.8 µg/m3, and fifth percentile solely from the CPS 
II cohort. The resulting lower and upper bounds for the GBD 
2015 report were 2.4 µg/m3 and 5.9 µg/m3, respectively.

One thousand sets of IER parameter estimates were gener-
ated from the estimated uncertainty distributions for �, �, 
and �, and the pre-specified uniform uncertainty distribution 
for zcf. One thousand predicted values of the IER curve were 
calculated for each PM2.5 concentration based on these 
1,000 sets of parameter estimates. The distribution of these 
predicted values characterizes the uncertainty in the esti-
mates of the IER function. The arithmetic mean of the 1,000 
IER predictions at each concentration was used as the central 
estimate, and the upper and lower bounds were defined by 
the 0.975 and 0.025 percentiles, respectively.

Sidebar 1 Figure below displays the resulting mean IER func-
tion, with the upper and lower uncertainty bounds for isch-
emic heart disease, lung cancer and chronic obstructive 
pulmonary disease, cerebrovascular disease (stroke), and 
acute lower respiratory infection over the range of annual 
average PM2.5 concentrations that have been observed in 
countries across the world, up to 125 µg/m3 (Cohen et al. 
2017). The IER curves are all supra-linear with a greater change 
in relative risk for lower concentrations compared with higher 
values. Ischemic heart diseases, stroke, and lower respiratory 
infection graphs display greater curvature than lung disease. 
For both ischemic heart disease and stroke, we present IER 
functions for three age groups (25–20, 50–55, and 80+ years) 
with decreasing relative risk for increasing age. 

Sidebar continues next page

earlier than might be expected in the absence of air pollu-
tion (as in the case of a child dying from an acute LRI).
DALYs provide an overall measure of the loss of healthy
life expectancy and are calculated as the sum of the years
of life lost from a premature death and the years lived with
disability (for example, blindness caused by diabetes). An

important insight gained by using DALYs rather than just
the numbers of deaths is that DALYs account for the age at
which disease or death occurs. For example, air pollution
contributes to LRIs in children, but the number of deaths is
small relative to the numbers of primary air pollution–
related deaths from heart disease, which tend to occur in
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Sidebar 1 Figure. IER functions for ischemic heart disease, lung disease (lung cancer and chronic obstructive pulmonary disease), cerebrovascular 
disease, and lower respiratory infection. Curves depict the central estimate of the IER (line) and their uncertainty (shaded area). Note the relative risk 
= 1 for PM2.5 concentrations from 0 to 2.4 µg/m3 (lower bound of the TMREL uncertainty distribution). Adapted from Cohen et al. 2017.

Sidebar 1: IER Model for PM2.5 (Continued)

Figure 2. Overview of the methods for estimation of the burden of disease in India.
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older adults. However, because children who die from
LRIs have lost many more years of healthy life, this burden
is appropriately reflected in a larger number of DALYs.

Burden is also measured in terms of age-standardized
death rates and DALY rates (i.e., the number of deaths or
DALYs per 100,000 people). Age-standardized rates are
important because they adjust for population size and the
age structure of each country’s population. This means
that the rates in two countries can be compared as if the
countries had the same population characteristics. Other-
wise, in a country with a large and older population, the
total number of deaths attributable to air pollution would
be larger than that in a country with a smaller or younger
population, even if exposure levels were the same.

2.3 STATUS (2015) OF AND TRENDS (2009–2015) IN 
THE BURDEN OF DISEASE ATTRIBUTABLE TO PM2.5 
FOR INDIA

2.3.1 Burden of Disease Status in 2015

Among all the risk factors evaluated in the GBD 2015 for

their impact on mortality in India, exposure to ambient

PM2.5 ranked third highest (Figure 3, Panel A). Exposure to

PM2.5 contributed to 1.09 million deaths in India in 2015

(10.6% of total deaths in India), a 48% increase from 1990.

The deaths of 644,000 men and 447,000 women were

attributed to exposure to PM2.5 in 2015. In India in 2015,

PM2.5 was responsible for 21% of IHD deaths, 17% of

Figure 3. Top risk factors for India in 2015 (A) for numbers of deaths and (B) for numbers of DALYs (both sexes, all ages). Data downloaded 
from GBD Compare (2 February 2017). (Figure continues next page.)
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stroke deaths, 24% of LC deaths, 29% of COPD deaths, and
36% of acute LRI deaths.

Exposure to ambient PM2.5 was also the risk with the
third highest disease burden for DALYs in India in 2015
(Figure 3, Panel B). Nearly 6% (5.9%) of total DALYs in
2015 were attributable to exposure to PM2.5. This per-
centage represents an increase in the disease burden
attributable to ambient PM2.5 since 1990 when ambient
PM2.5 accounted for 5.2% of total DALYs and ranked sixth
among all risk factors. The main diseases that were affected
by PM2.5 in India were cardiovascular diseases, including
IHD and stroke, which in 2015 together accounted for 44%
of the DALYs attributable to PM2.5 exposure in India. These
were closely followed by acute LRI and COPD, which were
responsible for 29% and 25% of DALYs, respectively. The

predominance of cardiovascular disease in 2015 represents
a major shift in the patterns of disease in India since 1990
when acute LRI was the main disease affected by PM2.5,
responsible for 61% of DALYs, and cardiovascular dis-
eases was the next largest contributor.

Although this report focuses on contributions to
ambient air pollution and disease burden from several
types of sources — including residential biomass combus-
tion (for cooking, lighting and heating) — it does not
address the indoor exposures in homes resulting from the
same biomass combustion. Shown in Figure 3 as “house-
hold air pollution” just below ambient particulate matter,
it is also a substantial risk factor for disease burden in
India so focusing only on its contribution to ambient air
pollution most certainly underestimates its total impact on

Figure 3. (Continued)
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public health. However, the estimation of the combined
impact of HAP via indoor exposures and its contributions
to ambient air pollution is an area of uncertainty; at
present there are no studies that estimate the joint effects
of exposure to ambient and HAP. Consequently, the GBD
project assumes the effects of these two risk factors to be
independent, and thus additive.* In India, air pollution
from HAP and ambient air pollution (PM2.5 and ozone)

combined is the second leading risk factor for mortality
(1.8 million deaths in 2015; 17.6% of all deaths) and the
leading risk factor for DALYs (48.7 million DALYs; 9.6% of
all DALYs). However, this assumption of independence is
unlikely to be valid in all settings, including those where
residential combustion makes large contributions to
ambient air pollution, as is the case for northern India.

2.3.2 Trends in Health Burden (2005–2015)

Figure 4 provides an overview of the trends in health
burden attributable to PM2.5 in India from 1990 to 2015,
measured in deaths, DALYs, and their associated rates per
100,000 population. Figure 4 (Panel A) shows that there has

*Following standard approaches, the combined effect of multiple indepen-
dent risk factors is estimated by combined PAF = 1�(1�PAF1) (1�PAF2)
(1�PAF3)…, where PAF is the Population Attributable Fraction for risk fac-
tors 1, 2, and 3. The Population Attributable Fraction is the proportional
reduction in burden of disease that would occur if exposure to the risk fac-
tor was reduced to a theoretical minimum risk level.

Figure 4. Trends in the burden of disease attributable to ambient PM2.5 in India from 1990 to 2015 for (A) numbers of deaths, (B) death rates, (C) numbers
of DALYS, and (D) DALY rates (both sexes, all ages). Data downloaded from GBD Compare (2 February 2017). 
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been a strong increasing trend in the numbers of deaths
attributable to air pollution in India over the past 25 years
with some acceleration since 2010. In 1990 there were
737,000 PM2.5-associated deaths, increasing (by about 1.5%
per year) to 957,000 in 2010, followed by an approximately
2.8% per year increase to 1,090,000 deaths in 2015. Attrib-
utable death rates have remained relatively stable (Figure 4,
Panel B). The age-standardized attributable death rates (not
shown) indicate a modest decrease, from 164 deaths per
100,000 people in 1990 to 134 per 100,000 in 2015, with an
annual decline of about 0.9% from 1990–2010 and essen-
tially no change between 2010 and 2015.

Panels C and D of Figure 4 show trends in the numbers
of DALYS and in the DALY rates, respectively, over the
same time period. While the total numbers of DALYs
remained essentially constant, the DALY rates declined. 

The reasons for the differences between the trends in
these metrics can be understood by looking more closely at
the underlying, and sometimes competing, factors that
contribute to them. Four factors play a role in the upward
trend in PM2.5-attributable deaths: 

• increases in PM2.5 exposures, 

• population growth, 

• population aging, and 

• changes in the rates of diseases affected by air 
pollution.

Figure 5 shows the results of a decomposition analysis
in which the percent change in mortality (annual number
of deaths) attributable to PM2.5 from 1990 to 2015 is
broken down, or decomposed, into the contributions from

Figure 5. Contribution of population growth (blue), population aging (orange), risk-deleted age-standardized rates of mortality (ischemic heart disease,
stroke, chronic obstructive pulmonary disease, lung cancer, and lower-respiratory infection) (gray) and exposure (yellow) to changes in mortality attrib-
utable to ambient PM2.5 from 1990 to 2015 (black bars represent the net changes) for the ten most populous countries and globally. Countries are ordered
left to right by the magnitude of the absolute net increase in attributable mortality between 1990 and 2015 (India: 370,620 deaths; China: 172,710; Pakistan:
52,839; Bangladesh: 41,224; Indonesia: 25,457; Japan: 22,556; Brazil: 10,088; Russia: 3,693; United States: �17,554; Nigeria: �25,951). Adapted from Cohen
et al. 2017.
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each of these four factors for the 10 most populous coun-
tries and for the world. For India, the analysis identified
population growth (blue) followed by population aging
(orange) as the main factors contributing to the increased
PM2.5-attributable mortality over this time period,
although increasing exposure also contributed. The
increases in mortality from those factors were offset some-
what by a decrease in the risk-deleted age-standardized
rates of mortality (gray bars) from IHD, stroke, COPD, LC,
and LRI combined in India. (Risk-deleted mortality rates in
this case refer to the mortality rates from all risk factors
minus the rates attributable to the risk factor PM2.5).
Despite those decreases in mortality rates from all other
causes, India experienced a net increase in PM2.5-attribut-
able mortality (black bars).

Figure 5 also provides some insight into how 25-year
trends in demography and patterns of disease in India
affect the estimates of mortality attributable to PM2.5. The
figure shows the change in the total numbers of deaths in
India from diseases for which exposure to PM2.5 is a risk
factor (IHD, LC, stroke, COPD, and acute LRI) from 1990 to
2015. The increasing mortality from these diseases in the
growing and aging Indian population, in combination with
increasing exposure to PM2.5 has meant that the fraction of
mortality attributable to PM2.5 in India has not improved
over the past 25 years; in fact, the population attributable
fraction has increased from 7.9% in 1990 to 10.6% in 2015.
These factors, which are assumed to be additive and inde-
pendent, contribute to the increasing trend in the numbers
of deaths seen in Panel A of Figure 4. The relative stability of
attributable death rates over this period (Figure 4, Panel B)
reflects the net effect of increases in rates of attributable
deaths from IHD, stroke, COPD, and LC offset by decreases
in rates of attributable deaths from acute LRI, a condition
that has been a major cause of death in young children. 

The patterns in cause-specific mortality shown in Figure 6
also help explain the different trends in the numbers and
rates of DALYS attributable to PM2.5 (shown earlier in
Panels C and D, respectively, of Figure 4). The decrease in
the incidence of LRI between 1990 and 2010 has driven the
consistent decreases in the rates of PM2.5-attributable
DALYs over that time period (Panel D of Figure 4). Since
2010, however, attributable DALY rates have stabilized
while attributable death rates have increased, reflecting the
diverging trends in the incidence of LRI (which on the one
hand has decreased) and the incidence of COPD, IHD,
stroke, and LC (which on the other hand have increased in
combination with increasing exposures). Because the num-
bers of DALYs are in part based on years of life lost, they
are sensitive to deaths among the very young (e.g., who are
especially affected by LRI), and consequently the trend in

Figure 6. Total deaths in India (1990–2015) from diseases for which expo-
sure to PM2.5 is a risk factor. LC = lung cancer, IHD = ischemic heart dis-
ease, COPD = chronic obstructive pulmonary disease, LRI = lower
respiratory infection. Data downloaded from IHME’s GBD Compare web-
site (http://vizhub.healthdata.org/gbd-compare/) on 2 February 2017. 

total PM2.5 attributable DALYs in India has remained
rather flat (Panel C of Figure 4). 

2.4 AIR QUALITY MANAGEMENT IN INDIA

This section of the report provides a brief overview of
the legislation in place and proposed policies that
informed the characterization of baseline and future sce-
narios at the outset of this study. However, the manage-
ment of air quality in India is evolving rapidly as India
increasingly recognizes the need for more immediate and
forceful action to address what has become a growing
threat to public health and the environment. Consequently,
we note some of the most recent developments that may
need to be considered in the interpretation of our results. 

India has had legislation in place for several decades
that requires major sectors to monitor and reduce emis-
sions. The Air (Prevention and Control of Pollution) Act
formed and assigned powers to Central and State Pollution
Control Boards to issue regulatory standards and to mon-
itor air pollutants (Ministry of Environment and Forest
[MoEF] 1981). Under this Act, the Central Pollution Con-
trol Board adopted in 1982 the first ambient air quality
standards, the National Ambient Air Quality Standards
(NAAQS), for major pollutants like CO, NO2, SO2, and
ozone (Central Pollution Control Board [CPCB] 2004).
These were then revised in 2009 to be closer to the WHO
guidelines for ambient air quality, although they are not set
at the most stringent levels for all pollutants. In addition,
the NAAQS, especially those standards for PM, have not
been enforced strictly (Guttikunda et al. 2014).

The CPCB introduced the Continuous Emission Moni-
toring System (CEMS) in February 2014 to be used by 17
categories of highly polluting industries to monitor and
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control their emissions. Even though the installation target
has been met, implementation of the CEMS remains a chal-
lenge and the data are not available in the public domain
for further analysis (Bhushan et al. 2016). A survey con-
ducted by the Centre for Science and Environment (CSE)
(2016a) highlighted the problems faced by stakeholders,
the most important being lack of knowledge and capacity
to install and maintain monitors. In 2014, National Air
Quality Index monitoring was launched under the
National Ambient Air Quality Monitoring Programme
(NAMP) to issue a multipollutant-based health alert in real
time. The index calculations are currently limited to the
cities with at least one continuous monitoring station and
retroactively applied to calculate the index based on data
collated from the manual stations. In 2017, 264 cities are
covered under the NAMP program with 629 operational
manual stations measuring PM10, SO2, and NO2 and with
60 continuous monitoring stations measuring all the cri-
teria pollutants. The GBD 2015 project included Indian
PM10 and PM2.5 air monitoring data as part of its estima-
tion of population-weighted PM2.5 concentrations (see
Section 3.3 for details).

In recent years, several separate initiatives have begun
to address emissions from individual sources and sectors.
To address emissions from public transport (buses), the
Ministry of Urban Development launched new programs
in 2012 to increase and upgrade their fleets under the
Jawaharlal Nehru National Urban Renewal Mission
(JNNURM) (Guttikunda et al. 2014). Dedicated bus corri-
dors, known as the bus rapid transport (BRT) system, have
been implemented in Delhi, Ahmedabad, Jaipur, Pune,
and Indore in order to make public transport more efficient
and thus more likely to be used instead of individual pas-
senger vehicles (JNNURM 2012). The Petroleum and Nat-
ural Gas Regulatory Board Act (2006) set fuel standards for
on-road diesel and petrol, mandating that all vehicles
should upgrade to the Bharat stage (BS)-IV fuel standards
by April 2017 (CPCB 2010). However, more recently, the
National Institution for Transforming India (NITI) Aayog
released a plan, India Leaps Ahead, in May 2017. This
plan requires the implementation of new strategies
designed to accelerate reductions of emissions from the
transport sector, including moving directly to BS-VI fuel
standards, bypassing BS-V entirely, and promoting large-
scale electrification of public transport fleets (NITI Aayog
2017). The Ministry of Transport confirmed the switch in
fuel standards by issuing a draft notification on February
19, 2016. According to the policy draft, the BS-VI stan-
dards will go into effect for all vehicles manufactured on
or after April 1, 2020. Apart from this, the draft specifies
mass emission standards, reference and commercial fuel
specifications, type approval requirements, and on-board

diagnostic (OBD) system and durability levels for each
vehicle category and subclass (MoRTH [Ministry of Road
Transport and Highways] 2016).

To mitigate HAP, under the Direct Benefit Transfer for
LPG consumer (DBTL) program created in 2014, the Min-
istry of Petroleum and Natural Gas (MoPNG) introduced
the Pradhan Mantri Ujwala Yojana (PMUY) in 2016, a liq-
uefied petroleum gas (LPG) subsidy program for extremely
poor households below the poverty line (income of less
than $1.90 per day). Under the PMUY, households below
the poverty line receive a free LPG connection. To further
aid the uptake and use of LPG, the LPG subsidy program
was launched in which wealthier households who did not
need a government subsidy for LPG were urged to give it
up, so that it could be made available to poor households.
This program has been fairly successful in increasing LPG
coverage from 56% of households in 2014–2015 to 73% in
2015–2016, with 198.8 million active consumers as of
April 1, 2017 (Kumar 2017; MoPNG 2017). The scheme has
been extended until 2019, with additional funds appropri-
ated to support free distribution of LPG cylinders to house-
holds below the poverty line (MoPNG 2016).

The Perform, Achieve and Trade (PAT) (MoP 2008) ini-
tiative for energy efficiency has also helped reduce emis-
sions from heavy industries like steel, cement, and
fertilizer production (discussed further in Section 5.2).
Other major sources of air pollution, such as open burning
of agricultural residues, construction, and roadside dust
are not monitored and are largely unaddressed by any cen-
tralized policies. However, there are some attempts at the
state and municipality level to curb emissions. For
example, the states of Punjab, Haryana, and Uttar Pradesh
levy fines for agricultural field burning. Punjab has pro-
posed offering subsidies for alternative technologies to
seed and compost agricultural wastes (Goyal 2016; Times
of India 2017).

In the brick manufacturing industry, the MoEF made
emission standards more stringent in 2008, and in 2013 it
mandated a complete shift to adapt newer technologies
like the Fixed Chimney, Zig-Zag, and a complete ban on
clamp-style baking of bricks by 2018. These technologies
are not only cost-effective but also significantly reduce PM
emissions (Lalchandani and Maithel 2013). The Municipal
Solid Waste (Management and Handling) rules set emis-
sion standards in 2000 for PM, nitrous oxide, and volatile
organic compounds for landfills and mandated a landfill
gas control system (MoEF 2000).

In 2015, the Steering Committee on Air Pollution and
Health Related Issues released a report with detailed recom-
mendations of actions that could be taken by various minis-
tries to reduce sector-wise emissions (Steering Committee
on Air Pollution and Health Related Issues 2015). In
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response to this report, a number of rules were passed.
Coal power plants installed after January 1, 2017, were
mandated to reduce their PM emissions by 40% from the
levels allowed by the 2003 standards. The same rule regu-
lates emissions of mercury, sulfur dioxide (SO2), and oxides
of nitrogen (NOx) from coal power plants (MoEF 2015). 

India aspires to expand and strengthen its electricity
generation and distribution system to provide reliable
electricity to the largest possible population. In 2016, coal-
based power plants provided 60.8% of India’s installed
electricity capacity, with gas providing about 7% and
diesel less than 0.5%. At the 2015 Paris climate confer-
ence, under its Intended Nationally Determined Contribu-
tions (INDC), India committed to increase its use of
renewable solar and wind power substantially to meet these
goals, setting a target that 40% of India’s energy would come
from renewable sources by 2030, up from about 30% cur-
rently (India’s INDC 2015). India’s draft National Electric
Plan 2017–2022 (MoP 2016) outlines a path forward and
recent actions suggest that with the effective implementa-
tion of this new plan and recent advances in policy, this
target is likely to be achieved 8 years ahead of schedule (Cli-
mate Action Tracker 2017; MoP 2016). However, India is
likely to continue to rely on coal and actually to increase its
use for electricity generation into the middle of this century
(NITI Aayog 2017). For existing power plants, India has also
taken steps to improve their efficiency. Since 2015, 144 old
coal plants have been assigned compulsory energy effi-
ciency targets and offered upgrades to increase the energy
production by 50% (MoEF 2015; MoP 2015). 

Thermal power plants produce a large quantity of fly
ash, itself a major source of anthropogenic dust. In 1994,
India’s Technology Information Forecasting and Assess-
ment Council (TIFAC) under the Department of Science &
Technology (DST) started the Fly Ash Mission, later the
Fly Ash Utilization Programme (FAUP), to address the
problem of fly ash from thermal power plants. At the time,
utilization was as low as 3% of the fly ash production (40
million tonnes [MT] in 1994) but increased to 40% by 2005
(even as fly ash production increased to 112 MT) (Dhadse
et al. 2008). Individual states have undertaken their own
additional initiatives: the state of Maharashtra has been
the first to formally adopt a Fly Ash Utilization Policy
which makes it mandatory that fly ash and fly ash–based
products be used in the construction industry within 100
km from a coal- or lignite-based thermal power plant.

The National Green Tribunal (NGT), since its founding
in 2010, has played an important role in upholding envi-
ronmental issues. The NGT is a specialized judicial body
equipped with the necessary expertise to handle environ-
mental disputes involving multidisciplinary issues in
order to expedite environmental justice. In 2016, during

the Delhi air pollution emergency, the NGT took strict
actions to restore air quality. These included de-registra-
tion of older diesel vehicles and strict regulations on incin-
eration plants. The NGT also established a special
committee to inspect gas stations and banned construction
activity during the peak of the emergency.

Individual cities, like Delhi, and the National Capital
Region (NCR) have undertaken several policies to make
sure the air quality in the Delhi area meets the NAAQS.
(Environment Protection, Prevention and Control
Authority [EPCA] 2017). Short-term policies include
improved physical and satellite monitoring of air quality,
expansion of the compressed natural gas (CNG) program,
enforcing stricter emission standards and taxes on diesel
vehicles, and stricter parking and penalty laws. Medium-
to long-term interventions include expediting develop-
ment of expressways, developing plans for improved
interstate freight transport, checking for fuel adulteration,
and effective traffic management (Centre for Science and
Environment [CSE] 2016b). The EPCA report also states
that older thermal power plants will be progressively
closed and research funds will be granted for air pollution
inventory studies (EPCA 2017). 

Smaller businesses and companies in the private sector
are also taking steps toward lowering greenhouse gas emis-
sions, which could also influence some of the emissions
relevant to this study in the future. Organizations such as
the Carbon Disclosure Project and the India Green House
Gas Program are supporting businesses in India with tools
to evaluate and disclose their own emissions and apply
relevant solutions to lower them further (India Green
House Gas Program 2015). The India Green House Gas Pro-
gram led to an estimated reduction of 165 million metric
tonnes of CO2 emissions by private industries in the
period between 2005 and 2015.

3.0 METHODS FOR ESTIMATING BURDEN OF 
DISEASE RELATED TO MAJOR AIR POLLUTION 
SOURCES

The overall analytic approach to estimating the burden
of disease related to major air pollution sources in India
has four main components, which were conducted
sequentially: 

1. Development of emissions inventories for the base
year 2015 and projection of emissions inventories for
2030 and 2050. 

2. Estimation of the fractional contributions from major
source sectors to ambient PM2.5 using the South Asia
nested version of the global chemical transport model
GEOS-Chem (see Sidebar 2) for the years 2015, 2030,



27

GBD MAPS Working Group

and 2050 under three alternative scenarios of energy
use and pollution control. 

3. Combination of these fractional contributions with high-
resolution estimates of ambient PM2.5 concentration
that were developed for GBD 2015 in order to estimate
the fractional contributions to population exposure.

4. Estimation of the sector contributions to the burden of
disease in India at the country level and stratified by
urban and rural locations. This step combines the
sector-specific ambient PM2.5 from step 3 with (a) esti-
mates of cause-specific disease burden for India from
the GBD 2015 study, including separate estimates for
urban and rural locations, and (b) IER functions
describing air pollution risk estimates for adult IHD,
stroke, COPD, and LC, and childhood and adult LRIs. 

Each of these steps is described in more detail in the fol-
lowing sections.

3.1 DEVELOPMENT OF EMISSIONS INVENTORIES 

The first step was to develop emission inventories of
SO2, NOx, PM2.5, black carbon (BC), organic carbon (OC),
and nonmethane volatile organic compounds (NMVOCs)
for India for the year 2015. The inventory developed for
this analysis relied on data and methods from previous
publications on multipollutant emissions inventories for
India, covering the period 1996–2015 (Pandey and Ven-
kataraman 2014; Pandey et al. 2014; Sadavarte and Ven-
kataraman 2014). Collectively, these studies provided data
on five major sectors: industry, transport, residential, agri-
culture, and “informal industry” sectors (including data

SIDEBAR 2: GEOS-CHEM AND THE HIGH-RESOLUTION SIMULATION FOR INDIA

GEOS-Chem (www.geos-chem.org) is a chemical transport 
model used by about 100 research groups around the world. 
The model solves for the temporal and spatial evolution of aero-
sols and gaseous compounds using meteorological data sets, 
emission inventories, and equations that represent the physics 
and chemistry of the atmosphere. Version 10.01 is used here. 
The simulation of PM2.5 includes the sulfate–nitrate–ammo-
nium–water system (Park et al. 2004), primary (Park et al. 2003) 
and secondary (Henze and Seinfeld 2006; Henze et al. 2008; 
Liao et al. 2007; Pye et al. 2010) carbonaceous aerosols, min-
eral dust (Fairlie et al. 2007), and sea salt (Alexander et al. 2005). 

The South Asia nested version of GEOS-Chem used here was 
developed by Sreelekha Chaliyakunnel and Dylan Millet 
(both of the University of Minnesota) to cover the area from 
55°E to 105°E and from 0°S to 40°N, and to resolve the 
domain of South Asia at a resolution of 0.5° � 0.67° (approx-
imately 56 � 74 km at equator) with dynamic boundary con-
ditions using meteorological fields from the NASA Goddard 
Earth Observation System (GEOS-5). The boundary fields are 
provided by the global GEOS-Chem simulation with a resolu-
tion of 4° latitude and 5° longitude (approximately 445 � 
553 km at equator), which are updated every three hours. 
The GEOS-Chem model has been previously applied to study 
PM2.5 over India (e.g., Boys et al. 2014; Kharol et al. 2013; 
Philip et al. 2014b) including by related satellite observations 
of aerosol optical depth to ground-level PM2.5 for the GBD 
assessment (Brauer et al. 2012, 2016; van Donkelaar et al. 
2010, 2015, 2016). Philip and colleagues (2014b) used the 
GEOS-Chem model together with satellite observations in a 
global analysis to find that across India biofuel combustion 
makes an even larger contribution than does fossil fuel com-
bustion to ambient PM2.5. 

The GEOS-Chem model has fully coupled oxidant-aerosol sim-
ulation. The simulation includes the sulfate (SO4

2�), nitrate 
(NO3

�), ammonium (NH4
+) system as originally described by 

Park and colleagues (2004) with thermodynamics computed 
with ISORROPIA II (Fountoukis and Nenes 2007) as imple-
mented by Pye and colleagues (2009). Alexander and col-
leagues (2012) describe the treatment of in-cloud sulfate 
formation. The organic carbon and black carbon simulation 
was originally developed by Park and colleagues (2003), with 
the subsequent addition of secondary organic aerosol following 
Pye and colleagues (2010). The sea salt (Jaeglé et al. 2011) and 
mineral dust (Fairlie et al. 2007) simulations both follow the 
standard implementation for nested simulations in version10-
01. For these simulations we added SO4

2� chemistry intro-
duced by Wang and colleagues (2014). We have corrected the 
too-shallow nighttime mixing depths and overproduction of 
HNO3 in the model following Heald and colleagues (2012) 
and Walker and colleagues (2012). Secondary organic aerosol 
formation includes the oxidation of isoprene (Henze and Sein-
feld 2006), monoterpenes and other reactive volatile organic 
compounds (Liao et al. 2007), and aromatics (Henze et al. 
2008). We applied the organic mass:organic carbon ratio in 
accordance with findings from Philip and colleagues (2014a). A 
relative humidity of 50% was used to relate simulated PM2.5 
measurements in India. To select the year of meteorology, we 
conducted standard simulation using the same emissions and 
different meteorology from the year 2010 to 2012, as the 
meteorological fields are not available after 2012. We chose 
the year 2012 as our meteorology year, with which the simula-
tion results best represented the mean PM2.5 concentration 
from 2010 to 2012. A three-month initialization period was 
used to remove the effects of initial conditions.
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on fuel consumption, process and fugitive emissions, and
solvent use). Emissions modeling required apportioning
national fuel use in each sector into defined source
categories and technologies, with each technology having
a specific emission factor. The five sectors were disaggre-
gated further into 13 source categories and about 75 tech-
nologies or activities for estimating 2010 emissions, which
were then projected forward to 2015. The pyrogenic or
combustion emissions, included from all sectors, along
with process, urban and on-road fugitive emissions,
together typically account for more than 97% of PM2.5 emis-
sions (Cao et al. 2011; Olivier et al. 1996; Purohit et al. 2010;
Zhang et al. 2009). The inventory includes neither emis-
sions from paddy farming and animal husbandry, which
account largely for methane emissions, nor fugitive dust
from construction activities, for which data are unavailable.

The emissions from each sector were estimated at the dis-
trict (sub-state) level, from activity data (energy consump-

tion, industrial products, solvent use, etc.), technology-based
emission factors, and current levels of deployment of control
technologies. Activity data and technology distribution for
each sector were derived from Indian statistics (Census
2011; National Sample Survey Organization 2012), a vari-
ety of sectoral technology reports (CEA 2010; CMA 2007a,
2007b, 2012; CMIE 2010; FAI 2010; MoC 2007; MoPNG
2012; MoWR 2006–2007), and an energy-projection mod-
eling approach. The schematic of the overall methodology
followed for development of the inventory is illustrated in
Figure 7.

Fuel consumption in individual sectors and the amounts
of agricultural residue burned was estimated using bottom-
up methodologies for the base year 2010, and projected for
the 1996–2015 period, using suitable proxies at each
source-category level (Pandey et al. 2014). For sector-level
technology divisions, dynamic emission factors related to
technology penetration in industry and to emission

Figure 7. Methodological flowchart for development of Indian emission inventories.
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standards in the transport sector were used to estimate 2015
emissions. 

Estimates of fuel consumption in technology categories
in each sector were aggregated to achieve closure with sec-
toral fuel demand and supply figures at the national level.
In thermal power and industry sectors, fuel use is estimated
using plant-by-plant data (installed capacity, plant load
factor, and annual production) for 830 individual large
point sources. In addition to fuel combustion, emissions are
estimated from industrial “process” activities (predominant
in industries such as those producing cement and non-
ferrous metals, and refineries producing iron and steel). 

Note that ammonia (NH3) is also a precursor to PM2.5;
however, the level of NH3 emissions is relatively stable
and no control measures are generally applied, so the NH3
emissions are assumed to be constant across all the simu-
lation scenarios. The NH3 emission inventory was taken
from the MIX emission inventory (Li et al. 2017; http://
meicmodel.org/dataset-mix.html).

Vehicular emissions include consideration of vehicle
technologies, vehicle age distributions, and super-emitters
among on-road vehicles (Pandey and Venkataraman 2014).
Residential sector emission estimates include seasonality
in water and space heating, based on ambient temperature
and typical practices. The “informal industries” sector in-
cludes brick production (in traditional kiln technologies
like the Bull’s trench kiln and clamp kilns, using both coal
and biomass fuels) and food and agricultural product pro-
cessing operations (like drying and cooking operations re-
lated to sugarcane juice, milk, food-grain, jute, silk, tea, and
coffee). In addition, monthly mean data on agricultural res-
idue burning in fields, a spatiotemporally discontinuous
source of significant emissions, are used from the Global
Fire Emissions Database, version 4 (GFED-4s) database

(Akagi et al. 2011; Andreae and Merlet 2001; Giglio et al.
2013; Randerson et al. 2012; van der Werf et al. 2010). Tech-
nology-linked emission factors used were described in pre-
vious publications (Pandey et al. 2014; Sadavarte and
Venkataraman 2014).

Spatial distribution of on-road diesel transport uses geo-
graphic information system (GIS)–based shape files with
road densities of national super-highway and highway net-
works, state highways, and city level grids. Spatial distribu-
tion of light industry and gasoline transport follows urban
population density, with large point sources assigned to a
specific latitude and longitude. Spatial distribution of cook-
ing emissions from the residential sector is based on the
district-level population use of six different cooking fuels,
while emissions from agricultural residue burning, based on
the GFED-4s, relies on the global burned area product (Gi-
glio et al. 2013). Other sources included in the inventory but
not individually treated in sensitivity simulations described
in the next section include residential lighting with tradi-
tional kerosene lamps, informal industry (food and agro-
product processing), and waste burning. Uncertainties in
the activity rates were calculated analytically using meth-
ods described more fully in previous publications (Pandey
et al. 2014; Sadavarte and Venkataraman 2014). A spread-
sheet-based approach for analytical propagation of uncer-
tainties was developed for combining uncertainties in
activity rates and emission factors. A normal/lognormal dis-
tribution was assumed when the standard deviation was
less than or greater than 30% of the mean. Uncertainty prop-
agation in the product of two variables was followed using
the sum-of-quadrature rule, calculated analytically. The up-
per and lower emission bounds, shown in Table 1, were cal-
culated using the resultant lognormal parameters (geometric
mean and geometric standard deviation). 

Table 1. Uncertainty Bounds for Indian Emissions of Individual Pollutants by Sectora

Sector
NOx

(95% CL)
SO2

(95% CL)
PM2.5

(95% CL)
NMVOCs
(95% CL)

Industry (�85 to 256) (�22 to 26) (�81 to 217) (�80 to 209)

Transport (�63 to 122) (�71 to 157) (�54 to 91) (�59 to 107)

Residential — (�59 to 107) (�61 to 113) (�66 to 133)

Agricultural (�60 to 111) (�58 to 105) (�46 to 70) (�63 to 121)

Informal industry (�85 to 260) (�10 to 11) (�74 to 173) (�79 to 204)

Total emissions (�65 to 125) (�20 to 24) (�49 to 78) (�44 to 66)

a CL = Confidence limit.
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3.2 ESTIMATION OF FRACTIONAL CONTRIBUTIONS 
TO PM2.5 FROM INDIVIDUAL SOURCES

In order to estimate the fractional, or percentage, contri-
bution of individual sources to ambient PM2.5, GEOS-
Chem (see Sidebar 2) was first run to simulate total PM2.5
concentrations across India for 2015 at a spatial (grid) res-
olution of 0.5° � 0.667° including the total emissions from
all sources developed in Section 3.1. This simulation is
referred to as the standard (STD) simulation. Then, sensi-
tivity analyses were conducted in which emissions from
individual major sectors or sources were sequentially
removed from the inventory used in the simulation. The
global and nested grid models of GEOS-Chem were then
run in sequence using each of these new inventories. The
sensitivity simulations thus estimate the ambient PM2.5
concentrations with emissions from each source sector shut
off. The difference between the STD simulation and each
sensitivity simulation provides an estimate of the contribu-
tion of each individual sector to ambient PM2.5 concentra-
tions. This approach to estimating sector contributions to
ambient PM2.5 is a widely used method to account for the
complex atmospheric physics and chemistry between pre-
cursor emissions and ambient particle concentrations. The
sum of the individual sector contributions to total PM2.5
approach 90%, implying that this method well represents
the sensitivity of PM2.5 to sources. Sensitivity simulations
were conducted for the following sources: 

1. Residential biomass (residential cooking, lighting,
heating, and water heating)

2. Open burning (agricultural residue)

3. Total coal (electricity generation and heavy and light
industry)

4. Industrial coal (heavy and light industry)

5. Power plant coal (electricity generation)

6. Transportation (on-road private passenger including
two-, three-, and four-wheeled vehicles fueled by
diesel, petrol, and CNG); public passenger vehicles
including three and four-wheeled cars, minivans and
buses fueled by diesel and CNG; freight including
light-duty and heavy-duty diesel vehicles; and pas-
senger and freight trains),*

7. Brick production (predominantly in traditional brick
kilns)

8. Distributed diesel (agricultural pumps, agricultural
tractors, and electric generator sets)

* Transportation did not include shipping.

† Residential and commercial construction sources of dust were not
included.

‡ Although not included in the set of sources attributed to human activities,
windblown mineral dust also arguably results in part from human activities,
either directly through agricultural or forestry practices or indirectly
through impacts on climate that increase desertification both outside and
inside India, for example. 

9. Anthropogenic dust (dust from fugitive, combustion,

and industrial activities, including coal fly ash, iron

and steel production, cement production, resuspension

from paved and unpaved roads, mining, quarrying,

and agricultural operations.)†

10. Total dust (including both windblown mineral dust

and dust from anthropogenic activities)‡

These sectors were selected for evaluation given their

inclusion in similar national level and global analyses

(e.g., Lelieveld et al. 2015) and based on in-country

interest as potentially important sources that might be tar-

geted for specific policies (for example, brick production

and distributed diesel sources). Primary PM is largely

composed of carbonaceous constituents (BC and organic

matter) and mineral matter. Primary PM2.5 emissions,

along with those of species BC and OC, are calculated in

the inventory from their respective measured emission

factors from different sources, along with corresponding

fuel consumption. Using reported organic matter/OC ratio

for sources, anthropogenic dust emissions are calculated as

the difference between emitted primary PM2.5 mass and the

sum of BC and organic matter, each calculated from respec-

tive emission factors (Philip et al. 2017). Open burning

emissions, from the GFED-4s database, largely reflect agri-

cultural residue burning, since forest burning is not a signif-

icant source in the region. 

Note that ambient ozone also contributes to the disease

burden attributable to air pollution in the GBD project.

Although ozone precursors are emitted in many of the

source sectors considered here and also simulated in

GEOS-Chem, we did not estimate the contribution of these

source sectors to disease burden via ozone production. For

GBD 2015, the impact of ozone on mortality in India was

10% of that from PM2.5. In addition, several of the sectors

that were evaluated emit additional pollutants (e.g., NO2),

which are also associated with adverse health impacts, but

which were not included in the GBD 2015 effort or in this

analysis.
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3.3 ESTIMATION OF PM2.5 CONCENTRATIONS 
ATTRIBUTABLE TO DIFFERENT SOURCE SECTORS 

The spatially resolved fractional contributions of the
different source sectors estimated with GEOS-Chem simu-
lations were then multiplied by the high-resolution
ambient PM2.5 concentration estimates developed for the
GBD 2015 project to estimate the ambient PM2.5 concentra-
tions attributable to each source sector. Specifically, the
sector contributions to ambient PM2.5 are calculated by
multiplying the gridded values of PM2.5GBD2015 by the
gridded fractions of ambient PM2.5 attributable to each
sector (fsector) as estimated from GEOS-Chem simulations
in the previous section:

The GBD 2015 concentration estimates combine (1) sat-
ellite-based estimates with GEOS-Chem to provide infor-
mation on the relationship between aerosol optical depth
and surface PM2.5 (van Donkelaar et al. 2016) with (2)
annual average PM measurements (for 2008–2014), along
with additional information on chemical composition and
geography (e.g., elevation and distance to nearest urban
center) in a Bayesian hierarchical model to provide global
estimates of PM2.5, along with uncertainty in the esti-
mates, at 0.1° � 0.1° resolution (Shaddick et al. 2016). 

These estimates explicitly incorporate available surface
measurements of PM2.5 for the locations of interest. For
India, this analysis included 25 direct PM2.5 measure-
ments and 411 PM10 measurements; the ratios of PM2.5 to
PM10 were used to estimate PM2.5 concentrations from the
PM10 measurements using methods described in Brauer
and colleagues (2016). Indication of whether a specific
measurement is estimated from the PM2.5:PM10 ratio or
directly measured is included in a variable in the above
model to account for potential differences in accuracy
between measurements. In general, the decision to rely on
the larger number of PM2.5 estimates derived from PM10
represents a tradeoff in which absolute accuracy is
reduced in favor of improved spatial representativeness. 

Comparisons between the results of the STD (2015) sim-
ulation and the GBD 2015 estimates are provided in
Appendix A (Figures A.1 and A.2), available on the HEI
website, and show overall good agreement in spatial pat-
terns with a general tendency for the simulations to under-
predict the GBD 2015 estimates, especially in the areas
surrounding the Uttar Pradesh–Bihar boundary. Despite
this underprediction, the spatial patterns of the estimates
remain similar, which supports the approach used here to
scale the simulated proportional sectoral contributions
with the GBD 2015 concentration estimates. In addition to

improving the spatial resolution of the analyses and
adjusting for bias in the simulations, the normalization to
the GBD 2015 concentration estimates explicitly includes
available ground measurements from India, thereby
enhancing the local relevance of these analyses. Further,
this normalization makes the sectoral contributions
directly relevant to the GBD 2015 disease burden esti-
mates, which in turn place the sectoral contributions in
the context of other risk factors (e.g., dietary and behav-
ioral factors) included in the GBD assessment, with an
overall goal of increasing the health policy relevance of
these analyses. 

3.4 ESTIMATION OF SECTOR CONTRIBUTIONS TO 
DISEASE BURDEN 

Based on prior analyses conducted for GBD 2010 for
household cooking (Chafe et al. 2014) and road transporta-
tion (Bhalla et al. 2014), and as in the GBD MAPS analysis
for China (GBD MAPS Working Group 2016), the nominal
assumption is that the proportional contribution of a
source sector, p, to the air pollution disease burden is a
simple proportion of that sector’s contribution, repre-
sented by the population attributable fraction, PAF(p), to
ambient PM2.5. That is, PAF(p) = PAF � p, where PAF is
the population attributable fraction associated with PM2.5.
As described in detail in the GBD MAPS China report, this
assumption is mathematically equivalent to averaging the
PAF over all possible changes in concentration of size
p � z within the concentration interval from the counter-
factual concentration, zcf, to z (see Sidebar 1). We have
employed this strategy for estimating the contribution for
overall burden associated with PM2.5 exposure attribut-
able to any single source or multiple sources by decom-
posing the attributable risk of PM2.5, as measured by the
IER, into specific sources proportional to their contribu-
tion to total PM2.5 concentration. This method of source
attribution is based on the average derivative of the IER
evaluated at concentration z over the concentration range
from the counterfactual, zcf, to z. We note that we are not
linearizing the IER itself, only calculating the average
derivative. We take this approach because we do not know
where in the exposure distribution such a change of p � z
occurs, as we are exposed to PM2.5 from all sources simul-
taneously. We use the PAF approach when evaluating both
current and future scenarios. 

This approach provides more robust findings in that it is
insensitive to the order in which each source is removed
from the total concentration. It also has the advantage that
the sum of burden estimates from all sources equals the
burden from ambient PM2.5 exposure. The approach there-
fore provides a more direct method of communicating

PM f PMsector sector2 5 2 5 2015. .  GBD                              (1)
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results that are more readily understandable and informa-
tive to decision makers. 

The population-weighted fraction of PM2.5 attributable
to each of the sectors was used together with the IER func-
tions (described in Sidebar 1) and the underlying disease
burden for each state, stratified by urban and rural loca-
tions, to calculate the PAF. To calculate disease burden
attributable to ambient PM2.5 and specific source sectors,
the resulting PAF is multiplied by the underlying cause-
specific disease burden as estimated separately for urban
and rural populations of each state. Briefly, the relative
risk for each cause was calculated at the PM2.5-exposure
grid-cell level from the cause- and age-specific exposure–
response relationship. The location-specific PAF is the
proportion of outcomes (e.g., deaths from lung cancer)
attributable to long-term exposure to ambient air pollution
at a level greater than a theoretical minimum risk exposure
level (TMREL). Because estimated deaths and DALYs were
not available at the grid-cell level, the state-level PAFs
were calculated using gridded population data and esti-
mated by

where Popio is population and pafio is the PAF of outcome
o in grid cell i. Estimates were aggregated to the national
level and reported stratified by urban and rural status for
attributable deaths and the age-standardized rate of attrib-
utable DALYs (DALYs/100,000). 

Note that the total numbers of deaths are a function of
the risk functions for each outcome, the size of the affected
populations in urban compared with rural areas, and the
underlying prevalence of diseases affected by air pollu-
tion. Age-standardized DALY rates are adjusted for the
population size and age distribution and are therefore
more appropriate for comparing the relative impacts of
PM2.5 between specific source sectors and by urban and
rural locations over time.

3.5 ESTIMATION OF UNCERTAINTY IN 
ATTRIBUTABLE DISEASE BURDEN 

Although estimates of attributable disease burden are
presented with corresponding uncertainty intervals, a
formal evaluation of all sources of uncertainty was not
conducted in this analysis. The overall uncertainty in the
burden estimates is a function of uncertainty in the PM2.5
estimates, the IER, and the baseline health rates as
described in detail elsewhere (Cohen et al. 2017). For
example, the population-weighted mean concentrations

for ambient PM2.5 and for PM2.5 attributable to specific
source sectors are presented with 95% uncertainty inter-
vals around their mean values. This uncertainty, which is
based only on uncertainty in the GBD estimates of ambient
PM2.5 concentrations and does not reflect uncertainty in
the estimation of sector specific contributions, is estimated
by sampling 1,000 draws of a distribution for each grid cell
based on the model output mean and standard deviation.
Uncertainties in the total ambient and sector-specific
PM2.5 (here calculated as a direct proportion of the
ambient PM2.5 uncertainty) are propagated, along with
uncertainty in the IER and uncertainty in the baseline dis-
ease rates, to arrive at uncertainty in attributable burden. 

No uncertainty in the attribution of ambient PM2.5 to the
various source sectors was included, as this would be a
major undertaking beyond the scope of this analysis.
Uncertainty in the emissions estimates was described in
Table 1. As in the overall GBD project, all estimates were
developed starting with the highest resolution inputs and
aggregating up in order to limit spatial misalignment. Spe-
cifically, exposure estimates and population are available
at the 0.1° � 0.1° grid-cell level and are used with the IER
functions to estimate the PAF. Source contributions are
available at approximately 56 km � 74 km, the level of res-
olution dictated by the simulations. Baseline disease
burden is estimated at the state level (stratified by urban and
rural populations), which is then aggregated to national-
level estimates.

4.0 RESULTS: THE CURRENT BURDEN OF 
DISEASE RELATED TO MAJOR AIR POLLUTION 
SOURCES 

4.1 EMISSIONS ESTIMATES FOR SOURCE SECTORS 
IN 2015

National-level emissions estimates of PM2.5, BC, OC,
SO2, NOx, and NMVOCs by sector are given in Figure 8.
Appendix B, available on the HEI website, includes
detailed tabulations of 2015 emissions of each pollutant at
the state level (Table B.1) and by sector (Table B.2).

 In 2015, Indian emissions of PM2.5 (9.1 million tonnes
per year [MT/yr]) and total precursor gases — SO2, NOx,
and NMVOCs (33.3 MT/yr) — arose from three main
sources: (1) biomass-fueled traditional technologies in
individual homes (residential biomass), brick production,
and informal industry; (2) coal burning in power genera-
tion and heavy industry; and (3) open burning of agricultural
residues for field clearing. BC and OC are important constit-
uents of PM2.5, whose emissions in 2015, respectively, were

PAF
Pop paf

Pop

io io
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Figure 8. National emissions in million tonnes (MT) of (A) PM2.5, (B) BC, (C) OC, (D) SO2, (E) NOx, and (F) NMVOCs by sector (2015).
BIOF, biomass fuel (residential cooking, lighting, and heating); OBRN, open burning (agricultural residue and forest); TCOL, total coal
(electricity generation, heavy and light industry); BRIC, fired-brick production (predominantly in traditional brick kilns); TRAF, trans-
portation (on-road and off-road transport — diesel/gasoline/CNG vehicles and trains); DDSL, distributed diesel (agricultural pumps,
agricultural tractors, and electric generator sets); OTHR, other sources, not individually treated (residential lighting, cooking with
gas/kerosene, informal industry in food and agricultural product processing); and ADST, anthropogenic dust (designated by hatchmarks
within major emitting source categories: coal fly-ash and mineral-based pollution particles).
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1.3 MT/yr and 2.3 MT/yr. BC and co-emitted OC have very
similar sources, with the largest emissions arising from tra-
ditional biomass technologies in the residential sector (for
cooking, lighting, and heating) and in the informal
industry sector (for brick production and for food and agri-
cultural produce processes), as well as from agricultural
field burning. Coal combustion in power generation and
industry is not a major emitter of BC and OC.

Secondary PM forms from reactions of precursor gases,
including SO2, NH3, NOx, and NMVOCs, which adds to
ambient PM2.5 concentrations. Emissions of SO2 lead to
the production of particulate sulfate, whereas those of the
ozone precursors (NOx and NMVOCs) lead to atmospheric
chemical reactions that increase ozone levels, but also
form nitrate and secondary OC aerosols. In 2015, SO2
emissions of 8.0 MT/yr arose primarily from coal combus-
tion in thermal power and industry sectors and from on-
road transport using diesel and petrol. Emissions of NOx of
9.5 MT/yr were dominated by thermal power and trans-
port sectors, whereas those of NMVOCs (15.8 MT/yr)
largely arose from traditional biomass-fuel stoves, fol-
lowed by fugitive emissions from energy extraction (coal
mining and oil exploration) and open burning of agricul-
tural residues in fields.

4.1.1 Evaluation of 2015 Emissions

Emissions during 1996–2015 were evaluated with other
bottom-up emissions estimates for India (Garg et al. 2006;
Klimont et al. 2009 [Greenhouse gas – Air pollution INter-
actions and Synergies model, or GAINS]; Lu et al. 2011;
Zhang et al. 2009 [Intercontinental Chemical Transport
Experiment — Phase B, or INTEX-B]). The estimated PM2.5
emissions were in good agreement (within a factor of 1.3)
for 2006 (Zhang et al. 2009). The differences observed for
emissions trends for industry were attributable to the
inclusion of process emissions in this work, particularly in
the cement and iron and steel industries. The emission
levels from the transport sector were comparable to those
in previously published works for the base year 2005
(Baidya and Borken-Kleefeld 2009). 

Our estimated trends in BC emissions were also in good
agreement (within 10%) with published values for several
years during 1996–2015 (Klimont et al. 2009; Lu et al.
2011) because of similar assumptions related to coke
ovens, diesel in heavy equipment use, and the fraction of
vehicle superemitters. Industrial BC emissions were
greater than those for 2006 (Zhang et al. 2009) and for 2015
(Klimont et al. 2009) because of the inclusion of new
sources. BC emissions from the residential, agricultural,
and brick production sectors were in agreement (within a
factor of 0.9 to 1.2) with those reported by Lu and

colleagues (2011) and Klimont and colleagues (2009).
Industrial OC emissions, however, were somewhat lower
(within 20%) than previously published values because of
the high rates of air pollution control devices used in the
industry sector and the implementation of Bharat Stage
(BS) norms in the transport sector, which reduced emis-
sions of PM2.5 and its constituents. OC emissions from the
residential, agricultural, and brick sectors were a factor of
0.6 to 0.8 times those in the study by Lu and colleagues
(2011), with increasing differences in recent years (i.e.,
2015) attributable to the assumption of higher biomass fuel
fraction in the residential sector and to differences in OC
emission factors. 

SO2 emissions agreed (within 20%) with those in Garg
and colleagues (2006), INTEX-B (Zhang et al. 2009), Lu
and colleagues (2011), and GAINS (Klimont et al. 2009) for
the years 2000, 2004, 2005, 2006, 2008, and 2010. The
somewhat lower SO2 emissions estimated here resulted
from both lower overall energy consumption (0.85) and
lower emission factors used for industry and thermal
power (0.95 and 0.73 for coal-based emissions) (Lu et al.
2011) with the inclusion of process emissions. Emissions
of SO2 from the residential, agriculture, and brick sectors
agreed (within 10%) with those in the study by Klimont
and colleagues (2009) but were somewhat lower compared
with those in the study by Lu and colleagues (2011).

NOx and NMVOC emissions compared well with those
from other inventories for the years 2000, 2005, 2006, and
2010 (Garg et al. 2006; Klimont et al. 2009; Sharma et al.
2015; Zhang et al. 2009). NOx emissions from industry
were close to those from earlier studies, approximately
0.97 times those in GAINS for 2010 (Klimont et al. 2009).
NOx emissions from transport agreed within a factor of 1.3
with those in Baidya and Borken-Kleefed (2009) and Gutti-
kunda and Mohan (2014). Overall NOx emissions were
somewhat lower than in previous studies (Baidya and
Borken-Kleefeld 2009; Fulton and Eads 2004; Zhang et al.
2009) due to our choice of emission factors (from Klimont
et al. 2009) in order to obtain agreement with a top-down
NOx emission inventory for India (Ghude et al. 2013).

4.2 SPATIAL CONTRIBUTION OF MAJOR SOURCES 
TO PM2.5 CONCENTRATIONS

Figure 9 shows the simulated annual mean PM2.5 con-
centrations in 2015. It illustrates that the ambient PM2.5
concentration has a clear regional distribution with high
values in northern India. The highest concentrations were
projected for Uttar Pradesh, Bihar, and West Bengal. 

The results of the sensitivity analyses conducted to sim-
ulate the impact of different sectors on PM2.5 concentra-
tions in 2015 are shown in Figure 10. The figure shows the
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simulated percentage contributions to PM2.5 from residen-
tial biomass combustion (“domestic biomass”), open
burning, total coal combustion, fired-brick production,
industry coal combustion, distributed diesel, power plant
coal combustion, and transportation. Among these emis-
sion sources, residential biomass burning, coal combus-
tion, and open burning contribute the greatest percentages
to ambient PM2.5.

The spatial distribution of particulate species reflects
the interplay of emission density distributions with trans-
port processes, with sulfate showing a predominance in
central India and to the east, where there is a predomi-
nance of thermal power generation, whereas carbonaceous
species and nitrate and ammonium predominate in the
northern Indo-Gangetic plains, where biomass fuel use for
residential cooking and heating as well as animal rearing
activities are dominant. 

The contributions to ambient PM2.5 concentrations from
each sector differ between regions. The contribution from
residential biomass combustion has a similar spatial distri-
bution to that of the annual mean PM2.5 concentrations in
India (Figure 9), which illustrates the large influence that
residential biomass burning has on air quality. Because of
the dense population and high emissions in Uttar Pradesh

and Bihar, residential biomass accounts for 30%–50% of
ambient PM2.5 in those states. Overall, coal combustion has
the greatest impact on southeast India (Orissa, Chhattis-
garh, Andhra Pradesh, etc.), accounting for more than 25%
of the total ambient PM2.5 concentrations. The contribu-
tions of coal burning by industrial sources and by power
plants have similar influences on PM2.5, except that the
contribution from industrial sources has a wider range than
that of power plants; power plants had the strongest effect
on PM2.5 in the northern part of Chhattisgarh. Open
burning emissions mainly affect the PM2.5 concentrations
in Punjab, Haryana, and the northwest of Uttar Pradesh,
accounting for 15% to 35% of ambient PM2.5. 

Emissions from fire-brick production, distributed diesel,
and transportation also contribute to air pollution. Fire-
brick production emissions impact a large area of northeast
and southern India and account for 3%–6% of ambient
PM2.5. Distributed diesel mainly affects the eastern part of
Uttar Pradesh, where it accounts for 4%–6% of ambient
PM2.5. Transportation emissions influence ambient PM2.5
concentrations widely across several regions, including the
northeast, northern, and southern areas, accounting for
2%–5% of ambient PM2.5. The transportation estimates in
this nationwide analysis are relatively low compared with
some produced for city-specific analyses, in part because
geographic scale of the grid used for the national analysis is
larger and is less likely to capture finer-scale variation in
exposure within urban areas and near roads.

Note that the sum of the concentrations attributed to each
of the subsectors does not add up to the simulated ambient
concentration from all emission sources. This difference
results both from the nonlinearities in the relationships
between emissions and ambient concentrations and from the
sensitivity simulations used to estimate the fractional contri-
bution from each source, as described in Section 3.2.

Additional sensitivity analyses were conducted to
understand the potential contribution of regional transport
of pollution outside India to PM2.5 concentrations within
India. This contribution was estimated from the difference
between the base case (STD 2015) and a “control” case in
which pollution emissions from outside India were
excluded. Figure 11 shows the absolute (Panel A) and per-
centage contributions (Panel B) from regional transport of
pollution from outside India to simulated PM2.5 concentra-
tions within the country. PM2.5 pollution attributable to
sources outside of India mainly originates from regions to
the west. Transboundary pollution contributes more than
12 µg/m3 to ambient PM2.5 in the northwest region of India
and accounts for approximately 15%–30% of ambient PM2.5
in that region. Contributions from transboundary transport
were somewhat lower (8–12 µg/m3, about 15%–20%)Figure 9. Simulated annual mean PM2.5 concentrations in 2015.
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Figure 10. Simulated percentage contributions from different sectors to ambient PM2.5 concentrations in the base year (2015). Each
figure has a different scale in order to best depict the spatial patterns of the different sectoral contributions and therefore should not be
used to compare sectors.  (Figure continues next page.)
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Figure 10. (Continued.)
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elsewhere in northern India and relatively low (4–8 µg/m3,
<15%) in southern India. 

Because total dust can be an important contributor to
ambient PM2.5 in some areas, we conducted an additional
simulation to estimate the separate contributions to total
dust from (1) windblown mineral dust and (2) anthropo-
genic activities (fugitive emissions such as resuspension
from road dust, and industrial activities — largely, coal fly
ash). The results of this analysis can be found in Figure 12
for windblown mineral dust (Panels A and B) and for
anthropogenic dust (Panels C and D). Each set of panels
shows the concentrations (in µg/m3) of each type of dust
source across India and its percentage contribution to total
ambient PM2.5 in 2015. In the nested simulation domain
(delineated by the boundaries of the figures shown), wind-
blown mineral dust was a significant contributor to
ambient PM2.5. The highest concentration within the
domain was 95.7 µg/m3, although the domainwide (area)
average concentration was 14 µg/m3. Within India, wind-
blown mineral dust is mainly distributed in the northwest,
and its impact elsewhere in the country is limited because
the highest concentration in the simulation domain occurs

outside of India. In most parts of the country, the wind-
blown mineral dust concentration ranged between 0 and
20 µg/m3 and accounted for 0% to 40% of the ambient
PM2.5 concentration. In contrast to the findings for wind-
blown dust, the simulations for dust from anthropogenic
activities show that it contributes 15 to 30 µg/m3

throughout India, accounting for 10% to 30% of total
PM2.5. Taken together the sum of the contributions of the
individual source sectors that were included account for
90% of the simulated ambient PM2.5, suggesting limited
nonlinearities in the relationship between ambient con-
centrations and emissions and relatively good simulation
of the important chemistry related to the spatial distribu-
tion of PM2.5 mass concentrations. 

Analogous maps of the PM2.5 concentrations, scaled to
the GBD 2015 estimates, are provided in Figures 13 and 14.
The spatial patterns of the ambient concentrations show a
strong north–south gradient, with the highest concentrations
in the northern states of Uttar Pradesh, Delhi, Bihar, and
Haryana as well as Punjab, West Bengal, and Assam (Figure
13). Figure 14 shows spatially how four sources contributed
to ambient PM2.5 in 2015. Total dust concentrations are high

Figure 11. Contributions from sources outside India to PM2.5 concentrations: (A) absolute contributions (µg/m3) and (B) percentage contribution (%).
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Figure 12. Absolute (µg/m3) and percentage (%) contributions to ambient PM2.5 concentrations from windblown mineral dust (A and
B, respectively) and anthropogenic dust (C and D, respectively).
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smaller list of sources in the emissions inventory and
addressed only a few months in the year. Atmospheric
organic aerosol mass is estimated from model calculated
OC fields, accounting for an organic mass:organic carbon
ratio of about 2.0 based on a parameterization developed
from aerosol mass spectrometer measurements and satel-
lite NO2 concentrations (Philip et al. 2014a). 

Model predicted concentrations of PM2.5 and its chem-
ical constituents were evaluated against available PM2.5
measurements, satellite observations of columnar aerosol
optical depth (AOD), and available monthly chemical com-
position measurements (Kumar and Sunder Raman 2016;
Ramachandran and Kedia 2010; Ramachandran and Rajesh
2007). Model performance was evaluated through normal-
ized mean bias (NMB) for pairs of model predicted concen-
trations (M) and corresponding observed concentrations
(O), at given locations and for the same averaging period:

Figure 15 compares simulated annual mean PM2.5 con-
centrations over India (shown earlier in Figure 9) with
available in-situ observed concentrations (denoted by cir-
cles). The simulated concentrations ranged from 50 to
140 µg/m3 across India, with the highest concentrations
seen in the northern Indo-Gangetic plains. The evaluation
of model performance found that the simulations satisfac-
torily captured both the magnitude and spatial variation of
PM2.5 concentrations over India (that is, with NMB of
�11.2%). However, some of the highest concentrations,
observed in Delhi and in Kanpur, were somewhat underes-
timated by the model. The relatively low NMB compared
with in-situ concentrations and the use of a comprehen-
sive, locally derived emissions inventory suggests that all
major sources were included in the simulation.

However, comparison of the modeled annual mean
aerosol optical depth with observations from the moderate-
resolution imaging spectroradiometer (MODIS), shown in
Figure 16, found a normalized mean bias of �33%, which
provides evidence that there could be missing sources
affecting PM2.5. An attribute of the method used here — of
scaling simulated PM2.5 by the ratio of observed to simu-
lated AOD (van Donkelaar et al. 2010) — is that the scaled
result will better represent observed PM2.5. 

The evaluation of the seasonal cycle of simulated PM2.5 is
inhibited by the paucity of measurements for PM2.5 and its
constituents. Simulated concentrations of PM2.5 and some of
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throughout northwestern and central India, including the
states mentioned above, as well as Gujarat, Rajasthan, and
to a lesser degree Madhya Pradesh (Figure 14A). Biomass
contributions are highest in Uttar Pradesh and Bihar, as
well as West Bengal and Jharkhand (Figure 14B), whereas
coal contributions affect the eastern portions of the country,
in the states of Gujarat and Rajasthan, and the far northern
states (Figure 14C) with little or no contributions in the
west. Open burning most heavily impacts Punjab, Haryana,
Delhi, and Uttar Pradesh (Figure 14D). Although contribu-
tions are small, transportation impacts are largest in Delhi,
Uttar Pradesh, and Bihar; impacts of brick production are
largest in Delhi, Uttar Pradesh, Bihar, and West Bengal; and
distributed diesel impacts are largest in Uttar Pradesh and
Bihar (Appendix D, available on the HEI website).

4.2.1 Evaluation of GEOS-Chem Model Performance 

The GEOS-Chem simulations made for this study
include those for primary aerosol emissions, secondary
sulfate, nitrate, and ammonium, and secondary organic
aerosol. They therefore go beyond previous simulations
made on regional scales over India (e.g., Sadavarte et al.
2016), which were limited to secondary sulfate and a

Figure 13. Spatial pattern of ambient PM2.5 concentrations in India,
scaled to GBD 2015. Comparisons with the simulations shown in Figure 9
may be found in Appendix A, available on the HEI website.
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Figure 14. Spatial patterns of ambient PM2.5 concentrations in India, 2015, contributed by various sectors: (A) Total dust, (B) biomass, (C) total
coal combustion, and (D) open burning. Maps for all other sectors in 2015 are provided in Appendix D, available on the HEI website.
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its constituents were compared with monthly mean chem-
ical composition measurements from a regional background
site (Bhopal: PM2.5, nitrate [NO3

�], and sulfate) and a
western urban site (Ahmedabad: BC) (Figure 17). The model
simulations appear to capture monthly mean concentra-
tions satisfactorily during non-winter months, but to
underestimate them in the winter months. As an additional
evaluation, simulation results from this study were also
compared with monthly PM2.5 concentrations for Bhu-
baneswar in eastern India extracted from Das and col-
leagues (2009). This comparison found the simulated
concentrations to vary more seasonally and to be much
greater than observed concentrations from that earlier
study. One explanation may be the rapid growth of anthro-
pogenic emissions in India, leading to discrepancies
between observation data from earlier years — 2007 and
2008 in the study by Das and colleagues (2009) — and sim-
ulated concentrations based on emissions from 2015.

The overestimate of nitrate, seen here for Bhopal, is a
common issue in many atmospheric models (Fairlie et al.
2010). One possible reason is the uncertainty of NH3 emis-
sions. The emissions of NH3 usually have large uncertainties,

Figure 15. Evaluation of simulated annual mean PM2.5 concentrations
by comparison with in situ observations (circles = observations).

Figure 16. Comparison of (A) modeled annual mean aerosol optical depth (AOD) over India with (B) satellite observations from moderate-
resolution imaging spectroradiometer (MODIS) showing a normalized mean bias of �33%. 
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Figure 17. Evaluation of model performance (normalized mean bias, NMB) in capturing seasonal variation in chemical species concentrations at two sites
in India.

and a high ammonium (NH4
+) concentration in the atmo-

sphere would result in a high concentration of nitrate. The
other important reason may be imperfections in the model
mechanisms. The model may overestimate N2O5 hydro-
lysis in aerosols (Zhang et al. 2012) and underestimate the
dry deposition of HNO3 (Heald et al. 2012). But so far
these studies cannot completely explain the overestimate
of nitrate.

4.3 ESTIMATES OF THE POPULATION-WEIGHTED 
PM2.5 CONCENTRATIONS

Table 2 provides the population-weighted percentage
contribution to ambient PM2.5, or exposure, from each of

the source sectors for all of India (see first column); the
corresponding population-weighted ambient concentra-
tions attributable to each sector are shown in the first
column of Table 3. Residential biomass combustion and
total coal combustion are the largest anthropogenic con-
tributors to ambient PM2.5. Although total dust, from both
windblown mineral dust and anthropogenic sources (such
as coal fly ash and resuspended road dust), is also substan-
tial, the contribution from anthropogenic activities
contributed 9%, a larger percentage than either industrial
or power plant coal combustion. Industrial coal combus-
tion and power plant coal combustion contribute nearly
equally to ambient PM2.5 and roughly at the same level as
open burning of agricultural residues. At national and
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regional levels, contributions from transportation, brick
production, and distributed diesel are small (<2.5% and
<2 µg/m3). Together, the sectors that were considered in
the simulations account for 90% of the ambient PM2.5 con-
centration nationally, with the remainder attributable to
combustion emissions from sources outside of India (the
dust contribution includes emissions originating both
within and outside of India) and from diverse sources
within India that were not evaluated individually. 

Tables 2 and 3 also provide a breakdown of the per-
centage contribution and absolute contribution of each
sector to PM2.5, respectively in urban and rural areas. For
this analysis, urban areas were defined in accordance with
the 2011 Indian Census as “all places with a municipality,
corporation, cantonment board or notified town area com-
mittee, etc.” and “all other places which satisfied the fol-
lowing criteria: i) A minimum population of 5,000; ii) At
least 75 per cent of the male main working population
engaged in non-agricultural pursuits, and iii) A density of
population of at least 400 persons per square km” (Source:
http://censusindia.gov.in/2011-prov-results/paper2/data
_files/India2/1.%20Data%20Highlight.pdf). All other
areas were designated as rural. 

There were only minor differences in the percent contri-
butions of the different sectors to urban and rural PM2.5
exposures. The contributions from anthropogenic dust and
coal combustion were somewhat higher for urban popula-
tions than from residential biomass, distributed diesel,
and transportation (as noted above, this relatively larger

scale analysis may not have fully captured the degree of
transport-related exposure within cities). 

4.4 ESTIMATES OF THE CURRENT BURDEN OF 
DISEASE BY SECTOR

In this section, we present estimates of the burden of
disease attributable to PM2.5 by source. The burden of dis-
ease is expressed in two ways: in terms of the numbers of
deaths attributable to PM2.5 (Table 4) and of age-standard-
ized disability-adjusted life-years per 100,000 population
(DALYs/100,000) attributable to PM2.5 (Table 5). 

Of the total 1,090,400 deaths attributable to PM2.5 in
2015 in India, 267,700 (24.5%) were attributable to resi-
dential biomass, the most important source related to
human activities. Coal combustion, roughly evenly split
between industrial sources and thermal power plant com-
bustion, contributed to 169,300 deaths (15.5%) in 2015.
Total dust, including both windblown mineral and anthro-
pogenic dust (mainly from coal fly ash and resuspended
road dust) was responsible for 38% (412,500 deaths) of the
deaths attributable to PM2.5. Anthropogenic dust specifi-
cally contributed nearly 100,000 deaths, about 9.2% of the
total deaths attributable to PM2.5. Open burning was
responsible for 66,200 deaths (6.1%), with contributions of
about 2% each from transportation, brick production, and
distributed diesel sources (agricultural pumps, agricul-
tural tractors, and diesel generator sets). 

Table 2. Mean Percentage Contribution of Different Source Sectors to Population-Weighted Ambient PM2.5 in India for 2015a

Source Sector All India (%) Rural India (%) Urban India (%)

Residential biomass 23.9 24.2 22.1

Total coal 15.7 15.5 17.1

Industrial coal 7.7 7.6 8.5

Power plant coal 7.6 7.5 8.0

Open burning 5.5 5.5 5.6

Transportation 2.1 2.1 2.1

Brick production 2.2 2.1 2.2

Distributed diesel 1.8 1.8 1.4

Anthropogenic dustb 8.9 8.8 9.6

Total dustc 38.8 38.7 39.5

a Appendix C Table C.1 (available on the HEI website) provides the breakdown of these sector contributions to PM2.5 for each of the Indian states.

b Anthropogenic dust includes anthropogenic fugitive, combustion, and industrial dust.

c Total anthropogenic dust and windblown mineral dust.
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As discussed in the introduction to this report, this anal-
ysis does not assume different levels of toxicity for dif-
ferent PM components or sources. This assumption is
consistent with the approach used in the GBD and is based
on conclusions by national (e.g., U.S. EPA) and interna-
tional (e.g., WHO) agencies drawn from the evidence avail-
able. Furthermore, crustal material is a typical constituent
of urban PM2.5 throughout the world and thus a compo-
nent of the PM2.5 exposures included in many epidemio-
logical studies designed to understand their effects on
health. With respect to health impacts related to windblown
mineral dust, some current evidence suggests impacts of
dust storms on hospitalizations, with emerging evidence
also supporting impacts on all-cause, cardiovascular, and

respiratory mortality (Crooks et al. 2016; Kang et al. 2013;
Karanasiou et al. 2012; Mallone et al. 2011; Perez et al.
2008; Vodonos et al. 2014, 2015). However, we acknowl-
edge that the differential toxicity of PM of varying
composition and from diverse sources remains an area of
active research.

These burden estimates attributable to PM2.5 and the
sectoral contributions to them are driven by the estimates
for rural populations. Seventy-five percent (815,300
deaths) of the overall burden attributable to PM2.5 occurs
among the rural population, reflecting the large percentage
(67%) of the Indian population living in rural areas, as
well as differences in underlying mortality rates and age
structure found in rural India compared with urban areas.

Table 3. Mean Population-Weighted Ambient PM2.5 Concentrations and Sector Contributions in India for 2015a, b

Source Sector
All India,

µg/m3 (95% CI)
Rural India,

µg/m3 (95% CI)
Urban India,

µg/m3 (95% CI)

All ambient PM2.5 74.3
(73.9 to 74.8)

74.4
(74.0 to 74.8)

73.2
(71.1 to 75.5)

Residential biomass 20.0
(19.9 to 20.2)

20.3
(20.1 to 20.4)

17.9
(17.3 to 18.5)

Total coal 10.7
(10.6 to 10.8)

10.6
(10.5 to 10.6)

11.5
(11.1 to 11.9)

Industrial coal 4.9
(4.9 to 5.0)

4.9
(4.9 to 4.9)

5.2
(5.0 to 5.3)

Powerplant coal 5.5
(5.5 to 5.5)

5.4
(5.4 to 5.5)

5.9
(5.7 to 6.2)

Open burning 5.0
(5.0 to 5.1)

4.9
(4.9 to 5.0)

5.4
(5.2 to 5.7)

Transportation 1.6
(1.6 to 1.6)

1.6
(1.6 to 1.6)

1.5
(1.5 to 1.5)

Brick production 1.7
(1.7 to 1.8)

1.7
(1.7 to 1.8)

1.7
(1.6 to 1.7)

Distributed diesel 1.6
(1.6 to 1.6)

1.7
(1.7 to 1.7)

1.2
(1.2 to 1.3)

Anthropogenic dustc 6.8
(6.8 to 6.9)

6.7
(6.7 to 6.7)

7.5
(7.2 to 7.7)

Total dustd 26.3
(26.2 to 26.4)

26.2
(26.0 to 26.3)

27.1
(26.2 to 27.9)

a As the relationships between emissions and ambient concentrations are nonlinear, and given the approach to estimate sector contributions by comparing 
standard (all sources) and sensitivity (with a specific source sector removed), the sum of each of the subsectors does not add up to the simulated ambient 
concentration for all emission sources.

b Confidence intervals are based only on the uncertainty distribution from the GBD concentration estimates and were calculated as described in Section 3.5. 
Specifically, this uncertainty is estimated by sampling 1,000 draws of a distribution for each grid cell based on the model output mean and standard 
deviation.

c Anthropogenic dust refers to anthropogenic fugitive, combustion, industrial dust.

d Total dust includes anthropogenic dust and windblown mineral dust.
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In contrast to the situation in many other countries where
urban concentrations are highest, annual average popula-
tion-weighted PM2.5 concentrations in rural and urban
India were similar (about 70 µg/m3). 

The source contributions to PM2.5-attributable mortality
were slightly lower in urban areas than in rural areas for
several sources: residential biomass combustion (22.9%
versus 25.1% in rural areas), open burning (5.7% versus
6.2%), and distributed diesel (1.5% versus 2.0%). The
contributions were somewhat larger in urban than in rural
areas from coal combustion (16.3% versus 15.3%) and
total dust (39.6% versus 37.2%). 

Age-standardized DALY rates (DALYs/100,000) are
more useful than deaths for comparing the impacts of
sources within India because they control for population
sizes and differences in the age structure of rural and
urban populations. DALY rates are shown in Table 5 and
were higher in rural areas than urban areas for all source

sectors, in part reflecting differences in underlying disease
rates between urban and rural areas. However, the magni-
tude of differences in DALY rates between urban and rural
areas differs by source sector. By comparing the percentage
differences in rates between rural and urban areas, it is
possible to identify where exposures from different source
sectors have greater impacts on population health. For
example, whereas DALY rates are on average 37% higher
in rural areas for all ambient PM2.5 than in urban areas, the
differential is even greater for distributed diesel (78%),
residential biomass (52%), and open burning (48%) —
indicating the higher exposures to emissions from these
source sectors in rural areas. Although DALY rates are still
higher in rural areas than in urban areas for coal
combustion and dust (total and anthropogenic), the differ-
entials in DALY rates are lower than those for all ambient
PM2.5 or distributed diesel, for example, indicating that
exposures from these sectors in urban areas are closer to
those in rural areas. 

Table 4. Source Sector Contributions to PM2.5-Attributable Deaths (95% UI) in India, 2015

Source Sector
All India
(95% UI)

Rural India
(95% UI)

Urban India
(95% UI)

All ambient PM2.5 1,090,400
(939,600 to 1,254,600)

815,300
(693,200 to 944,300)

275,000
(240,800 to 310,900)

Residential biomass 267,700
(230,600 to 309,300)

204,800
(175,000 to 238,700)

62,900
(54,600 to 71,100)

Total coal 169,300
(145,900 to 193,000)

124,500
(106,100 to 143,300)

44,800
(39,000 to 50,800)

Industrial coal 82,100
(70,400 to 93,900)

60,200
(51,400 to 69,300)

21,900
(19,000 to 24,900)

Powerplant coal 82,900
(71,600 to 94,700)

61,400
(52,300 to 70,500)

21,500
(18,700 to 24,500)

Open burning 66,200
(56,700 to 76,800)

50,500
(42,800 to 59,500)

15,700
(13,700 to 17,700)

Transportation 23,100
(19,900 to 26,400)

17,400
(14,800 to 20,200)

5,600
(4,900 to 6,400)

Brick production 24,100
(20,700 to 27,800)

18,100
(15,500 to 21,100)

5,900
(5,100 to 6,700)

Distributed diesel 20,400
(17,600 to 23,800)

16,200
(13,700 to 19,100)

4,200
(3,600 to 4,800)

Anthropogenic dusta 99,900
(86,500 to 114,400)

74,000
(63,100 to 85,500)

25,900
(22,700 to 29,300)

Total dustb 412,500
(353,300 to 474,600)

303,700
(256,600 to 351,300)

108,900
(94,900 to 123,700)

a Anthropogenic dust includes only anthropogenic fugitive, combustion, and industrial dust.

b Total dust includes anthropogenic dust and windblown mineral dust.
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5.0 ESTIMATION OF THE FUTURE BURDEN OF 
DISEASE RELATED TO MAJOR AIR POLLUTION 
SOURCES

5.1 CHARACTERIZATION OF FUTURE SCENARIOS 

In this work we develop and evaluate three future sce-
narios for 2030 and 2050 from estimated trends in emissions
from all emission sectors. The three scenarios are a refer-
ence scenario (REF) and two alternate scenarios (S2 and
S3) independent of one another and each with a unique set
of evolving technology mixes representing different levels
of emissions control and deployment of low-emissions
technologies. The three scenarios are described briefly in
Table 6. The scenarios represent a range of assumptions
about shifts in technology over time in each of the sectors
that result in changes in both emissions of PM2.5 (primary
emissions), its components BC and OC, and its gaseous
precursors (SO2, NOx, and NMVOCs). 

The primary analysis focused on sector contributions
under each of the scenarios for the year 2050. For the year
2030, an interim analysis was conducted to predict total
ambient PM2.5 concentration and associated disease
burden for each of the scenarios; sensitivity simulations to
assess sectoral contributions were not conducted. 

5.2 ESTIMATION OF EMISSIONS UNDER FUTURE 
SCENARIOS 

Starting with the base year of 2015, growth rates in sec-
toral activity were identified in two periods, 2015–2030
and 2030–2050. Projections of sectoral activity growth in
each period were based on expected changes in demand
and services from sectoral reports (see Appendix E, Table
E.1, available on the HEI website, for details). The sectoral
activity was then apportioned to various technologies
based on the technology-mix identified and assumed from
published literature (Table E.2). Technology-based energy
demand per unit activity (Table E.3) and specific fuel

Table 5. Source Sector Contributions to PM2.5-Attributable Age-Standardized DALY Rates (DALYs/100,000) in 2015, 
Stratified by All-India, Rural, and Urban Areas

Source Sector
All India
(95% UI)

Rural India
(95% UI)

Urban India
(95% UI)

% Rural � Urban 
Difference

All ambient PM2.5 2,922
(2,528 to 3,323)

3,172
(2,730 to 3,632)

2,308
(2,027 to 2,607)

27

Residential biomass 724
(631 to 823)

804
(692 to 927)

529
(463 to 599)

34

Total coal 452
(393 to 513)

484
(417 to 552)

374
(326 to 423)

23

Industrial coal 218
(188 to 248)

232
(200 to 265)

182
(159 to 207)

22

Powerplant coal 223
(194 to 252)

240
(206 to 273)

180
(157 to 204)

25

Open burning 178
(154 to 205)

197
(168 to 228)

133
(116 to 152)

32

Transportation 62
(54 to 71)

68
(59 to 78)

47
(41 to 53)

31

Brick production 65
(56 to 74)

71
(61 to 82)

50
(43 to 56)

30

Distributed diesel 56
(48 to 64)

64
(54 to 75)

36
(31 to 40)

44

Anthropogenic dusta 268
(233 to 304)

288
(248 to 329)

218
(191 to 246)

24

Total dustb 1,099
(952 to 1,258)

1,173
(1,004 to 1,345)

914
(798 to 1,036)

22

a Anthropogenic dust includes only anthropogenic fugitive, combustion, and industrial dust.

b Total dust includes anthropogenic and windblown mineral dust.
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resulting in installed capacity rising from 245 gigawatts
(GW) in 2015 to an estimated 1,080 GW in 2050. 

Sectoral demand projections in heavy industry (cement,
iron and steel, fertilizers, and non-ferrous materials) and
light industry from available reports (IEA 2009; IESS NITI
Aayog 2015; Murthy 2014; PNGRB 2013) were used to esti-
mate the industry growth rates in the two periods (Table
E.1, Row 2). For example, present-day production of
cement increased from 215 MT/yr to an estimated 957
MT/yr, and production of iron and steel increased from 88
MT/yr to 280 MT/yr in 2050. The growth in the fertilizer
sector was reported to be lower than other sectors, reaching
saturation by 2030 (PNGRB 2013), growing from present-
day production of 190 MT/yr to an estimated 271 MT/yr in
2050. 

The transport sector comprises (1) passenger vehicles,
including private-passenger vehicles (two-stroke and four-
stroke two- and three-wheelers and four-wheeler petrol
vehicles), and public passenger vehicles (four-wheeler
diesel vehicles and buses); and (2) freight including light-
duty diesel vehicles (LDDVs) and heavy-duty diesel vehi-
cles (HDDVs) (Pandey and Venkataraman 2014). For trans-
port, growth in demand was estimated under the categories
of passenger and freight (Table E.1), respectively, as 5.78%
and 3.61% in 2015–2030, and 2.89% and 1.8% in 2030–
2050 (Guttikunda and Mohan 2014; IESS NITI Aayog
2015). The present-day passenger activity of 9,997 billion
passenger-km and freight activity of 2,084 billion ton-km
rose to an estimated 41,057 billion passenger-km and 5,073
billion ton-km in 2050, respectively.

Population growth (UN 2005), at annual growth rates of
1.25% in 2015–2030 and 0.53% in 2030–2050, was
assumed to drive energy demand in residential and dis-
persed diesel (linked to residential use of diesel electric
generators). Building construction was estimated to grow
annually at 6.6% (2015–2030) (Maithel et al. 2012),
although it was adjusted downward to 3.37% 2030–2050,
using a factor of decrease in cement production, during the
latter period. Thus, the assumed national brick demand of
250 billion bricks in 2015 is expected to rise to 1,265 bil-
lion bricks in 2050. Growth rates for informal industry,
including food and agricultural product processing, were
assumed to be the same as for the agricultural sector
resulting in an increase of estimated wood consumption
from 28 MT/yr in 2015 to 41 MT/yr in 2050. 

To estimate growth in agricultural production and
related burning of residues for field clearing as well as agri-
cultural use of tractors and pumps, a growth rate of 1.02%
(Ray et al. 2013) was computed for agricultural production
during both 2015–2030 and 2030–2050, from increases in
food demand. This resulted in the growth of agricultural

consumption and fuel properties were used to estimate
fuel demand (Table E.4). Technology-linked emission fac-
tors for PM2.5 and its precursors (Table E.5) were used to
calculate emissions. The schematic of the overall method-
ology is illustrated in Figure 18.

5.2.1 Growth in Sectoral Activity Demand

Analysis of published sectoral demand projections or
growth targets for 2015–2030 and 2030–2050, along with
past sectoral growth during 2005–2015 from government
reports (Pandey et al. 2014; Sadavarte and Venkataraman
2014), was used to arrive at mean sectoral growth rates
during the two periods (Table E.1). Electricity generation
comprises fossil-fuel–based sources (coal-, oil-, and gas-
fired thermal power plants) and non-fossil-fuel–based
sources. Electricity generation through coal-fired thermal
power plants, referred to as “thermal power” in Appendix
E text and Tables E.3 and E.5, is the only source of emis-
sions, whereas renewable sources (e.g., hydroelectric gen-
eration) are assumed to have zero emissions. Published
growth rates in electricity demand were analyzed (Dhar-
madhikary and Dixit 2011; India Energy Security Sce-
narios [IESS] NITI Aayog 2015) to arrive at annual growth
rates of 6.3% in 2015–2030 and 6.7% in 2030–2050,

Table 6. Future Scenarios of Energy and Emissions 
Control Policies

REF, or Reference Scenario

Where the sectoral energy demand is met through 
sectoral technology-mix evolution at rates 
corresponding to changes observed during 2005–2015.

S2, or Ambitious Scenario

Assumes that the technology mix will reflect (1) the 
energy-efficiency targets for thermal power and 
industry as desired in India’s NDC; (2) the emissions 
standards in transport as proposed in auto-fuel policy; 
and (3) the emissions controls expected from an influx 
of cleaner technologies in residential, brick 
production, and informal industry sectors.

S3, or Aspirational Scenario

Aimed at more profound energy efficiency targets, 
represented by published high-efficiency–low-carbon-
growth pathways in industrial, electricity-generation, 
and transport sectors; high rates of shifting away from 
traditional biomass technologies (residential and 
informal industry); and including a complete end to 
agricultural field burning.
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open burning from an estimated 147 MT/y in 2015 to 210
Mt/yr in 2050. These growth rates are used to project the
energy demand for each sector to 2030 and 2050 and ana-
lyze evolution of energy use under different scenarios with
different technology mixes. 

5.2.2 Evolution of Technology Mix

The technology mix assumed under different scenarios
for each sector is summarized here with further details in
Table E.2 in Appendix E (available on the HEI website). In
2015, power generation was almost entirely from subcrit-
ical pressure thermal power plants with an average gross
efficiency of 30.5% (IEP 2006; IESS NITI Aayog 2015); a
switch to more efficient technologies, such as supercritical,

ultra-supercritical, and integrated gasification combined
cycle, is expected in future. For 2030 and 2050, respec-
tively, the non–fossil-fuel shares were assumed to be 30%
and 40% in REF, 40% and 60% in S2, and 75% and 80% in
S3. The central goal of India’s INDC (India’s NDC 2015) is
to achieve 40% share of electricity generation from non–
fossil fuels by 2030, supported by a domestic objective of
achieving 175 GW of renewable energy by 2022 — a goal
the government is working actively to achieve. The
assumed technology mix in S2 follows the INDC’s pro-
posed non–fossil-fuel share of 2030. In S3, it is consistent
with high efficiency–low carbon growth cases in earlier
studies (Anandarajah and Gambhir 2014; IESS Niti Aayog,
2015 [Level 4]; Shukla and Chaturvedi 2012). For thermal

Figure 18. Methodological flow diagram for projection of future emissions. (See Appendix E, available on HEI website, for Tables E.1–E.5.)
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power plants, the transition of sub-critical boiler tech-
nology to more efficient technologies, such as super-critical,
ultra-super-critical, and integrated gasification combined
cycle, is based on published scenarios (IEP 2006; IESS
NITI Aayog 2015). In industry, energy efficiency is pre-
scribed using the PAT mechanism (IESS NITI Aayog 2015;
MoP 2008). Under the PAT initiative (MoP 2008), PAT pen-
etrations for different heavy industries in 2030 and 2050
were adopted from the Level 2 and Level 4 trajectories of
the IESS 2047 scenarios (IESS NITI Aayog, 2015). Their
PAT penetrations were assumed to range from 58%–75%
in 2030 to 60%–75% in 2050 for the REF scenario, from
62%–79% in 2030 and 69%–84% in 2050 for the S2 sce-
nario, and from 85%–100% across both time periods in the
S3 scenario (Appendix E, Table E.2, available on the HEI
website). 

In the transport sector, current technology shares are
81% private vehicles (two-wheeler, three-wheeler, and
cars) and 19% public vehicles (buses and taxis) (Pandey
and Venkataraman 2014). The share of private vehicles is
projected to increase in the REF scenario until 2030, espe-
cially for two-wheelers and cars (Guttikunda and Mohan
2014; NTDPC 2013). However, beyond 2030, as gross
domestic product stabilizes, no further increase in private
vehicle share is assumed, but public transport is assumed
to be in greater demand. Therefore, in the S2 scenario, pri-
vate-vehicle share is assumed to be 75% and 70% in 2030
and 2050, respectively. For the S3 scenario, private-
vehicle share is assumed to decrease rapidly to 60% in
2030 and 40% in 2050 to be consistent with Level 2 of
IESS (NITI Aayog 2015) (Appendix E, Table E.2). For
future emissions, Auto Fuel Policy (Government of India,
2014) recommendations were applied, wherein two- and
three-wheelers were proposed to have Bharat Stage (BS)-IV
standards from April 1, 2015, and LDDVs and HDDVs to
have BS-Va and BS-Vb. As has been discussed in the sec-
tion on Air Quality Management, there has been a recent
proposal to leapfrog directly to BS-VI for all on-road
vehicle categories by 2020 (MoRTH 2016). However, sce-
narios used here do not reflect such a quick change, but
have kept the share of BS-VI at modest levels for a number
of reasons: potential delays in availability of BS-VI com-
pliant fuels; difficulties in making the technologies adap-
tive to Indian road conditions as well as cost-effective
(ICRA 2016); and the likely continued use of non-BS-VI
compliant vehicles in peri-urban and rural areas. 

In the brick sector, currently 76% of total bricks are pro-
duced by Bull’s trench kilns and 21% by clamp kilns.
Clamp kilns are highly polluting, with sun-dried bricks
stacked alternately with layers of powdered fuel and
allowed to smolder until the bricks are baked. The demand

for non-fired-brick walling materials is currently negli-
gible, but is expected to rise with the availability of
hollow-block technology and the governmental incentives
for fly-ash bricks (MoEF 2017). For fired bricks, cleaner
technologies include a retrofit to existing Bull’s trench
kilns, called zig-zag firing, or to vertical shaft brick kilns,
which are significantly more efficient, but capital inten-
sive. For small clamp kilns, where regulation may not be
effective, a constant activity level, but a decreasing share
was assumed in future, with new cleaner technologies
filling growing demand (personal communication, S. Mai-
thel, 2015). Evolution of technologies in informal industry
from traditional wood furnaces presently supplying all
energy requirements to gasified and liquefied petroleum
gas (LPG)–based technologies is assumed to increase to
20% and 35% in 2030 and 2050, respectively, for S2 and to
65% and 80% in S3 (Appendix E, Table E.2, available on
the HEI website). 

India’s rural population largely depends on biomass
fuels for cooking, water heating, and lighting (Venkata-
raman et al. 2010). Although India has introduced
improved biomass cookstoves to improve fuel efficiency
and to reduce exposures to smoke by using chimneys or
combustion improvements, further technological improve-
ments or alternatives are required to reach the LPG-like
emission levels necessary to reduce disease risk from resi-
dential biomass burning. The REF scenario assumes an
increasing penetration rate of LPG and piped natural gas
typical of 1995–2015 (Pandey et al. 2014). The S2 and S3
scenarios assumed a future switch in residential energy to
use of liquefied or piped natural gas or low-emission bio-
mass gasifier stoves and biogas, an assumption consistent
with energy efficiency increases proposed in Levels 2 and
4 of the IESS (NITI Aayog 2015). We used lower rates of
clean technology adoption in the residential sector in both
the REF and S2 scenarios because no current legislation or
standards target this sector. However in the S3 scenario,
we assumed a complete switch away from traditional bio-
mass fuels. For residential lighting, 37% is provided by
highly polluting kerosene wick lamps and lanterns, which
emit large amounts of black carbon (Lam et al. 2012). The
balance is provided by electricity, with less than 1% pro-
vided by solar lamps. Residential lighting is assumed to
shift completely from the modest present-day dependence
on kerosene to electricity and solar lamps in 2030 and
2050 (National Solar Mission 2010), a change expected
with a national promotion of renewable energy.

The analysis for the agricultural sector assumes that res-
idues of cereal and sugarcane are burned in the field, based
on satellite observations of active fire cycles in agricultural
land-use areas (Venkataraman et al. 2006). Gupta (2014)
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indicated greater mechanization of agriculture, with a
decrease in amounts of residue, but an increase in inci-
dence of field burning to clear the rubble consisting of 6–
12-inch stalks, before sowing. Mulching technology was
reported to allow sowing even through the rubble and
loosely spread residue, thus avoiding burning for field
clearing. The present work assumes different levels of
mulching, replacing field burning, in future years
(Appendix E, Table E.2, available on the HEI website).

Different technology mixes for each source or sector are
matched with corresponding specific energy (in petajoules
[PJ], equal to 1015 joules) per unit activity related to each
technology type included (Appendix E, Table E.3). In tech-
nology evolution, a given technology may improve in effi-
ciency with time or may be replaced with higher efficiency–
lower emissions technology at greater rates with time.
Both these possibilities are captured in the assumptions,
with no efficiency improvement with time characterizing
REF, but with increasing efficiency improvements with
time (in 2030 and 2050) characterizing S2 and S3 scenarios
(Appendix E, Table E.3). Thus, in scenarios with high-effi-
ciency energy technologies, there is a reduction of total
energy consumption despite increase in activity. In the
transport sector (Government of India 2014), engine effi-
ciency improvements are not foreseen to have significant
increases across technologies (e.g., across BS-III to BS-VI);
however, emission decreases are envisaged from control
technologies, as described in Table E.5 in Appendix E,
available on the HEI website. 

The projected energy demand in the three scenarios,
respectively, in 2030 and 2050 are, 57 EJ (an exajoule [EJ]
is equal to 1018 joules) and 111 EJ in REF, 50 EJ and 85 EJ in
S2, and 41 EJ and 65 EJ in S3 (Appendix E, Table E.4).
These estimates are broadly consistent with energy sce-
narios from exogenous energy economic models (Anan-
drajah and Gambhir 2014; Chaturvedi and Shukla 2014;
Parikh 2012; Shukla and Chaturvedi 2012) for reference
and high efficiency–low carbon growth cases, which are
widely accepted to represent growth trajectories for India.
Typically future energy demand is projected in 2050 to be
within a range of 95–110 EJ for reference scenarios (Parikh
2012; Shukla and Chaturvedi et al. 2012) and 45–55 EJ for
low carbon pathways (Anandarajah and Gambhir 2014;
Chaturvedi and Shukla 2014). Further, emissions of CO2
estimated under these scenarios (not shown) were evalu-
ated with published literature. Estimated emissions of CO2
in 2030 and 2050, respectively, were 3,400 Tg/yr and 7,200
Tg/yr in the REF scenario, and 2,500 Tg/yr and 2,000 Tg/yr
in the S3, or high efficiency and clean technology adoption
scenario. These estimates are broadly consistent with pub-
lished 2050 emissions of 7,200–7,800 Tg/yr CO2 for

reference cases, and 2,500–3,400 Tg/yr CO2 under different
low carbon scenarios (Anandarajah and Gambhir 2014;
Shukla et al. 2009). These assessments helped establish con-
sistency of energy demand with top-down economic
models among sectors and sub-sectors, before the analysis
moved on to estimate emissions of PM2.5 and its precursors.

In each technology division the energy demand was
converted to fuel consumption and matched with corre-
sponding emission factors described in Appendix E, Table
E.5 (available on the HEI website) to arrive at emissions. 

5.2.3 Evolution of Emissions for Future Scenarios

Figure 19 compares the projected emissions of each air
pollutant from the various sectors under the three sce-
narios for 2030 and 2050 with the baseline year 2015.
Emissions of PM2.5 evolve from present-day levels of 9.1
MT/yr to 2050 levels of 18.5, 11.6, and 3.0 MT/yr, respec-
tively, in the three scenarios (Figure 19A). In all future sce-
narios, there is faster growth of industry and electricity
generation than of residential energy demand, with 60–
70% of future emissions arising from the industrial sector.
These scenarios assume immediate actions to curb resi-
dential and agricultural emissions, with future controls
largely effected by shifts to 75%–80% non-coal thermal
power generation in 2050. 

Future reductions in BC (Figure 19B) and OC (Figure
19C) emissions result from a number of actions in residen-
tial and informal industry sectors and from agricultural
activities related to these sectors. These include actions that
enable a shift to cleaner residential energy solutions, a shift
away from fired-brick walling materials toward greater use
of clean brick production technologies, and a shift away
from agricultural field burning through the introduction of
mulching practices (assumed in S3). Future increases in
transport demand could lead to increased BC emissions
from diesel-powered public transport, thus providing an
important decision lever in favor of the introduction of CNG
or electric-powered public transport (in S3).

Under both REF and S2 scenarios (Figure 19D), emis-
sion growth of SO2 is driven by growth in electricity
demand and industrial production, while reduction is
driven by a shift to non-carbon power generation (nuclear,
hydro, solar, and wind) and modest adoption of flue gas
desulfurization technology. These scenarios assume low
rates of flue-gas desulfurization-technology adoption
because of the absence of current regulation and current
implementation of this technology. 

Emissions of NOx increase in 2050 (Figure 19E) to 31.7
MT/yr under REF and 18.4 MT/yr under S2, but stabilize at
10.5 MT/yr under S3. The emissions shares are dominated
by thermal power and the transport sector, and grow with
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Figure 19. Projected emissions of major air pollutants in India during 2015–2050 under future scenarios REF, S2, and S3: (A) PM2.5, (B) BC, (C) OC, (D)
SO2, (E) NOx, and (F) NMVOCs.  BIOF, biomass fuel (residential cooking, lighting, and heating); OBRN, open burning (agricultural residue and forest);
TCOL, total coal (electricity generation, heavy and light industry); BRIC, fired-brick production (predominantly in traditional brick kilns); TRAF, transpor-
tation (on-road and off-road transport — diesel/gasoline/CNG vehicles and trains); DDSL, distributed diesel (agricultural pumps, agricultural tractors, and
electric generator sets); OTHR, other sources, not individually treated (residential lighting, cooking with gas/kerosene, informal industry in food and agri-
cultural product processing); ADST, anthropogenic dust (designated by hatchmarks within major emitting source categories: coal fly-ash and mineral-based
pollution particles).
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sectoral growth under the first two scenarios. Under the S3
scenario, shifts to tighter emission standards for vehicles,
to a greater share of CNG in public transport, and to non–
fossil-fuel power generation all reduce NOx emissions. A
non-negligible — approximately 20% — share of NOx
emissions is from residential, agricultural field burning,
and brick production sectors, which are reduced in magni-
tude by the adoption of mitigation efforts based largely on
cleaner combustion technologies. 

Emissions of NMVOCs increase in 2050 to 16.3 MT/yr
under the REF scenario, but decrease to about 3.8 MT/yr
under S3 (Figure 19F). In the S3 scenario, mitigation of
emissions from residential biomass, energy extraction
(coal mining and oil exploration), and open burning leads
to an offset of more than two-thirds of present-day
NMVOC emissions. However, a shift to public transport
based on CNG drives the increase in NMVOC emissions
from the transport sector. Therefore, alternate modes and
technologies in the transport sector need further attention. 

As discussed in Sections 3.1 and 4.2, anthropogenic
dust emissions (Philip et al. 2017) correspond to mineral-
based pollution particles, including coal fly ash, and con-
tribute about 40% of Indian PM2.5 emissions in the base
year 2015. In future scenarios REF and S2, respectively,
anthropogenic dust contributed 6.0 and 4.6 MT/yr in 2030
and 12.0 and 6.8 MT/yr in 2050, arising primarily (60%–
85%) from coal fly ash, with the balance from fugitive on-
road dust and waste burning. In the highest-control S3 sce-
nario, anthropogenic dust emissions were reduced to
about 1.8 MT/yr in both 2030 and 2050. This reduction
stems from the assumed significant shift to 80%–85% non-
coal thermal power generation, leading to large reductions
in coal fly ash emissions. Thus, in the S3 scenario anthro-
pogenic dust emissions arose largely from on-road fugitive
dust and waste burning (over 50%), with a lower contribu-
tion from coal fly-ash (35–40%).

The net effect of these assumptions is that under the
REF scenario, emissions are projected to increase steadily
over time. Under the S2 scenario, they are also projected to
increase but at a slower rate. Only under the aspirational
scenario, S3, are appreciable reductions in emissions of
the various air pollutants expected.

5.2.4 Evaluation of Emissions Projections (2015–2050)

As a final evaluation, the emission projections for each
of our scenarios were compared with those for India
included in the four representative concentration path-
ways (RCP) scenarios adopted by the Intergovernmental
Panel on Climate Change as a common basis for modeling
future climate change (Clarke et al. 2007; Fujino et al.

2006; Hijioka et al. 2008; Riahi et al. 2007; van Vuuren et
al. 2007). The RCP scenarios were designed to represent a
range of possible future climate outcomes in terms of radi-
ative forcing watts per square meter (W/m2) values (2.6,
4.5, 6.0, and 8.5) in 2100 relative to pre-industrial levels.
They incorporate globally consistent assumptions about
changes in industry, transport, residential, and agricultural
practices; associated emissions; and related energy use.
RCP2.6 assumes net negative CO2 emissions after around
2070. RCP4.5 and RCP6.0 aim for a smooth stabilization of
concentrations by 2150 and RCP8.5 stabilizes concentra-
tions only by 2250. However, RCP scenarios are not tied to
any specific socioeconomic and technology evolution
pathway, which makes any direct comparison of under-
lying assumptions difficult yet permits comparison of
gross emission magnitudes.

Figure 20 compares the projected India emissions in the
RCP scenarios with those from this study for the years
2030 and 2050. The sectors used in the RCP scenarios cor-
responded to ones used in this study; they included energy
(power plants, energy conversion, extraction, and distribu-
tion), domestic (residential and commercial), industry
(combustion and processing), surface transportation, and
agricultural waste burning in fields. Because RCP sce-
narios address climate-relevant emissions, projections
were not available for primary PM2.5, but were available
for precursor gases, SO2, NOx, and NMVOCs, and for
PM2.5 constituents, BC and OC.

With some notable exceptions, the projected emissions
for the scenarios from this study, in particular S3, were
broadly in line with those of the RCPs. They are greater
agreement with some RCP scenarios than others. For
example, the emissions estimated for this study were in
agreement with those in RCP scenarios for SO2 (between
S3 and RCP8.5), for BC (between S3 and RCP2.6), and for
OC (between S2 and RCP8.5). For NMVOC, emissions in
REF, S2, and S3, agreed well with those from with RCP4.5,
RCP8.5, and RCP6.0, respectively. However, SO2, NOx,
and BC emissions in the REF and S2 scenarios were sub-
stantially higher than those estimated for all of the RCP
scenarios in 2030 and 2050. The larger SO2 emissions esti-
mates in those scenarios result from assumptions of low
rates of flue gas desulfurization technology deployment
(maximum of 25%), based on present-day and proposed
legislation in the thermal power sector. Emissions of BC in
the REF and S2 scenarios exceeded those of most RCPs by
factors of 1.5 to 3, from inclusion of new sources like resi-
dential lighting (with kerosene wick lamps) and water and
space heating (with biomass fuels). 
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Figure 20. Comparisons between the representative concentration pathways (RCP) scenario and Global Burden of Disease from Major Air Pollution
Sources (GBD MAPS) India scenario emissions in 2030 and 2050. RCP scenarios are based on an assumption of future stabilization of radiative forcing
(W/m2) in 2100; RCP2.6 assumes net negative CO2 emissions after about 2070; RCP4.5 and RCP6.0 aim for a smooth stabilization of concentrations by 2150;
and RCP8.5 stabilizes concentrations only by 2250. REF, or reference, is a scenario where technology-mix changes reflect current legislation and current
technology-diffusion rates. For the GBD MAPS scenario descriptions, see Table 6.

5.3 SIMULATED FUTURE AMBIENT PM2.5 CONCEN-
TRATIONS AND SECTOR CONTRIBUTIONS UNDER 
ALTERNATIVE SCENARIOS 

The same methods described in Section 3.2 for the base-
line year 2015 were used to simulate the PM2.5 concentra-
tions and the fractional contributions from each sector
under each of the three future scenarios. Figure 21 shows

the simulated total ambient PM2.5 concentrations in each
future scenario (REF, S2, and S3) for both 2030 and 2050 to
illustrate the different spatial patterns under each sce-
nario. In the REF scenario, the total PM2.5 concentrations
are projected to remain elevated in the north and northeast
regions in 2030 with an expanded area of high concentra-
tions in 2050. Under the S2 scenario, although simulated
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concentrations are projected to improve relative to REF,
the spatial patterns are very similar, with the north and
northeast regions remaining as the most polluted areas.
Promoting a total shift away from traditional biomass tech-
nologies (S3 scenario) both reduces overall concentrations
and leads to a reduction in spatial variability within India. 

Figures 22, 23, and 24 show simulated percentage con-
tributions of major emission sectors to PM2.5 in 2050
under the REF, S2, and S3 scenarios, respectively. As in the
baseline case, residential biomass burning contributes
most to ambient PM2.5 concentrations in north India. In
the future scenarios, the contribution of residential

Figure 22. Simulated percentage contributions by sector to PM2.5 in REF scenario (2050). (Figure continues next page.)
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Figure 22. (Continued.)



58

Burden of Disease Attributable to Major Air Pollution Sources in India

Figure 23. Simulated percentage contributions by sector to PM2.5 in the S2 scenario (2050). (Figure continues next page.)
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Figure 23. (Continued.)
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Figure 24. Simulated percentage contributions by sector to PM2.5 in S3 scenario (2050). (Figure continues next page.)
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Figure 24. (Continued.)
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biomass burning to PM2.5 concentration decreases as more
control measures are put into effect. In the S3 scenario, res-
idential biomass burning has the least influence on
ambient concentrations (less than 1.8%) (Figure 24).

Coal combustion contributions to PM2.5 have similar
spatial distributions in all future scenarios. In all scenarios,
coal combustion becomes the largest contributor to
ambient PM2.5. In the REF scenario, the contribution of
coal burning is projected to account for 50%–90% of the
PM2.5 concentrations in southeast India, an increase that is
mainly attributable to coal combustion for electrical power
generation. In the two stricter scenarios, which assume
power generation using more efficient technologies, the
percentage reductions in the contributions of power plant
coal combustion to ambient PM2.5 ranged from 45% to
75% in S2 and by a further 20% to 50% in S3.

In the REF and S2 scenarios, the contribution of open
burning to PM2.5 in 2050 is similar to that in the base sce-
nario. The S3 scenario assumes no further emissions from
open burning. Emissions from fired-brick production, dis-
tributed diesel, and traffic also have similar contributions
to PM2.5 in the future scenarios compared with the base-
line, with percentage contributions of less than 10%. The
contributions of brick production and distributed diesel
decrease slightly, whereas that of transportation increases
slightly in the future.

5.4 METHODS FOR ESTIMATING FUTURE PM2.5 
CONCENTRATIONS AND DISEASE BURDEN 
ATTRIBUTABLE TO INDIVIDUAL SECTORS 

To estimate the future burden for each of the three sce-
narios in 2050, it is first necessary to estimate both future
population-weighted concentrations (which are used to
calculate the PAF) and future mortality. 

Recall that to calculate the population-attributable fraction
(PAFPM2.5) in 2015 we used the gridded surface of (total)
ambient PM2.5 concentrations that was developed for GBD
2015 (PM2.5GBD2015) together with the sector contributions
estimated from GEOS-Chem, as described in Section 3.3. 

Calculating PAFPM2.5 for other years (i.e., 2050) requires
estimating both fsector and total ambient PM2.5. The fsector is
calculated from additional year 2050 GEOS-Chem simula-
tions described above, which necessarily also simulate
total ambient PM2.5 (PM2.5GChem2050), the standard simula-
tion (i.e., STD). In order to account for changes in the levels
of total ambient PM2.5 between 2015 and 2050, we scaled
PM2.5GBD2015 by the change in total ambient PM2.5 simu-
lated by GEOS-Chem between 2015 and 2050: 

PM PMGBD GBD2 5
2 5

2 5
2 52050

2050

2015
2015.

.

.
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PM

PM
  

GChem

GChem

     (4)

Note that for each of the different future scenarios (REF,
S2, and S3), a different STD simulation, specific to each
scenario, was used to estimate PM2.5GChem2050.

To calculate the future burden of disease from mortality
and DALYs for the three future scenarios (in years 2030
and 2050), we use mortality and DALY estimates, the
annual rate of change from 2000/2010 to 2015, and the
attributable fraction for 2000/2010 and 2015. As we are
imposing specific scenarios related to air pollution and as
air pollution is a known risk for mortality, we first isolated
the expected mortality not attributable to air pollution for
2050. The mortality not attributable to air pollution was
calculated as: 

where Mort = mortality rate, MortU = mortality rate unat-
tributable to air pollution, PAFPM2.5 = population attribut-
able fraction due to ambient air pollution, and year =
future year to estimate.

Next, we calculated the annualized rate of change
(AROC) in mortality between 2000 and 2015 as: 

This step is then repeated for 2010–2015, and we used
the most conservative AROC as determined by the absolute
minimum value, in order to prevent overextrapolation.

Using the above AROC and year 2015 mortality, we then
estimate the mortality that is not attributable to air pollu-
tion for future years: 

We then calculate the PAF attributable to air pollution in
future years based on the current level and the future sce-
narios as described above. Using the PAFs, we than calcu-
late the total mortality in the future as: 

All of the aforementioned calculations are done with
rates (that is, numbers of outcomes/number of population).
In order to convert these results back to number of out-
comes in the future, projections of population in 2030 or
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2050 are required. For this project, we used the UN World
Population Prospects data (United Nations 2017), after
splitting them into GBD age groups using the 2015 compo-
sition proportions for those groups. These projections were
not developed for the states and urban/rural breakdowns of
India. As such, we also split the projections to these loca-
tions using the proportion of that age/sex group in a given
urban/rural state location breakdown to the total popula-
tion in that age/sex group for all of India, multiplied by the
total population in that age/sex group for all of India in
2030 as:

A similar projection was then made for 2050 using the
same methodology. 

5.5 FUTURE POPULATION-WEIGHTED PM2.5 
CONCENTRATIONS AND CONTRIBUTIONS BY 
INDIVIDUAL SECTORS UNDER ALTERNATIVE 
SCENARIOS

Projected population-weighted ambient PM2.5 concen-
trations and sector contributions for each of the three
future scenarios are provided in Figures 25 and 26 with
additional details in Table 7. Under REF the population-
weighted PM2.5 concentration is projected to increase rela-
tive to 2015 14% by 2030 and 43% by 2050, whereas in the
aspirational scenario S3, there are 30%–35% decreases in
2030–2050. In scenario S2, a 1% increase in concentration
is predicted for 2030, and a 10% increase is projected for
2050 (Figure 25 and Table 7).

Sector contributions are affected differently depending
on the specific scenario, although in most cases percent
contributions increase in scenarios REF and S2 compared
with the year 2015 estimates, with decreases only realized
under scenario S3 (Figure 26 and Table 7). Two exceptions
are dust and residential biomass. Total and anthropogenic
dust concentrations are projected to increase, whereas res-
idential biomass contribution decreases under all sce-
narios. Dust from anthropogenic activities (anthropogenic
dust) is a larger contributor to total dust in REF (53% of
total dust, compared with 26% in 2015) and S2 (39% of
total dust), whereas its contributions in S3 (14%) are low.
Overall, in S3, total dust (in this scenario dominated by
windblown mineral dust) is the largest contributor to
ambient PM2.5, as a result of the dramatic reductions in

PopulationLocation Age Sex, , , 2030

                   
Popula


ttion

Population
 

State Age Sex, , ,

, ,

2015

2015
i Location
n

Age Sex


         (9)

                   Population
 i Location

n
Age,, ,Sex 2030

emissions projected for all of the other sectors (including
anthropogenic dust) in this aspirational scenario. Indus-
trial coal contributions increase in 2050 compared with
2015, even under S3, although this increase is offset by a
decrease in coal-fired power plant contributions, leading to
a net 21% decrease in the total coal contribution to
ambient PM2.5 concentrations. 

The concentration from transportation sources remains
low (<2 µg/m3) under all scenarios but does not decrease in
the aspirational scenario. That the transportation contribu-
tion decreases in REF but increases in S3 relative to 2015 re-
flects competing trends from 2015 to 2050 in which
emissions per vehicle generally decrease but vehicle-km
driven increases. Specifically, passenger vehicle-km in-
crease about fourfold from 2015 to 2050 accompanied by re-
ductions of 15% to 55% in primary PM2.5 emissions, but
with increases in transport-related SO2 (27% to 73%) and
NOx (93% to 121%) emissions, depending on the scenario.
Further, emissions from transportation may be affected by
reductions in emissions from other sectors and nonlinear at-
mospheric chemistry (e.g., reductions in other combustion
sources leaving more ammonia available to react with trans-
portation combustion products to form secondary PM). In-
deed, evaluation of simulation results indicates that the
sensitivity of nitrate to transportation sources in scenario S2
is larger than the nitrate sensitivity in the REF scenario (see
Appendix F, available on the HEI website). This analysis
suggests that increased available ammonia in S2, resulting
from reductions in emissions from other sectors, leads

Figure 25. Population-weighted mean total ambient PM2.5 concentrations
in India for 2015 (STD) and for the three scenarios in the years 2030 and
2050. 
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to increased particulate ammonium nitrate formation
associated with transportation emissions, relative to the
REF scenario. Furthermore, for a number of reasons —
because we are estimating sectoral contributions to ambi-
ent PM2.5 based on the fractional contribution from each
sector, because transportation is small relative to the other
sectors, and because the spatial pattern of the fraction of
transport emissions varies between scenarios — it is possi-
ble that the decrease in REF, followed by increases in S2
and S3, is an artifact attributable to increasing fractional
contributions from transport relative to other sectors
where the decreases are much more dramatic. 

For the different scenarios, the urban and rural differ-
ences in exposures remained small and reflected the dif-
ferences seen in 2015 (see Table 7).

5.6 ESTIMATES OF FUTURE DISEASE BURDEN 
ATTRIBUTABLE TO INDIVIDUAL SECTORS

Using the methods described in the previous section, we
estimated PM2.5-attributable mortality for total ambient

PM2.5 in 2030 and 2050 and for PM2.5 mortality attributable to
individual sectors for 2050, under all three future scenarios. 

Mean population-weighted exposures increased in 2030
for the REF scenario, were unchanged for scenario S2, and
decreased for the aspirational S3 scenario (Figure 27).
Given the larger population trends described above, the
mortality burden for all three scenarios grows substan-
tially in 2030, and especially in 2050 despite the exposure
decrease in scenario S3 (as well as the other two sce-
narios). As exposures for scenario S2 were similar to those
in 2015, the magnitude of the impacts of demographic
changes from 2015 to 2030 is reflected in the difference in
the numbers of attributable deaths between these two time
periods, or approximately 500,000. 

These estimates for each scenario and year are provided
in Table 8 along with the baseline (STD) estimates for 2015
for comparison. The table lists the number of deaths attrib-
utable to PM2.5 for all of India. (PM2.5-attributable DALYs
were also estimated as were the details for urban and rural
areas; these results are provided in Appendix G, available
on the HEI website.) Approximately 100,000 attributable

Figure 26. Population-weighted means of PM2.5 concentrations in India from all sectors for 2015 (STD) and for each of the three scenarios in 2050.
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Table 7. Population-Weighted Ambient PM2.5 Concentration and Percentage Contribution to Ambient PM2.5 Attributable to 
Different Source Sectors by Region (Rural vs. Urban) in 2015 and 2050 for Three Future Scenarios (and in 2030 for All Ambient 
PM2.5 Only)

Source
Sector Year Scenario

All India India Rural India Urban

PM2.5 
(µg/m3)

% Contri-
bution

PM2.5 
(µg/m3)

% Contri-
bution

PM2.5 
(µg/m3)

% Contri-
bution

All ambient 
PM2.5

2015 STD 74.3 — 74.4 — 73.2 —
2030 REF 85.2 — 85.2 — 84.7 —
2030 S2 74.9 — 74.8 — 74.6 —
2030 S3 51.1 — 51.0 — 51.3 —
2050 REF 106.3 — 106.1 — 107.2 —
2050 S2 81.7 — 81.5 — 82.0 —
2050 S3 48.5 — 48.5 — 48.5 —

Residential
biomass

2015 STD 20.0 24.0 20.3 24.2 17.9 22.1
2050 REF 16.1 13.9 16.3 14.1 14.7 13.0
2050 S2 9.9 11.0 10.0 11.1 9.0 10.4
2050 S3 0.4 0.8 0.4 0.8 0.4 0.7

Total coal

2015 STD 10.7 15.7 10.6 15.5 11.5 17.1
2050 REF 38.4 36.1 38.0 35.7 40.5 38.0
2050 S2 22.9 28.8 22.7 28.5 24.0 30.5
2050 S3 8.5 18.3 8.4 18.1 8.8 19.4

Industrial 
coal

2015 STD 4.9 7.7 4.9 7.6 5.2 8.5
2050 REF 10.5 10.5 10.4 10.3 11.0 11.5
2050 S2 10.4 13.6 10.3 13.5 10.8 14.7
2050 S3 6.9 15.2 6.8 15.0 7.0 16.0

Powerplant 
coal

2015 STD 5.5 7.6 5.4 7.6 5.9 8.0
2050 REF 24.7 22.6 24.5 22.5 26.3 23.5
2050 S2 10.7 12.9 10.6 12.9 11.3 13.4
2050 S3 1.4 2.7 1.3 2.6 1.5 2.9

Open 
burning

2015 STD 5.0 5.5 4.9 5.5 5.4 5.6
2050 REF 5.8 4.6 5.7 4.6 6.4 4.5
2050 S2 5.8 5.8 5.7 5.8 6.3 5.8
2050 S3 0.0 0.0 0.0 0.0 0.0 0.0

Transpor-
tation

2015 STD 1.6 2.1 1.6 2.1 1.5 2.1
2050 REF 1.0 0.9 1.0 1.0 0.8 0.8
2050 S2 1.4 1.6 1.4 1.7 1.1 1.3
2050 S3 1.6 3.0 1.7 3.0 1.2 2.3

Brick 
production

2015 STD 1.7 2.2 1.8 2.1 1.7 2.2
2050 REF 2.6 2.3 2.6 2.3 2.5 2.2
2050 S2 1.6 1.8 1.6 1.8 1.5 1.7
2050 S3 0.5 1.0 0.5 1.0 0.5 1.0

Distributed 
diesel

2015 STD 1.6 1.8 1.7 1.8 1.2 1.4
2050 REF 0.9 0.7 0.9 0.7 0.7 0.5
2050 S2 1.0 1.0 1.0 1.0 0.8 0.8
2050 S3 0.9 1.5 0.9 1.6 0.7 1.2

Anthropo-
genic dusta

2015 STD 6.8 8.9 6.7 8.8 7.5 9.6
2050 REF 22.2 19.6 21.8 19.3 24.7 21.1
2050 S2 12.7 15.1 12.5 14.9 14.0 16.2
2050 S3 3.1 6.3 3.1 6.2 3.4 6.7

Total dustb

2015 STD 26.3 38.8 26.2 38.7 27.1 39.5
2050 REF 41.9 41.4 41.4 41.3 44.7 42.6
2050 S2 32.2 42.0 32.0 41.9 33.8 42.7
2050 S3 22.3 47.3 22.2 47.4 22.8 47.0

a Anthropogenic dust includes only anthropogenic fugitive, combustion, and industrial dust.

b Total dust includes anthropogenic and windblown mineral dust.
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deaths are due to the increased exposure in REF in 2030
compared with 2015. The exposure decrease for scenario
S3 results in about 270,000 fewer deaths, which are offset
by the increase of approximately 500,000 due to demo-
graphic factors, resulting in a net increase of about 200,000
deaths in 2030 for S3 compared with 2015. As expected,
the same general patterns are evident in 2050 with more
substantial increases in exposure and attributable burden
— a total of 3.6 million deaths under the REF scenario. In
all scenarios, including the aspirational S3 scenario, attrib-
utable burden is increased compared with 2015 even as
exposure is expected to decrease. For each of the sce-
narios, more than 2 million attributable deaths are pro-
jected for India in 2050. 

Comparison of the age-adjusted DALY rates is more
appropriate for reflecting the value of reducing exposures
under the different scenarios because they control for dif-
ferences in age and population size among populations.
Figure 28 compares PM2.5-attributable DALY rates by cause
of death in rural and urban areas of India for 2015 and for
the three future scenarios in 2030 and in 2050. Note that
even as DALY rates increase in 2050 for the REF scenario
for rural areas, the rates for S2 are lower than those in REF
in 2030 and 2050, and the rates for S3 are lower than the
rates under the current 2015 scenario, reflecting in part the
benefit of more aggressive reductions in exposure to
ambient PM2.5.

Figure 29 compares the impacts on PM2.5-related mor-
tality from different source sectors for the base year 2015
(STD) and for each of the scenarios, as well as for urban
and rural areas. Among the sectors, coal emerges as one of
the more important sectoral contributors to burden in REF,
surpassing the impact of residential biomass. The impor-
tance of the coal contribution is projected to decrease
somewhat in S2 and more so in S3, although in both cases
it is the second largest contributor to PM2.5-related disease
burden after that of total dust. These decreases in the con-
tribution of coal in S2 and S3 relative to REF are primarily
driven by decreases in the burning of coal in power plants;
for example, in scenarios S2 and S3, 60% and 80%,
respectively, of thermal power is projected to be generated
from non-coal sources, compared with 40% in the REF
scenario. Given these projected reductions in power plant
coal burning, the relative contribution of industrial coal to
the burden of disease from all coal burning (total coal)
increases from REF to S2 to S3. 

Residential biomass combustion also continues to be an
important contributor to the disease burden attributable to
ambient PM2.5 under the REF (over 500,000 deaths) and S2
(over 300,000 deaths) scenarios in 2050 (Table 8 and
Figure 29). Though not included in these estimates,
residential biomass combustion has a further — and more
substantial — impact on disease burden in India via its
contribution to household air pollution (977,000 deaths in

Figure 27. Population-weighted mean exposure to ambient PM2.5 and attributable deaths in India 1990–2050 by year and by cause under three future sce-
narios. LC, lung cancer; IHD, ischemic heart disease; COPD, chronic obstructive pulmonary disease; LRI, lower-respiratory infections. 
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2015). Reductions in emissions from residential biomass
combustion, such as those envisioned for scenario S3,
should be a high priority. They would not only have a large
potential to reduce disease burden, but would also have
the added benefit of reducing climate-forcing emissions
(Lacey et al. 2017). 

In 2015, as well as in each of the future scenarios, dust is
a major contributor to disease burden. Although a portion
of this dust arises from windblown mineral dust, including
that which may originate outside of India, a large propor-
tion (23% in 2015 and 47% in the REF scenario) originates
from anthropogenic activities. Indeed, in each of the future
scenarios the increases in population-weighted dust con-
centrations (e.g., from 26.3 µg/m3 in 2015 to 41.9 µg/m3 in
2050 in the REF scenario) are entirely attributable to
changes in the anthropogenic component. Left unchecked,
as in the REF scenario, anthropogenic dust emissions are
projected to be responsible for 740,000 attributable deaths;
attributable disease burden is projected to increase com-
pared with 2015 levels in each of the scenarios. Given
these projections, our analysis suggests more attention
should be directed toward reductions in anthropogenic
dust emissions especially. Specifically, dust from anthro-
pogenic activities is a major contributor in the REF and S2
scenarios. In the S3 scenario, however, total dust, made up
mostly from windblown mineral dust, is the largest
remaining contributor to disease burden. This relative
increase in contribution to burden from this source is
caused by the aggressive reductions in emissions from the
other sectors assumed in this scenario.

In each of the future scenarios, open burning associated
with agriculture was scaled for population growth, given
population’s role in driving food consumption, food pro-
duction, and the generation of residue that needs to be dis-
posed of. Accordingly, the REF and S2 scenarios project
increases in exposure and disease burden associated with
open burning (from 66,000 in 2015 to more than 200,000
attributable deaths in 2050). These findings suggest a need
for alternative approaches to combustion for this material,
for example, to achieve the reductions in burden that
would be realized by elimination of such burning, as is
assumed under scenario S3.

Although the impacts of distributed diesel sources and
transportation contributions to disease burden are small
relative to the other source sectors, their contributions are
projected to increase under all of the future scenarios.
These increases in disease burden occur despite reduc-
tions in emissions anticipated by technology improve-
ments and structural changes because of the demographic
trends (population growth, aging, and rates of disease) that
impact the numbers of people affected by air pollution
exposures. For transportation, gains from decreased

Table 8. Total Numbers of Deaths Attributable to Ambient 
PM2.5 Overall and from Individual Source Sectors in 2015 
and 2050 (in 2030, only for All Ambient PM2.5) for Three 
Future Scenarios

Source Sector Year Scenario All India

All ambient
PM2.5

2015 STD 1,090,400
2030 REF 1,662,500
2030 S2 1,560,100
2030 S3 1,287,600
2050 REF 3,642,400
2050 S2 3,200,500
2050 S3 2,449,100

Residential
biomass

2015 STD 267,700
2050 REF 526,400
2050 S2 366,800
2050 S3 19,300

Total coal

2015 STD 169,300
2050 REF 1,299,300
2050 S2 894,700
2050 S3 428,600

Industrial
coal

2015 STD 82,100
2050 REF 365,500
2050 S2 413,400
2050 S3 351,200

Powerplant
coal

2015 STD 82,900
2050 REF 828,800
2050 S2 410,900
2050 S3 65,000

Open
burning

2015 STD 66,200
2050 REF 203,400
2050 S2 229,600
2050 S3 0

Transportation

2015 STD 23,100
2050 REF 33,500
2050 S2 52,500
2050 S3 76,700

Brick
production

2015 STD 24,100
2050 REF 87,600
2050 S2 59,900
2050 S3 26,400

Distributed
diesel

2015 STD 20,400
2050 REF 31,000
2050 S2 39,300
2050 S3 45,200

Anthropo-
genic dusta

2015 STD 99,900
2050 REF 742,800
2050 S2 496,000
2050 S3 158,600

Total dustb

2015 STD 412,500
2050 REF 1,479,600
2050 S2 1,310,900
2050 S3 1,156,200

a Anthropogenic dust includes only anthropogenic fugitive, combustion, 
and industrial dust.

b Total dust includes anthropogenic and windblown mineral dust.
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emissions are partially offset by increases in vehicle use
and likely from continued NOx emissions under BS-VI
standards. The vehicle growth and continued NOx emis-
sions are expected to contribute more substantially to PM
formation in the future years. Brick production is pro-
jected to have increased impacts on disease burden under
the REF and S2 scenarios, whereas under scenario S3

impacts are projected to be similar to those in 2015,
reflecting a combination of emissions reduction and the
impact of demographic trends. Plots with cause-specific
mortality data for individual source sectors, for each of the
scenarios can be found in Appendix H. Comparable plots
can be found for DALY rates in Appendix I. Appendices H
and I are available on the HEI website.

Figure 28. Comparison of DALY rates (DALYs/100,000 population) by cause of death attributable to ambient PM2.5 for different scenarios in rural and
urban India. LRI, lower-respiratory infection; IHD, ischemic heart disease; COPD, chronic obstructive pulmonary disease.



69

GBD MAPS Working Group

6.0 SUMMARY AND CONCLUSIONS

Ambient PM2.5 is a major contributor to mortality and
disease burden in India, estimated to have been respon-
sible for 1.09 million deaths and 29.6 million DALYs in
2015, making it the third leading risk factor for mortality in
India. This report estimates the contributions to that
burden that are attributable to major sources of PM2.5 air
pollution and projects future mortality and disease burden
in 2030 and 2050 under alternative emission scenarios.
Specific source sectors that were examined include resi-
dential biomass, coal (industrial and power generation),
transportation, open burning, distributed diesel sources,
and brick production, as well as anthropogenic and wind-
blown mineral dust. 

Three future scenarios of energy use and air pollution
control were then developed: REF, a “reference” scenario
where current practices remain unchanged, and two alter-
native sets of emission reduction measures for major
sources, referred to as scenarios S2 (ambitious) and S3 (aspi-
rational). These scenarios were used for analysis of mor-
tality and disease burden projections for all sources of PM2.5
in the years 2030 and 2050. For 2050, we also estimated the
major source contributions to ambient PM2.5 and their asso-
ciated disease burdens under each of the future scenarios
considering both future mortality projections and future
emissions scenarios. Simulation of the impact of different
air pollution source sectors on ambient pollution concentra-
tions with a high-resolution chemical transport model
incorporates complex and nonlinear relationships between

Figure 29. Distribution of mortality attributable to specific sources of PM2.5 in urban and rural areas of India in 2015 (STD) and for each of the three
future scenarios in 2030 and 2050. AFCI dust, dust from anthropogenic fugitive, combustion, and industrial activities.
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emissions and ambient concentrations and allows for spa-
tial disaggregation at a resolution appropriate for health
impact analysis. Importantly, this analysis is unique, being
based on highly resolved state-level estimates of under-
lying cause-specific mortality rates, which allow disease
burden estimates to be reported for urban and rural areas
within India using nonlinear relationships between expo-
sure and mortality. 

6.1 CURRENT AND FUTURE EXPOSURE AND BURDEN

The levels of ambient PM2.5 have been climbing steadily
in India over the last 25 years. In 2015, annual average
population-weighted PM2.5 concentration for India as a
whole reached 74.3 µg/m3, with even higher concentra-
tions experienced in various states. The vast majority
(99.9%) of the Indian population lives with PM2.5 levels
that exceed the WHO’s Air Quality Guideline level (10
µg/m3 annual average) and nearly 90% live in areas
exceeding the WHO Interim Target-1 of 35 µg/m3.

The analysis of different control scenarios shows that
the actions taken to reduce emissions have profound
implications for both the exposures to and disease burden
from ambient PM2.5. Not surprisingly, the REF scenario
approach leads to the largest increases in the mean popu-
lation-weighted exposures to PM2.5 in both 2030 and in
2050 relative to current levels (Figure 22). Even the S2 sce-
nario, an ambitious scenario that will require major com-
mitments to emissions reductions in the face of continued
economic growth, is projected just to hold PM2.5 to current
levels by 2030, and to a more modest increase (10%) by
2050. Only under the most active reductions envisioned in
the aspirational S3 scenario are exposures projected to be
reduced substantially by 2030 and 2050 compared with
current levels. The 2050 population-weighted mean expo-
sure for the S3 scenario, even excluding any impact from
windblown mineral dust, is estimated to be nearly three
times higher than the WHO Air Quality Guideline.

The burden of disease, in terms of the numbers of deaths
attributable to all PM2.5, is substantial and expected to
grow in the future despite the projected exposure
decreases in both the S2 and S3 scenarios. Compared with
1.09 million deaths in 2015, ambient PM2.5 was projected
to be responsible for 1.7 million, 1.6 million, and 1.3 mil-
lion deaths in 2030 and rising to 3.6 million, 3.2 million,
and 2.5 million deaths in 2050 for REF, S2, and S3, respec-
tively. However, the scenario analysis suggests that the
number of deaths attributable to PM2.5 was consistently
lower in the more aggressive S2 and S3 scenarios than in
the REF scenario. Nearly 100,000 to 400,000 deaths could
be avoided in 2030 and as many as 340,000 to nearly

1.2 million deaths avoided if the more aggressive measures
described in scenarios S2 and S3 were implemented. 

The projected increases in mortality despite the
decreases in exposure to PM2.5 illustrate the importance of
population dynamics in determining temporal trends in
mortality attributable to ambient PM2.5. Under all sce-
narios, the projected increase in mortality attributable to a
larger and older population and increased numbers of
deaths from IHD, stroke, COPD, and LC leads to net
increases in the number of deaths attributable to exposure
to ambient PM2.5. By 2050, DALY rates were lower in both
S2 and S3 scenarios than for the REF scenario; in addition,
the DALY rates in the S3 scenario were lower than in 2015.
We note, however, that our estimates of future mortality
are based on extrapolating trends in cause-specific mor-
tality from 2000–2015, which may change between 2015
and 2050.

6.2 KEY ROLE OF RURAL EXPOSURES IN BURDEN 
ESTIMATES

Rural and urban areas experience markedly different
disease burdens, as shown in Figure 29. The burden esti-
mates for the entire country of India, and the sectoral con-
tributions to them, are driven largely by estimates for the
rural population. Seventy-five percent (75%) of deaths
attributable to PM2.5 (815,300 attributable deaths)
occurred among the rural population in 2015. This finding
reflects the high percentage of the Indian population that
lives in rural areas (67%), as well as differences in under-
lying mortality rates, age structures, and, as discussed
above, the exposures experienced by the urban and rural
Indian populations. Unlike the situation in many coun-
tries, exposure levels in rural and urban areas in India are
similar. Urban areas had slightly lower contributions to
attributable mortality from residential biomass combus-
tion (22.9% in urban areas compared with 25.1% in rural
areas), open burning (5.7% compared with 6.2%), and dis-
tributed diesel (1.5% compared with 2.0%), and some-
what larger contributions from coal combustion (16.3%
compared with 15.3%) and dust (39.6% compared with
37.2%). 

Age-standardized DALY rates, which control for differ-
ences in population size and age structure, were higher in
rural areas compared with urban areas, in part reflecting
differences in underlying disease rates (Table 5). However,
because they control for population size and age structure,
they are also more appropriate for reflecting differences in
exposure. For example, age-standardized DALY rates are
on average 37% higher in rural areas for all ambient PM2.5
than in urban areas and are even higher for certain source
sectors — distributed diesel, residential biomass, and open
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burning — reflecting the higher exposures to these source
sectors in rural areas. The percentage differences in age-
standardized DALY rates between rural and urban areas
are lower for coal combustion and dust than for all
ambient PM2.5, indicating the importance of exposures
from these source sectors in urban areas. 

6.3 CURRENT AND FUTURE BURDENS FROM 
SPECIFIC SOURCES

The major motivation for this study was to provide
insights to the contributions different sources or sectors
make both to ambient air pollution and the burden of dis-
ease attributable to it. These analyses combined with the
scenarios for reducing emissions from these sectors help
identify the kinds of actions that are necessary to make
substantial improvements in air quality and health. 

6.3.1 Residential Biomass and Open Burning

Residential biomass was the single largest human
activity sectoral contributor to disease burden in 2015,
responsible for 267,700 deaths (24.5% of the total attribut-
able to ambient PM2.5). These burdens do not include the
additional substantial burden from indoor exposure to bio-
mass burning in the home. Left unaddressed, the burden
from the contribution of residential biomass to outdoor air
pollution could grow to more than 500,000 annual deaths
in 2050. There is, however, substantial opportunity to
reduce these exposures and effects, especially through a
major shift in fuel use to cleaner fuels.

Open burning was responsible for fewer deaths (66,200
[6.1%] PM2.5-attributable deaths) than residential biomass
combustion in 2015. However, without major controls, the
contribution of open burning to health burden is expected
to double in the future. Future estimates of emissions from
open burning from agriculture are scaled for population
growth given needs for increased food consumption, pro-
duction, and the generation and disposal of residue.
Assuming current practices in agriculture and no legisla-
tive interventions to limit agricultural field burning in REF
and S2, open burning leads to more than 200,000 projected
attributable deaths in both scenarios. These impacts
strongly suggest a need for alternative approaches to this
agricultural practice, ideally leading to its elimination, the
benefits of which are estimated under scenario S3. 

6.3.2 The Growing Importance of Coal

Coal combustion, roughly evenly split between industrial
sources and thermal power plant combustion, was respon-
sible for 169,300 deaths (15.5%) in 2015. In all future sce-
narios, however, coal is expected to replace residential

biomass as a leading important contributor to health
burden. Under the REF scenario, the absolute attributable
burden increases considerably — to nearly 1.3 million
annual deaths in 2050. Relative to other sectors, coal also
emerges as one of the more important contributors to
burden, surpassing the impact of residential biomass in all
three future scenarios. However, aggressive emissions con-
trol measures, such as those incorporated into scenarios S2
and S3 for coal-burning thermal-power plants and indus-
tries, could help avoid between 400,000 and 850,000 coal-
attributable deaths in 2050. 

6.3.3 Transportation, Brick Kilns, and Distributed Diesel

Compared with other source sectors in this nationwide
analysis, transportation, brick kilns, and distributed diesel
have relatively small impacts on current health burden,
but their impacts are expected to grow under future sce-
narios. Although emissions from vehicular transportation
is frequently mentioned in public discourse as a major
contributor to air pollution, especially in Indian cities, our
broad analysis of air pollution in rural as well as urban
areas shows relatively smaller contributions from trans-
portation on a national basis and even in urban areas rela-
tive to other sectors in 2015 (<2 µg/m3 to population-
weighted concentrations and <2.5% to disease burden).
However, transportation and distributed diesel sources
typically operate in closer proximity to populations than
do large stationary sources; the approaches to estimating
exposure in this study at a relatively larger scale therefore
may somewhat underestimate the actual exposures, and
the related disease burden attributable to these sources. 

Although small in comparison to other source sectors,
the impacts of transportation and distributed diesel
sources are projected to increase substantially under all of
the future scenarios. These increases are due both to com-
peting factors affecting emissions and to the growth and
aging of the population, as discussed for other sectors. For
transportation, the future scenarios reflect a complex inter-
play. This analysis assumes decreased per-vehicle emis-
sions because of implementation of BS VI/6, albeit not as
significantly for NOx, which increases in future scenarios
and which also contributes to formation of PM2.5. The per-
vehicle improvements, however, may be offset by
increases in the numbers of vehicles and vehicle use. The
analysis also assumes changes in transportation modes,
especially in S2 and S3, which involves, for example,
shifts to CNG and electric-bus fleets in urban areas, but
continued reliance on diesel in rural areas. 

Brick production is projected to have increased impacts
on disease burden under the REF and S2 scenarios. Under
the most ambitious control scenario, S3, the impacts on
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mortality have remained at levels similar to those esti-
mated for 2015, reflecting a balance between the impacts
of reductions in emissions and the impact of demographic
trends on mortality.

6.3.4 Anthropogenic and Windblown Dusts

In 2015, dust arising from anthropogenic activities,
including combustion (e.g., coal fly ash) and resuspended
road dust and windblown mineral dust, which largely
originates outside of India, were also major contributors to
ambient PM2.5 in India, responsible for 39% of popula-
tion-weighted PM2.5. Dust arising from anthropogenic
activities alone was responsible for about 9% of popula-
tion-weighted PM2.5 in 2015.

The present and future impacts of dust, both anthropo-
genic and windblown, on disease burden are very large. Of
the total 1.09 million deaths attributable to PM2.5 in 2015
in India, 412,500 deaths (38%) are attributable to total
dust; of these, approximately 99,900 deaths are attribut-
able to dust from anthropogenic activities. In each of the
future scenarios, the increases in population-weighted
dust concentrations are entirely attributable to changes in
the anthropogenic component. For example, under the
REF scenario, the anthropogenic component of dust more
than tripled from 6.8 µg/m3 in 2015 to 22.2 µg/m3 in 2050.
Specifically, road dust emissions are projected nearly to
double between 2015 and 2030 and to stabilize, but not
decrease, from 2030 to 2050, as emissions reductions from
improvements to road quality are offset by those from
increased vehicle use. Left unchecked, as in the REF sce-
nario, dust emissions from anthropogenic activities are
projected to be responsible for 743,000 attributable deaths.
Given the focus of this report on emissions related to
human activities, these projections from our analysis sug-
gest that more attention should be directed toward reduc-
tions in anthropogenic dust emissions. However, the
magnitude of the potential burden from windblown min-
eral dust suggests the need for further attention to mitiga-
tion strategies for these sources as well. 

6.4 COMPARISON WITH OTHER ESTIMATES

No studies exist whose methods are truly comparable to
those used in this study; some recent peer-reviewed
studies provide more limited assessments using different
data and methods, but have estimated quite similar sec-
toral impacts on disease burden. For example, as part of a
global analysis for the year 2010, Lelieveld and colleagues
(2015) estimated that approximately 50% of the disease
burden attributable to air pollution in India originated
with residential biofuel combustion (compared with 25%
in this analysis), 14% from power plant combustion

(compared with 8% in this analysis), 11% from “natural
sources” (not estimated in this analysis), 6.5% from
industry (7.5% from industrial coal combustion in this
analysis), 6% from open burning (about 6% in this anal-
ysis), and 5% (compared with 2% in this analysis) from
transportation. Guttikunda and Jawahar (2014) estimated
that coal-fired power plants were responsible for 80,000–
115,000 deaths in India in 2010 (compared with 83,000 in
this analysis).

The other, and often better known, category of studies
that offer estimates of sectoral contributions to air pollu-
tion levels are source apportionment analyses, which use
very different methods to apportion measured concentra-
tions of PM to source categories based on chemical compo-
sition. Review of the receptor modeling studies in India
shows that they reach a wide range of conclusions, even
for the same city, suggesting methodological weaknesses
related to application of specific chemical constituents as
source tracers, limited availability of locally derived emis-
sions source profiles, and limited use of organic molecular
markers (Pant and Harrison 2012). Qualitatively, our esti-
mates of sectoral contributions to ambient PM2.5 were sim-
ilar to findings in the limited number of  source
apportionment studies using receptor modeling that have
been conducted for major Indian cities. For example,
Banerjee and colleagues (2015) summarized multiple
receptor modeling analyses and reported on the impor-
tance of crustal and road dust resuspension sources, along
with vehicular, residential biofuel, and industrial emis-
sions. Similarly, Singh and colleagues (2017) summarized
PM2.5 urban receptor modeling analyses from throughout
South Asia and over all sites; their study highlighted the
percentage contributions of vehicular emissions (mean ±
SD: 37 ± 20%), followed by industrial emissions (23 ±
16%), secondary aerosols (22 ± 12%), and natural sources
(20 ± 15%), with approximately 15% contributions from
biofuel combustion. In a study of source contributions to
air pollution in Delhi, investigators at the Indian Institute
of Technology at Kanpur found seasonal differences in
transportation contributions to PM2.5 levels, ranging from
9% in the summer and 25% in the winter using data from
2013–2014. The larger contributions of vehicular emis-
sions in their analysis are due to the fact that these studies
were conducted in urban areas and often based on moni-
toring sites that were impacted by nearby roads, while at
the same time, as noted above, the larger grid scale in this
study may have underestimated the transport contribu-
tions to exposure and burden within cities. In addition,
although the majority of studies that were considered
included vehicle emissions and natural sources (crustal
material and sea salt) as source terms, fewer than half of
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the studies included source terms for residential biofuels
or industrial emissions so that the relative contribution of
vehicle emissions appears larger. 

This report provides the first comprehensive assessment
of the current and predicted burdens of disease attribut-
able to major sources in India. In particular, this assess-
ment incorporates updated, locally derived, and spatially
disaggregated emissions estimates that are combined with
high-resolution concentration estimates that include satel-
lite observations and a large number of available ground
measurements from India. Furthermore, the integrated
exposure–response relationship applied in this analysis
incorporates recent concentration–response functions
from an increasing number of large cohort studies. In addi-
tion we incorporate state-level variation in underlying dis-
ease burden estimates that are stratified by urban and rural
populations and the evaluation of multiple future scenarios.
Despite the strengths described above, as in most analyses
of future health burden and pollution impacts, this anal-
ysis is not without limitations. For example, in this report
we focus our assessment on only PM2.5, given that in the
GBD 2015 report, the burden attributable to PM2.5 vastly
exceeded that attributable to ozone in India. Recent
research has suggested both a greater risk from ozone expo-
sure (hazard ratio of 1.14 per 10 ppb increase in long term
ozone exposure [Turner et al. 2016] compared with a
hazard ratio of 1.03 used in GBD 2015) and the potential
for increases in exposure in the future (Silva et al. 2016),
which suggest a more significant role for ozone in future
air pollution–related disease burden assessments. The IER
function, while necessary to estimate disease burden from
PM2.5 exposure at the levels typical throughout much of
India, has been developed primarily from studies con-
ducted at lower concentrations in North American and
Europe as similar long term cohort studies from India are
lacking. In addition, although the differential toxicity of
PM of varying composition and from diverse sources
remains an area of active research, consistent with current
evidence as synthesized by the U.S. EPA (2009) and the
World Health Organization’s REVIHAAP assessment
(WHO 2013) and following the Global Burden of Disease
and other assessments, we assume that all airborne parti-
cles smaller than 2.5 µm in aerodynamic diameter are
equally toxic. This assumption is of particular relevance
given the important role of windblown mineral dust and
dust arising from anthropogenic activities in this analysis.
As in any assessment of future emissions, our projections
of pollution under future scenarios in 2030 and 2050 are
based upon a range of planned initiatives and expected

growth and development as well as reasonable and feasible
policies and technology changes. The extent to which
these will be realized or perhaps replaced by as yet
unknown disruptive technologies and trends is unknown.
As such these scenarios are best used to bound (between
the reference scenario and the more aspirational S3 sce-
nario) the likely path of emissions in India. 

Similarly, our mortality projections are based on a
straightforward but rather simple annual rate of change
metric and likely differ from more sophisticated mortality-
forecasting algorithms. In addition, although the simula-
tions do incorporate emissions originating outside of India,
our analysis of contributions of sectors besides windblown
mineral dust is focused only on emissions that originate in
India and their impact on disease burden within India. Our
estimates also do not quantify the impact of Indian emis-
sions on disease burden in other countries as has been done
in other analyses (Q Zhang et al. 2017).

6.5 CONCLUSION

The analyses conducted in this study have shown that
multiple air pollution sources present a significant health
burden attributable to ambient air pollution in India today.
They also pose major challenges for air quality manage-
ment and for the reduction of air-pollution-related health
burden in the future. As is the case for all countries that are
growing and aging in ways that make them more suscep-
tible to the effects of air pollution, future mortality attrib-
utable to air pollution in India is expected to grow even
with reduction in air pollution levels. In India, given
expected growth in economic activity and population, our
estimates predict that future exposures to ambient PM2.5
will increase by 2050 under the REF scenario and even
under the ambitious S2 scenario. Reductions in exposure
are projected in 2030 and 2050 only under S3, the most
aspirational air pollution control scenario. When com-
bined with the changes in population demographics, these
future exposures are predicted to increase the future levels
of mortality attributable to air pollution in India. However,
our estimates also indicate that there are significant oppor-
tunities in both urban and rural India to avoid hundreds of
thousands to more than a million deaths by 2050 if the
active emission control measures described in scenarios
S2 and S3 are implemented. Ultimately, aggressive imple-
mentation of air quality management, such as that simu-
lated for our aspirational S3 scenario, will be required to
lead India to a reduction of disease burden and protection
of public health from air pollution in the future. 
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9.0 MATERIALS AVAILABLE ON THE 
HEI WEBSITE

Appendices A through I contain supplemental material
not included in the printed report. They are available on
the HEI website, www.healtheffects.org/publications. 

Appendix A. Comparisons of Simulated 2015 STD
Scenario and GBD 2015 Estimated PM2.5 Concentra-
tions

Appendix B. Estimated Emissions of PM2.5, BC, OC,
SO2, NOx, and NMVOCs at the State Level and by
Sector

Appendix C. Population-Weighted Percentage Con-
tribution to Ambient PM2.5 for Each Future Scenario by
State and by Sector 

Appendix D. Spatial Patterns of PM2.5 in Future Sce-
narios by Sector and State

Appendix E. Assumed Technology Shifts and Growth
Rates for Sectoral Activity

Appendix F. Sensitivity of Sulfate, Nitrate, and
Ammonium Formation from Transportation Sources
under Alternative Future Scenarios REF and S2

Appendix G. Attributable Burden Estimates in
Deaths  and DALYs by  Sec tor,  Scenar io ,  and
Urban/Rural Area

Appendix H. Cause-Specific Mortality by Sector and
by Urban/Rural Area

Appendix I. Cause-Specific DALYs/100,000 Popula-
tion by Sector and by Urban/Rural Area
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AAP ambient air pollution

ALRI acute lower-respiratory infections

AOD aerosol optical depth

AROC annualized rate of change

BC black carbon

BRT bus rapid transport

BS Bharat stage

CEMS Continuous Emission Monitoring System 

CI confidence interval

CNG compressed natural gas

COPD chronic obstructive pulmonary disease

CPCB Central Pollution Control Board

CPS II Cancer Prevention II

DALY disability-adjusted life-year

DBTL Direct Benefit Transfer for LPG program

DST Department of Science and Technology

EPCA Environment Protection, Prevention and 
Control Authority

FAUP Fly Ash Utilization Programme 

FGD flue gas desulfurization

GAINS Greenhouse gas – Air pollution INterac-
tions and Synergies model

GBD Global Burden of Disease

GBD MAPS Global Burden of Disease from Major Air 
Pollution Sources (initiative)

GEOS-Chem Goddard Earth Observing System Global 
Chemical Transport Model

GFED-4s Global Fire Emissions Database, version 4

GIS geographic information system

HEI Health Effects Institute

HAP household air pollution

HDDVs heavy-duty diesel vehicles

IARC International Agency for Research on 
Cancer

IEA International Energy Agency

IEP Integrated Energy Policy

IER integrated exposure–response

IESS India Energy Security Scenarios

IGCC integrated gasification combined cycle

IHD ischemic heart disease

IHME Institute for Health Metrics and Evaluation

INDC Intended National Determined Contribu-
tions

INTEX-B Intercontinental Chemical Transport 
Experiment — Phase B

ISA Integrated Science Assessment

JNNURM Jawaharlal Nehru National Urban Renewal 
Mission 

LC lung cancer

LDDVs light-duty diesel vehicles

LRI lower-respiratory infection

MODIS moderate-resolution imaging 
spectroradiometer

MoEF Ministry of Environment and Forest

MoHFW Ministry of Health and Welfare 
(Government of India)

MoP Ministry of Power

MoPNG Ministry of Petroleum and Natural Gas

MT million tonnes

NITI National Institution for Transforming India

PAT Perform Achieve and Trade initiative

NAAQS National Ambient Air Quality Standards

NAMP National Ambient Air Quality Monitoring 
Programme

NCR National Capital Region 

NDC National Determined Contributions

NEP National Electric Plan

NGT National Green Tribunal

NH4
+ ammonium

NMB normalized mean bias

NMVOC nonmethane volatile organic compound

NO3
� nitrate

NOx nitrogen oxides

OBD on-board diagnostics

OC organic carbon
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ORVOCs other reactive volatile organic compounds

PAF population attributable fraction

PAT Perform, Achieve and Trade initiative

PM particulate matter

PM10 particulate matter � 10 µm in aerodynamic 
diameter

PM2.5 particulate matter � 2.5 µm in aerody-
namic diameter

PMUY Pradhan Mantri Ujwala Yojana

RCP representative concentration pathways

REF Reference scenario

REVIHAAP Review of Evidence on Health Aspects of 
Air Pollution (report)

SO4
2� sulfate

STD standard simulation

SO2 sulfur dioxide

TIFAC Technology Information Forecasting and 
Assessment Council 

TMREL theoretical minimum risk exposure level

UI uncertainty interval

UNDP United Nations Development Programme

UN United Nations

U.S. EPA U.S. Environmental Protection Agency

WHO World Health Organization
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