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Abstract

South Asia is home to some of the most significant air quality challenges in the world. More than 99% of
the region’s population is exposed to unhealthy fine particulate matter (PM25) concentrations, as defined
by the World Health Organization. Recent policy initiatives in South Asia show that air quality policy is a
priority, given the health impacts of air pollution. At the same time, capacity and data to assess and address
air pollution remains limited in many areas.

The main objective of this report is to outline a set of publicly available tools that can be used to inform
policies to improve air quality in South Asia. The report primarily focuses on tools such as emission
inventories and integrated modeling systems with country-level resolution and illustrates their air quality
assessment capabilities through examples and brief technical summaries. The report (1) focuses on the
Community Emissions Data System that provides historical emissions of key pollutants for all countries in
South Asia, and (2) profiles an analysis of Indian air pollution and policy scenarios using several integrated
modeling tools. Both of these examples draw on recent research and data that outlines the scale of the
challenge as well as the policy options for reducing air pollution in the region. The report concludes with
key recommendations for regional stakeholders working toward mitigating air pollution in South Asia.
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Acronyms and Abbreviations

AP

BC
CEDS
EDGAR
GAINS
GCAM
GFED
GHG
IAM
oC
OoM
RCO

Air pollution

Black carbon

Community Emissions Data System

Emission Database for Global Atmospheric Research
Greenhouse Gas and Air Pollution Interactions and Synergies
Global Change Analysis Model

Global Fire Emissions Database

Greenhouse gas

Integrated assessment model

Organic carbon

Organic matter

Residential, commercial, and other
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1.0 Introduction

South Asia records some of the worst air pollution in the world, containing 84% of Asia’s most polluted
cities. Particulate and gaseous emissions from various anthropogenic and natural sources contribute to poor
air quality in the region, adversely affecting human health and the environment. Of these emissions species,
fine particulate matter with diameters less than 2.5 microns (also called PM;s) have the greatest impacts on
human health, causing serious health conditions when exposed over the long term. Over 99% of South
Asia’s urban population is currently exposed to unhealthy PM» s concentrations exceeding the World Health
Organization’s air quality guideline level of 5 pg/m® (micrograms/cubic meters) (1Q Air 2020).

In 2019, India recorded the highest PM.s concentrations in the region (83.3 pg/m3), followed by Nepal
(82.8 ug/m?®), Bangladesh (63.5 pg/m?), and Bhutan (40.4 pg/m?3) (OECD 2022). The geospatial distribution
of the PM2 s concentrations varied significantly across the region, with hazardous air quality levels recorded
in the Indo-Gangetic plains and moderate air quality levels in Peninsular India (Figure 1). Meanwhile, the
two island nations of South Asia—Sri Lanka and the Maldives—recorded relatively low mean PMzs
concentrations (20 and 10.9 pg/m3, respectively); however, recent reports suggest that air pollution has
increased in the urban centers of these countries (UNEP 2019, Nandasena et al. 2012).

The severe air pollution experienced in the region has wide-ranging impacts on human health and the
environment. Long-term exposure to ambient and household air pollution poses a significant risk to public
health. It is strongly associated with premature mortality and increased disease burden from respiratory
infections, chronic obstructive pulmonary disease, stroke, cardiovascular disease, diabetes, and dementia
(YYamamoto et al. 2014, Krishna et al. 2017, Balakrishnan et al. 2019, Murray et al. 2020, Priyankara et al.
2021). In addition, air pollution has major impacts on cities and agriculture, causing corrosion of building
materials and cultural monuments (Natarajan et al. 2021), as well as reduction of crop yields (Burney et al.
2014). Furthermore, air pollution has detrimental effects on natural ecosystems, contributing toward loss
of biodiversity and ecosystem instability (Lovett et al. 2009). Air pollution is also a key contributor to
climate change, with some pollutants such as black carbon and ozone causing increased warming of the
Earth’s surface, whereas other pollutants such as sulfur dioxide have a cooling effect (Von Schneidemesser
et al. 2015).

In this report, we provide details on several existing open-source tools that can inform policies for
improving air quality in South Asia. Drawing on recent analyses, this report also highlights the policy
options for reducing air pollution and its health impacts in the region. We highlight the air quality
assessment capabilities of publicly available country-scale integrated assessment tools and emission
inventories through examples and technical summaries. Integrated modeling tools analyze complex
interactions between energy, economic, and climate systems and provide quantitative evidence for effective
decision-making. These tools also inform important air quality policy questions such as how various future
polices might alter PM. s concentrations and associated health impacts. Emission inventories, meanwhile,
provide detailed information on various pollution sources in a geographical region. This information can
be used to identify high-impact sectoral interventions and prioritize the implementation of specific policies.
Together, these tools provide support to researchers and policy makers in understanding the linkages
between critical issues, such as air pollution and climate change, while also guiding future policy
development through assessing alternative development pathways and policies.

1 “Air quality guideline level ... [is] a particular form of a guideline recommendation consisting of a numerical value
expressed as a concentration of a pollutant in the air and linked to an averaging time. It is assumed that adverse health
effects do not occur or are minimal below this concentration level.” (WHO, 2021)

Introduction 1
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Satellite-Derived PM2 .5 at 35% Relative Humidity [ug/m?]

0.0 20.0 400 60.0 80.0 100.0
Data Min= 1.0, Max= 1383

Figure 1. Annual surface PM,s concentrations in South Asia for 2019. These PM,s values were
derived at 0.5° (~55 km) resolution from a combination of satellite data and modeling and
include contributions from human activities, wildfires, dust, and sea salt (Hammer et al.
2020).

Section 2.0 of this report briefly discusses the importance of emissions inventories and their application in
air quality assessment and planning. We use the Community Emissions Data System (CEDS)—an open-
source global emission inventory—as an example to identify the key air pollutant sources for countries in
South Asia. CEDS is one of the few country-level emission inventories that provide information about air
pollution sources for all countries in the region. Section 3.0 outlines integrated modeling tools, which link
policy analysis and air quality assessment models. We use a recent analysis of India as an example to
illustrate the application of such tools for assessing linkages between policy, energy systems, climate, and
air quality. Finally, Section 4.0 provides key recommendations for regional stakeholders aiming to improve
air quality in South Asia.

Introduction 2
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2.0 Emission Inventories in South Asia

In this section, we provide an overview of emission inventories and their applications, along with a brief
description of some commonly used global emission inventories. Subsequently, we explore the air quality
assessment capabilities of emission inventories in detail using CEDS as an example (Section 2.1) for South
Asian countries.

Emission inventories are datasets that contain detailed information on the amount of air pollutants produced
by different sources (sector, fuel) within a specified geographical region (country, state, region).
Comprehensive emission inventories play an important role in air pollution modeling, analysis, and policy
formulation. Methodologies for developing inventory data range from the use of regional or global default
assumptions to the extensive reporting and estimation systems in place for some countries.

Inventories provide a comprehensive breakdown of emission estimates, which is crucial in identifying
targeted sectoral interventions and priority policy measures. In addition, emission inventories provide key
input data to comprehensive integrated assessment models (IAMs)?, Earth system models, and air quality
dispersion models,® which are commonly used by policy makers and researchers to understand human
exposure and risks, regional and local air quality implications of the current and proposed policies, and
potential future energy and emissions developments (EPA, 2021).

International research and modeling projects utilize several global emission inventories for policy analysis.
The Emission Database for Global Atmospheric Research (EDGAR) is a commonly used inventory that
provides independent emission estimates of anthropogenic greenhouse gas (GHG) emissions (1970 to 2019)
and air pollutants (1970 to 2015) at both national and global levels (EDGAR, 2021). Additionally, the
ECLIPSE emissions inventory, derived largely from the GAINS (Greenhouse Gas and Air Pollution
Interactions and Synergies) model, estimates historical GHG and air pollutant emissions from 165 global
regions and states/provinces in India and China at 5-year intervals (IIASA, 2021). The Global Fire
Emissions Database (GFED) is also extensively used to obtain gridded emission estimates (1997 to 2016)
attributed to forest and grassland fires and agricultural waste burning on fields. The GFED estimates are
derived from a fusion of satellite data with models and provide information at 0.25° (~27.75 km) global
spatial resolution (GFED, 2021).

In this report, we highlight CEDS global emission inventory and identify the key sources of air pollution in
South Asia. The CEDS emission inventory is publicly available as open-source data and software and is
updated annually. The most recent release has published emission estimates from 1750 to 2019. The tool
covers many air pollutants with the greatest health impacts and has a high level of sectoral detail. The CEDS
emission estimates have been successfully validated against other existing global and regional emission
inventories and is widely used (Hoesly et al. 2018, McDuffie et al. 2020, O'Rourke et al. 2021).

2 |AMs are widely used to assess the feasibility of mitigation targets. These tools combine knowledge from multiple
domains such as energy, food and agriculture, water, climate, economics, and policy to understand the linkages
between human—Earth systems. Examples of IAMs include GCAM (Calvin et al. 2019), GAINS (Amann 2012), and
AIM/CGE (Fujimori et al. 2017).

3 Earth System Models are used to produce historical and long-term projections of climate change by modeling the
interactions between atmosphere, ocean, and land systems (Heavens et al. 2013). Meanwhile, air quality dispersion
models are used to estimate the dispersion pathway of air pollutants from point emission sources. These models find
applications in evaluating the compliance to air quality standards by industrial facilities and power plants.

Emission Inventories in South Asia 3
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2.1 Community Emissions Data System

CEDS provides historical, gridded emissions for key pollutants for all countries in South Asia (Box 1). This
data provides a comprehensive, open-source starting point to help countries understand their emission
sources. It can also allow researchers in the region to conduct faster and more robust analysis of emission
reduction options. Although the tool is global in scope, it provides detailed estimates for South Asian
countries of interest, namely Bangladesh, Bhutan, India, Nepal, the Maldives, and Sri Lanka.

CEDS covers a range of air pollutants including sulfur dioxide (SO>), nitrogen oxide (NOy), black carbon
(BC), organic carbon (OC), and ammonia (NHs). This information can be readily used to estimate effective

PM2s emissions, which would otherwise be very time consuming to obtain from other sources. Figure 2
illustrates the relationship between effective PM.semissions and key air pollutants.

Black Carbon

Organic Carbon

Direct particulate

emissions from

Effective PM2.5 Bl < ur Dioxide

= Nitrogen Oxide

Particulate formation

from atmospheric

chemical reactions B Am monia

Figure 2. Derivation of the effective PM,s emissions metric from precursor air pollutant emissions.
Effective PM2sis a metric that gives an indication of the total PMzsin the atmosphere that
would result from air pollutant emissions in a region. These emissions are a combination
of primary PMzsemissions (BC and OC) plus an estimate of the secondary PM.s formed
from precursor emissions (SO, NOx, NHz3).

In this section, we use air pollution data from CEDS to identify the key sectors and fuels contributing to
emissions in South Asia.* The air pollutants contributing to primary PM.s(BC and OC) are discussed first,
followed by the air pollutants contributing to secondary PM.s (SO2, NO, and NHs). Finally, we discuss
the effective PM2 s emissions estimated using CEDS air pollutant data and briefly discuss the policy options
for mitigating these emissions.

4We use air pollutant data from the 2021 version of CEDS, specifically CEDS v2021_4 21. The data can be
accessed from http://doi.org/10.5281/zen0d0.4509372 (O'Rourke et al. 2021).

Emission Inventories in South Asia 4
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2.1.1 Black Carbon and Organic Carbon

BC and OC are small particles that make up much of the direct PM.s in the atmosphere. These particulate
aerosols are formed due to incomplete combustion of fuel and are directly emitted into the atmosphere
(which is also called primary emission). Long-term exposure to BC and OC is detrimental to human health
and causes respiratory infections, cardiovascular disease, lung damage, and premature death.

Biomass combustion from the residential sector is the largest source of BC and OC emissions in South Asia
(Figure 3 and Figure 4). In particular, the use of traditional biomass for cooking and heating accounts for
the largest share of BC and OC emissions in several countries of the region (India, Bangladesh, Nepal, and
Bhutan). BC and OC emissions show a strong upward trend in Bangladesh and Nepal due to estimated
increases in biomass consumption, and a steadily increasing trend is observed in Sri Lanka and Bhutan.
Meanwhile, a gradual decline has been observed in India’s BC and OC emissions since 2010, which is
likely a result of Indian government initiatives focused on improving access to clean fuels and technologies
for cooking. Nevertheless, there is significant scope to further reduce OC and BC emissions in the region.

The other important sources of BC and OC include road transport, industries, waste combustion, and open
biomass burning.> Residential waste combustion and solid waste incineration are estimated to contribute a
significant share of OC emissions in several South Asian countries (Sri Lanka, Bangladesh, the Maldives,
and Bhutan). Similarly, BC emissions associated with road transportation are growing, especially in the
Maldives, Bhutan, Sri Lanka, and Bangladesh. Over the last decade, OC and BC emissions from the power
and industry sector have been growing in India and Sri Lanka.
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Figure 3. South Asia BC anthropogenic emissions by sector (1990 to 2019). In this figure,
“residential and commercial — other” is abbreviated as the RCO-Other sector.

5> Emissions from natural and human-induced biomass burning (forests, grasslands, agricultural residues) are an
important additional source of OC and BC in South Asia. In 2015, these sources contributed to 10% and 20% of the
total OC and BC in the region. Emissions from these sources are not included in CEDS, however, their contributions
to total PM2 5 can be obtained from GFED and van Marle et al (2017), and is illustrated in Figure 8.
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Figure 4. South Asia OC anthropogenic emissions by sector (1990 to 2019). The detailed breakdown
of the aggregated CEDS sectors (as shown in the legend) is illustrated on page 373 of
Hoesly et al. (2018).

2.1.2 Sulfur Dioxide

Elevated sulfur dioxide (SO2) concentrations can cause burning in the nose and throat, breathing difficulties,
airway obstruction, and lung damage, especially for sensitive populations (ATSDR, 2021). In addition, SO,
undergoes chemical transformation in the atmosphere (along with NOy and NHs) and contributes to the
formation of secondary PM2s. SO, also contributes to the formation of acid rain, which causes damage to
the environment.

Over the last two decades, South Asian countries have experienced a rapid growth in SO, emissions, which
occurred in parallel to economic development and industrialization (Figure 5). In 2019, the energy sector
was the primary source of SO, emissions in India, Sri Lanka, and the Maldives. Meanwhile, Nepal,
Bangladesh, and Bhutan had multiple important sources that changed in recent years. The industrial sector
was one of the largest contributors in Nepal and Bangladesh and also accounted for a significant portion of
SO; emissions in India. Within Bangladesh’s industrial sector, SO, emissions were mainly attributed to
non-metallic mineral manufacturing, such as brick and cement, whereas India’s industrial emissions were
largely from metal production (40%).

The fuel sources contributing to these emissions varied across South Asia. Hard-coal combustion was the
single largest source of SO, emissions in India and Nepal, whereas hard coal and heavy oil together
contributed to the majority of emissions in Bangladesh and Sri Lanka. In recent years, SO, emissions from
diesel combustion in the transportation sector may have contributed to an increasing amount of SO,
emissions in several South Asian countries (Bhutan, Nepal, Bangladesh, and Sri Lanka), although updated
local information is needed to improve estimates.

Emission Inventories in South Asia 6
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Figure 5. South Asia SO; emissions by sector (1990 to 2019).
2.1.3 Nitrogen Oxide
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Figure 6. South Asia NOx emissions by sector (1990 to 2019).
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Long-term exposure to elevated nitrogen oxide (NOy) concentrations increases the population’s
vulnerability to lung cancer, asthma, and respiratory infections. Furthermore, NOx also contributes to the
formation of acid rain and plays a role in the formation of tropospheric ozone (which is an air pollutant and
a greenhouse gas). In 2019, NOx emissions sources varied across individual countries in South Asia (Figure
6). In Nepal and Bhutan, biomass combustion from the residential sector and process emissions from the
agricultural sector contributed to the majority of the NO, emissions. In India, hard-coal combustion from
the energy sector and diesel combustion from the road transportation sector accounted for the largest share
of the country’s NOy emissions. Similarly, in the Maldives, the power and transport sectors were the leading
NOy emitters, with heavy oil combustion being the primary fuel source. Meanwhile, in Sri Lanka and
Bangladesh, NOx emissions from road transport accounted for over 40% of the total emissions, with
remaining NOy sources varying between these countries. While municipal waste combustion was a leading
additional source in Sri Lanka, agriculture process emissions and gas-powered electricity generation both
played an equal and important role in Bangladesh. Overall, South Asian countries’ NOx emissions have
been on an upward trajectory since the year 2000, with emissions from road transport increasing in recent
years.

2.1.4 Ammonia

India Bangladesh 150 Sri Lanka

10,000

900

7,500 1001
600
5,000

501 |
300
2,500 Agriculture
Energy
Industry

B Road Transportation

o
o
o

1990 2000 2010 2020 1990 2000 2010 2020 1990 2000 2010 2020

[¢]
I
=z
< Non-Road Trans.
k=l Nepal Bhutan Maldives Residential
2 50 Commercial
< 0.601 | RCO-Other
40 B Svolvents
200 aste
30 0.401
20
100 0.201
104
0 0 0.001
1990 2000 2010 2020 1990 2000 2010 2020 1990 2000 2010 2020
Year

Figure 7. South Asia NH; emissions by sector (1990 to 2019).

Atmospheric NH3z emissions contribute to the nutrient pollution of water bodies and to secondary PM. s
formation. Overall, NHs; emissions are increasing substantially across South Asian countries (Figure 7).
The agricultural sector is by far the largest source of NH3z emissions in the region, with the majority of
emissions coming from non-combustion processes associated with nitrogen-fertilized soils, cattle grazing,
and manure management. In addition, wastewater handling (domestic and industrial) and untreated sewage
contribute to a considerable portion of NH3 emissions in India, Bangladesh, Sri Lanka, the Maldives, and
Nepal, accounting for over 16% of the total NHz emissions in 2019.

Emission Inventories in South Asia 8
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2.1.5 Effective PM25s Emissions
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Figure 8. South Asia effective PM2semissions by sector (2000 to 2019). The effective PM2s measure
illustrates the relative contribution of different air pollutants that lead to the formation of
PMzs in individual countries. The effective PM,s emissions are shown by sector for
anthropogenic sources and for open biomass burning (which consists of a mix of natural
and anthropogenic fires, including agricultural waste burning).

PM:2sis one of the most important pollutants from a human health perspective. However, understanding the
PM:2s we breathe requires understanding the chemical precursors to PM.s. PM2sin the atmosphere results
from primary aerosol emissions plus secondary aerosol production. Primary emissions are particles directly
emitted into the atmosphere, the main anthropogenic sources of which are which BC and OC. Secondary
particles are formed from precursor gases such as SOz, NO,, and NHs; which react in the atmosphere to
form small particles. We use an equivalent PM. s emissions metric (see Figure 2) to obtain a holistic view
of the regional sources of PM,s concentrations in the atmosphere.

Figure 8 illustrates the effective PM2s emissions by sector calculated using information from CEDS and
GFED (Smith et al. 2021). Effective PM2semissions are estimates of the total particulate matter that results
from air pollutant emissions. This data provides insights into the air pollutant sources that contribute to high
PM:s concentrations in individual South Asian countries.

The figure highlights the important role of secondary emissions in the formation of PM,s. Overall, policy
measures targeting the reduction of traditional biomass use in the residential sector can drastically lower
direct PMzsemissions of BC and OC, which are major contributors to air pollution across most South Asian
countries. In addition, policies focused on reducing or regulating hard-coal combustion in the power and
industrial sectors and diesel combustion in the transportation sector could drastically lower PMzs
concentrations in India and Sri Lanka. In Bangladesh, NH3z emissions from agricultural processes and NOy
emissions from diesel-based road transport, agriculture, and natural gas power plants are significant PMzs

Emission Inventories in South Asia 9



PNNL-32558

sources. Finally, in Nepal and Bhutan, policies focused on reducing traditional biomass consumption and
agricultural process emissions could provide significant benefits. These countries could also undertake
policy measures to reduce the growing SO, and NOx emissions associated with industrialization and fossil
fuel dependence.

Box 1: Community Emissions Data System

CEDS produces historical emission estimates for carbon-rich aerosols (BC and OC), anthropogenic air
pollutants (CO, NHs, NOy, SO,, and NMVOCs), and greenhouse gases (CO,, CH4, and N2O) from the
mid-18" century to the contemporary period (from 1970 for CH4 and N.O). CEDS emission estimates
provide in-depth insights into national emission trends and can be used to identify key sectors and fuel
sources of air pollution. The inventory data is also used to drive IAMs and energy-economy models, both
of which play an integral role in air quality and climate change mitigation policy analysis (O'Rourke et
al. 2021).

CEDS historical emissions are evaluated for 221 countries and territories across 55 sectors. The eight
CEDS fuel types are hard coal, brown coal, coal coke, light oil, diesel oil, heavy oil, natural gas, and
biomass. The 55 sectors are aggregated for display here into energy production; industry; solvents;
transportation; residential, commercial, and other (RCO); agriculture; and waste. The principal output of
CEDS are the annual average emission estimates of individual air pollutant species across countries,
sectors, and fuel types, which are further processed to produce gridded emissions at 0.5° resolution (~55
km) (Hoesly et al. 2018, McDuffie et al. 2020, JGCRI 2021).

The emission inventory system is publicly available (https://github.com/JGCRI/CEDS), and its
emissions estimates are updated annually. The latest CEDS release (CEDS v2021 4 21,
http://doi.org/10.5281/zen0d0.4509372) provides emission estimates from 1750 to 2019. Although the
tool is global in scope, it provides data for all the South Asian countries (O'Rourke et al. 2021).

We note that the energy consumption data used in CEDS can be uncertain, incomplete, or inconsistent
across time for many of the countries considered in this report. This results in some discontinuities in
emission estimates seen in some places in the figures. CEDS is built to allow users to amend or substitute
improved, locally derived data, the use of which could improve estimates for the countries we focus on
in this report.
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3.0 Integrated Modeling Tools in South Asia: Linking
Air Quality Assessment and Policy Analysis Tools

In this section, we briefly review the linkages between air pollution, sustainable development, and climate
change mitigation policies and describe the importance of integrated modeling tools in addressing these
complex multi-sectoral interactions. We then briefly highlight a study that uses integrated modeling tools
to conduct policy analysis focusing on India (Section 3.1).

Air pollution, climate change, and sustainable development are complex environmental issues with
synergies and trade-offs, requiring policy analysis that spans multiple economic sectors. Although certain
policies such as SO, emissions control might be beneficial for improving the air quality of the region, they
can lead to increased warming (because SO; contributes to cooling). Similarly, when not combined with
other welfare policies, climate change mitigation policies such as an economy-wide carbon tax may
contribute to the continued usage of traditional biomass for cooking and heating, exposing the population
to harmful indoor air pollution. At the same time, certain air pollution control policies may have synergies
with climate change mitigation policies and, in combination, could improve the total benefit across
environmental domains. Understanding these advantages and disadvantages is one role of integrated
modeling tools.

A common approach for integrated modeling of emissions and air quality is to link IAMs that conduct
economy-wide system’s analysis with air quality assessment models. These tools quantify the relationship
between multiple human and environmental outcomes, such as air pollution, energy system transitions,
climate change, human health, and sustainable development. These tools can support effective decision-
making by allowing researchers and policymakers to better understand the synergies, trade-offs, and co-
benefits of the interlinked outcomes. They can also help avoid policy outcomes that are counterproductive
to, for example, either air pollution abatement or climate change mitigation.

Several historical studies have used integrated modeling tools to explore the linkages between energy,
climate, air quality, and public health. Sampedro et al. (2020) combined an integrated assessment model
(the Global Change Analysis Model [GCAM]) with the air quality assessment tool (Fast Scenario Screening
Tool, TM5-FASST, Box 2) to assess the air pollution reductions and health co-benefits for different energy
system pathways consistent with global climate targets. Similarly, Chafe et al. (2014) combined another
integrated assessment model (GAINS) with TM5-FASST to estimate the concentrations of PM;s and
associated health impacts in several global regions, including South Asia.

The next section summarizes recent research conducted by Yarlagadda et al. (2021) focused on examining
the “climate and air pollution implications of potential energy infrastructure and policy measures in India.”
This study serves as an example of how country-scale analyses can be conducted with available open-source
data and tools.

3.1 Climate and Air Pollution Implications of Potential Energy
Infrastructure and Policy Measures in India

Air pollution control and climate change mitigation policies when implemented together can significantly
improve the overall air quality in South Asia. These policies are typically implemented across multiple
parts of the energy sector (Section 2.2) and require a comprehensive assessment to understand the policy
impacts on technology transitions, emission pathways, and public health. Integrated modeling tools play an
important role in analyzing these relationships and provide useful information to stakeholders.
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Yarlagadda et al. (2021) conducted an Indian climate change and air pollution analysis using publicly
available integrated modeling tools. The study investigated the linkages between air pollution control and
climate change mitigation by analyzing several policy scenarios with different levels of ambition and policy
focus and the interaction between policies. The study used a scenario approach, which is a common method
for exploring the potential future impact of sectoral policies and technological developments. The study
demonstrated that both climate change and air pollution benefits can be maximized when GHG mitigation
and air quality abatement policies are implemented together.

The analysis uses three modeling tools: (1) GCAM, which quantifies the energy system transitions and the
associated GHG and air pollutant emissions in response to specific sectoral policy interventions; (2) Hector
2.0 (a simple climate model) integrated with GCAM, which evaluates the global warming outcomes for
various policy scenarios; and (3) TM5-FASST (an air quality assessment tool), which was also coupled
with GCAM emission estimates to calculate mean PM2s and surface ozone concentrations at the country
level. These tools could potentially also be used to conduct similar analyses for other South Asian countries.

Table 1. Policies implemented across policy dimensions (air pollution and GHG cases) and

scenarios.

Policy Dimension

Reference Scenario

Ambitious Scenario

Air Pollution Controls (AP
case)

Existing emission reduction plans are
executed with some delay and partial
implementation.

Ambitious emission reduction policies
are executed across economy-wide
sectors.

- Electricity Existing NOxand SOz regulations are Existing NOxand SOz regulations are
Generation implemented with a decade of delay. implemented with 3 years of delay and

are subsequently tightened.

- Transport Low compliance of Bharat-VI vehicle High compliance of Bharat-VI vehicle

emission standards (92% new vehicles). emission standards (97% new

vehicles).

- Industry Delayed industry modernization. Enhanced industry modernization and
emission controls.

- Buildings Slower access to clean cooking

technologies.

Phase out of traditional biomass usage
by 2050, and increase in the market
penetration of liquified petroleum gas
(LPG), and improved cookstoves.

Greenhouse Gas Pricing
(GHG case)

No carbon price.

Economy-wide carbon price increasing
steadily at 5% per year (53 $/tCO2e by
2050).

Yarlagadda et al. (2021) developed “reference” and “ambitious” scenarios (based on the policy ambition)
for air pollution control (AP case) and greenhouse gas reduction (GHG case) policy dimensions (Table 1).
The policies in the AP case included several assumptions about technology, fuel, and emission standards
across key sectors of the economy, including electricity generation, industry, transport, buildings, and
agriculture. Meanwhile, the policy in the GHG case comprised an economy-wide carbon tax. The impact
of the policy dimensions (AP and GHG cases) were analyzed both individually and in combination (the
latter in another scenario called the GHG_AP case).
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Figure 9. India’s air pollutant emissions across policy scenarios. Significant reductions in SO, NOy,
and BC + organic matter (OM) emissions were observed in the AP case (blue line) relative
to the GHG (green line) and reference cases (black line). When the GHG and AP cases
were jointly implemented (GHG_AP case, purple line), the SO, and NOx reductions
increased further (Yarlagadda et al. 2021).

Considering conventional air pollution, emissions decrease even in the reference case under the assumption
that current policies are implemented, albeit with some delay, and trends, such as shifts away from
traditional biomass, continue. With enhanced stringency and implementation of policies as represented in
the AP scenario, however, larger reductions in SO, NOx, BC, and organic matter (OM)® were observed by
2050 (Figure 9). The reductions in SO, (64%) and NOy (46% from 2015) were primarily driven by the
immediate implementation and high compliance of the existing emission regulations in the Indian power
sector. The significant decrease in BC and OM emissions was due to several factors, including uptake of
clean cooking technologies in the residential sector, a transition away from coal in the commercial sector,
and lower-emission coal-fired boilers in the industrial sector.

As a result of these air pollutant reductions, the mean PM; s concentrations (estimated from TM5-FASST)
decreased by 26% when compared to the reference. However, the net global warming impact (estimated
from Hector) increased due to the drop in SO, and OM emissions, which otherwise would have contributed
to cooling of the Earth’s surface (Figure 10, blue dot).

Under the “ambitious” GHG policy scenario, major transformations occur in India’s electricity and
industrial sectors due to the application of an economy-wide carbon tax. A significant amount of coal
generation is replaced by low-carbon technologies such as solar photovoltaics, wind, nuclear, and carbon
capture and storage by 2050. In addition, there is wide-spread electrification of India’s industrial sector and
decreasing reliance on coal. Consequently, reductions in SO; (45%) and NOy (28% from 2015) emissions
are observed by 2050; however, these reductions are lower than those in the “ambitious” AP case. We note
that a comprehensive GHG policy in isolation can slightly slow the phase out of traditional biomass as the
cost of other energy sources increases. This leads to higher OM emissions in the short and medium terms
and impedes access to modern energy, which is an important sustainable development indicator.

5 OM is the total weight of primary organic particulate emissions. It is also common to report these emissions as OC
(including elsewhere in this report), which are denominated in terms of the weight of carbon in the particle.

Integrated Modeling Tools in South Asia: Linking Air Quality Assessment and Policy Analysis Tools 13



PNNL-32558

Overall, the “ambitious” GHG case has positive effects on both air quality and climate (Figure 10, green
dot). However, the air quality benefits are lower than in the “ambitious” AP case. Although the net global
warming impact decreases significantly due to drops in CO, emissions from coal use, mean PM.s
concentrations decrease by only 10% in the GHG case (compared to 26% in the AP case).

Finally, combining the AP and GHG scenarios leads to a larger reduction in air pollution than either scenario
in isolation (Figure 10, purple dot). This is because the greenhouse gas policy measures help reduce a broad
range of sources of PMsand its precursors. While the air pollution policies largely mitigate emissions
attributed to traditional biomass in the residential and industry sectors, GHG policies also reduce emissions
from coal usage in all sectors.
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Figure 10. Air quality and climate implications of Indian policy scenarios. X-axis represents India’s
average PM,sconcentration (population-weighted) in 2050, and the Y-axis corresponds
to radiative forcing (global warming impact) attributed to India in the same year, both
relative to the reference scenario (REF). The results for the single AP and the GHG cases
are shown in light blue and green respectively, whereas the results for the GHG and AP
combination case (GHG_AP) are illustrated in purple.
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Box 2: TM5-FASST

Activities Emitted Pollutants Immediate Effects Impacts

Human
\ PM2.5 Concentration
A‘

Residence

Ozone Concentration
Agriculture Acid Deposition

Nutrient Pollution

Radiative Forcing
Transport

Figure 11. TM5-FASST model structure overview.

TM5-FASST is a global air quality assessment tool developed by the European Commission’s Joint Research
Centre. It estimates the concentrations of PM2sand ozone in a geographical region, driven by the emissions of
different precursors (SO,, NOy, OM, BC, NHs) from different sources. Based on these concentration levels, the
model also calculates the health impacts (premature mortalities) attributable to exposure of both PM2s and ozone
for five causes of death including ischemic heart disease, chronic obstructive pulmonary disease, stroke, lung
cancer, and acute lower respiratory infection (Jerrett et al. 2009, Burnett et al. 2014, Forouzanfar et al. 2015).

TMB5-FASST is specifically designed to compare different scenarios (emission pathways) in terms of pollutant
concentrations and human health impacts at a global level in a flexible way without expensive computational
requirements. Therefore, it can be easily applied to estimate the health co-benefits of reducing air pollutant
emissions associated with a given global or regional climate policy.
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Box 3: rfasst
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Figure 11. rfasst model framework. GCAM emission outputs (orange box) are processed using additional input
information to estimate PM,s and O3z concentrations, along with health and agricultural indicators
(blue box).

rfasst is an open-source R package that mimics the calculations of TM5-FASST (see Box 2) to estimate future human
health and agricultural damages attributable to air pollution for any scenario run by GCAM. The package adds a new
capability to the existing GCAM modeling framework, enabling estimation of co-benefits associated with different
what-if scenarios, including socioeconomic narratives, air quality policies, or system-wide decarbonization strategies.
The geographical (global and regional) and temporal (up to 2100) scales make the package potentially useful for a range
of stakeholders, particularly those involved in the design of energy and environmental policies.

The package is divided in four modules that are easily modifiable, making the tool flexible for use in different modeling
frameworks. rfasst is continually being developed to address different research objectives, and the documentation paper
is under review in the Journal of Open Source Software (Sampedro et al., in review).
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4.0 Recommendations

In this section, we provide recommendations for regional stakeholders aiming to improve air quality in
South Asia. These recommendations focus on the applications of existing air quality tools, followed by
important regional policy insights gathered from the prevailing air quality analyses. We also briefly discuss
the importance of robust infrastructure to solve key data challenges and promote future research.

The several existing tools described in this brief can be used by policy makers and researchers to
inform planning and to develop strategies for improving air quality in South Asia. Global emission
inventories such as CEDS can provide valuable insights into historical air pollution sources and fuel
contributions of individual countries in the region. This information can guide policy makers in identifying
the high-impact sectoral strategies and air pollution abatement options across all South Asian countries.
Meanwhile, integrated modeling tools such as GCAM and TM5-FASST can examine energy, air quality,
and public health outcomes for a range of multi-sectoral policies in both the short and long term. These
policies include vehicle and fuel emission standards, clean cooking initiatives, waste burning regulations,
and air quality standards in the industrial and power sectors, among others. The findings from these tools
can provide quantitative evidence to policy makers for understanding the impacts of mitigation policies at
different levels of ambition and how they may lead to technology transitions.

Comprehensive policies across multiple sectors of the economy are required to improve air quality
in South Asia. The sectors with the highest pollution abatement potential vary across individual countries
in the region, as shown by CEDS emissions data (Section 2.0). Policies focused on reducing traditional
biomass consumption for cooking and heating could substantially reduce the direct PM2s emissions across
all South Asian countries. Additionally, policies reducing or regulating coal usage in electricity generation
and industry and diesel usage in road transportation can significantly reduce the total PM.s emissions in
India and Sri Lanka. Bangladesh could benefit greatly by reducing emissions from multiple important
sectors (agriculture, electricity generation, and transportation). Nepal and Bhutan can attain substantial air
quality improvements through targeted policies in the residential and agricultural sectors, along with
preemptive policy measures to reduce fossil fuel dependence in the long term.

Combining air pollution and GHG mitigation policies can maximize the air quality benefits of South
Asia while reducing the region’s contribution to climate change. Currently, air pollution control policies
largely focus on “end-of-the-pipe” solutions (e.g., SOz emissions standards in coal-fired power plants),
whereas decarbonization strategies focus on low-carbon transitions in different sectors of the economy (e.qg.,
increased share of renewable generation). Although countries across the world are taking actions to reduce
air pollutants and GHG emissions concurrently, these actions are not always coordinated. Yarlagadda et al.
(2021) shows that these issues are fundamentally connected, and when implemented together can provide
maximum air quality benefits (Section 3.0). The study uses integrated modeling tools to assess the synergies
and trade-offs between air quality and decarbonization policies, with the aim of coordinating and
maximizing the benefits from both of these policy priorities.

Robust infrastructure is needed to set up future research and support policy making in South Asia.
Enhanced data management efforts initiated by individual countries in the region would play an important
role in improving the existing data and tools. Although the existing data and tools are well capable of
conducting comprehensive policy analysis for South Asian countries, detailed information on local energy
consumption and non-combustion processes would be helpful in improving the robustness of the current
estimates. In parallel, policy makers could support initiatives for building stakeholder capacity in the region,
with a focus on using existing data and tools for conducting future research. These initiatives could provide
numerous prospects for investigating the future energy, climate, air pollution, agriculture, and public health
implications of a suite of multi-sectoral policies whose findings could be incorporated into policy making.

Recommendations 17



PNNL-32558

5.0 Conclusions

South Asia records some of the highest air pollution levels globally, contributing to wide-ranging impacts
on human health and the environment. A large portion of the region’s population is exposed to high
concentrations of PM2s and precursor gases (SO2, NOx, NHs), causing significant health issues upon long-
term exposure. Reducing these harmful air pollution levels is one of the top regional priorities, which
requires strategic planning and policy formulation.

Several publicly available tools can be used to conduct analyses and inform policy making for improving
air quality in South Asia. These tools include emissions inventories such as CEDS and integrated modeling
tools such as GCAM and TM5-FASST, which can be used obtain detailed policy insights at a country level.
In particular, regional stakeholders can use emissions inventories to identify the major sources of air
pollution in South Asian countries. Additionally, the stakeholders can apply integrated modeling tools to
understand the impacts of potential policies on future energy infrastructure, air pollution, and climate
change trends.

Existing air quality analysis also provides important policy insights for regional stakeholders. The CEDS
emissions data highlights the need for comprehensive policies across multiple sectors of the economy in
order to achieve substantial air pollution reduction. Combining these policies with climate change
mitigation policies can further improve the overall air quality benefits in the region.

Finally, there is considerable scope to conduct future air quality and climate change analyses for South
Asian countries. Policy makers may consider supporting capacity building efforts to utilize the existing
tools and conduct robust air quality research for evidence-based policy making. In addition, policy makers
may wish to support enhanced data management efforts, which will be crucial to improve the available data
and analyses for future research.
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