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Executive Summary

INTRODUCTION

This report analyzes the experiences of countries and communities trying to
address both air pollution and climate change. It proposes a coherent policy
approach to harnessing synergies and managing tensions between these two
essential challenges to sustainable development. The coherent, or integrated,
approach to air quality management and climate change policies discussed in
this report is a dynamic policy process that puts people’s health first while paving
the way for long-term decarbonization.

The conceptual framework of this report is based on the concept of policy
coherence, which is defined as an approach to integrating the dimensions of
sustainable development throughout domestic and international policy mak-
ing (OECD 2019a). Policy integration is further defined by the Organisation
for Economic Co-operation and Development (OECD) as “a process by which
institutions align their mandates, policies and sectoral objectives ..., and
make their policy decisions taking into account the interactions (synergies
and trade-offs) among economic, social and environmental areas” (OECD
2019a).

This is not an advocacy report. It assumes that the reader understands
why it is important to solve these two existential challenges to humanity
and is not still wondering whether they are real. This book offers
evidence-based practical guidance on how to align air quality management
and climate-mitigation policies to get things done effectively and efficiently
on the ground.

This report serves as a reality check to the belief that one environmental
problem will be solved as a co-benefit of the other. Despite several synergies
between policies and measures to address both problems, there are at least a few
major tensions. Climate-mitigation policies, applied in isolation, can temporarily
deteriorate air quality. On the other hand, air pollution policies applied without
corresponding climate policies can temporarily warm the planet and also lock in
large carbon emissions in combustion plants equipped with expensive end-of-
pipe air pollution controls.

Decarbonization is a long-term structural transformation that will take
decades, especially in developing and emerging economies where most
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people exposed to poor air quality live. In the meantime, 7 million lives can
be saved every year by reducing population exposure to air pollution, includ-
ing from sources that are still burning fossil fuels. This report aids in the
design of policy processes that will help prioritize pollutants, emission
sources, and measures that quickly save peoples’ lives and navigate the jour-
ney to a low-carbon future. It encourages policy makers to recognize syner-
gies and trade-offs transparently and manage them with coherent and
integrated policies.

POLLUTANTS

Economic activities often involve emitting several air pollutants and green-
house gases (GHGs) simultaneously. Some air pollutants warm the climate,
while others cool it (table ES.1). A number of gases, called short-lived cli-
mate pollutants—such as black carbon, tropospheric ozone, carbon monox-
ide, and volatile organic compounds—cause air pollution and warm the
planet at the same time. Other air pollutants—such as sulfur dioxide (SO,),
nitrogen oxides (NO,), ammonia (NH,), organic carbon, and secondary
inorganic aerosols—cool the earth with a stronger countervailing force.
These pollutants have cancelled roughly one-third of the total global warm-
ing resulting from GHG emissions since the 1800s. Likewise, the GHG with
the largest cumulative warming potential, carbon dioxide (CO,), has no
effect on air pollution, and the second-most-important GHG—methane—
has an indirect effect on air pollution as a precursor of ground-level ozone
(see table ES.1).

TABLE ES.1 Impact of pollutants on local human health (through air pollution) and climate change

POLLUTANT

CO-BENEFITS OR

TRADE-OFFS BETWEEN
LOCAL HEALTH CLIMATE AIR POLLUTION AND
IMPACT IMPACT CLIMATE CHANGE

1. Black carbon—component of PM,

2. Ground-level ozone (O,) Synergy between air
pollution and climate

3. Methane (CH,) (short-lived climate

4. Carbon monoxide (CO) pollutants)

5. Volatile organic compounds (VOCs)

6. Organic carbon (OC) Cooling

7. Sulfur dioxide (SO,) Cooling

8. Nitrogen oxides (NO,) Cooling Trade-offs between air
pollution and climate

9. Ammonia (NH,) Cooling mitigation

10. Secondary inorganic aerosols Cooling

11. Heavy metals, benzo[alpyrene, dioxins, and so on Neutral

12. Carbon dioxide (CO,)

13. Chlorofluorocarbons (CFCs) Long-term climate
forcers, neutral for air

14. Hydrofluorocarbons (HFCs) quality

15. Nitrous oxide (N,O)

Source: World Bank.

Note: PM, ; = particulate matter two-and-one-half microns or less in width.



EMISSION SOURCES

Global and local pollutants are often co-emitted from the same sources, but
the same sources are rarely equal priorities for air pollution and climate
change.

Urban transport, agriculture, and waste management account for the greatest
overlap of priority sources of air pollution and GHGs, but rarely are they the
main culprits of either problem.

Among stationary combustion installations, small sources burning solid
fuels, including biomass, coal, and waste, are the main sources of population
exposure to air pollution. These sources include household heating and cook-
ing, artisanal boilers and stoves, and open and uncontrolled burning of munici-
pal or agricultural waste. Among them, biomass energy sources are part of a
solution to climate change as renewable energy. Consequently, those who want
to quickly save peoples’ lives from air pollution would focus on small, dispersed
emission sources.

In contrast, quick and cost-effective reduction of emissions of the most potent
GHGs can be achieved by shutting down large thermal industrial and power
plants, decarbonizing long-distance transport, and switching to a plant-based
diet. Large installations also co-emit large amounts of SO, and NO_, which are
climate coolants. The impact of these large combustion sources on local air qual-
ity can be significant in specific airsheds but often is secondary because emis-
sions come from high stacks and locations where pollutants are dispersed farther
away from locally situated exposed populations. Again, addressing sources of
short-lived climate pollutants offers synergies between air pollution and climate
mitigation, especially medium-term and local temperature peaking, but they
may or may not be the critical and most cost-effective sources with which to start
abatement in a particular airshed.

Source location, local weather patterns, and the individual characteristics
of emission sources have critical impacts on air pollution but have irrelevant
impacts on climate change (except black carbon, whose climate forcing is
localized).

EMISSIONS-ABATEMENT MEASURES

Next, synergies and trade-offs between technical and behavioral measures to
address air quality and climate change should be addressed. Most emissions-
control measures affect both, but they do not always improve both environmen-
tal issues. Emissions-abatement measures with strong climate-air pollution
synergies include shutting down the least-efficient obsolete plants, improving
energy efficiency, and undertaking better operation and maintenance of pollut-
ing installations.

Once the potential of such measures is exhausted, the trade-offs between air
quality and climate mitigation become more common. Further major strides
toward clean air can be achieved quickly and relatively cheaply by retrofitting
existing plants and vehicles with end-of-pipe pollution-control equipment or by
switching household heating and cooking from biomass to natural gas or elec-
tricity from power plants fired by fossil fuels. Such measures have played a cru-
cial role in reducing air pollution in China, India, and OECD countries with no
impact, or a small negative impact, on climate (figure ES.1). Installations such

Executive Summary
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FIGURE ES.1

Cost-effectiveness of measures to reduce concentration of air pollutants (PM, , or O,)

$/ton of PM, S or
O, precursors
abated

CC co-benefits

Capital-intensive
structural measures

Early retirement of
fossil fuel-burning
assets, large-scale
penetration of RES
and EV; systemic,
structural, and
behavioral changes

AQ standard
Poor air quality

Trade-offs with CC mitigation dominate

Medium cost and term measures CC co-benefits

Post-combustion pollution-control technologies Low-cost, quick measures
(FGDs, ESP, SCRs, low-NO, burners); biomass-to-gas

X ; . Improved maintenance,
conversion; cleaner fuels in existing sources, and

repairs, tune-up, simple

Source: World Bank.

so on. energy efficiency

Air pollution

Note: AQ = air quality; CC = climate change; ESP =electrostatic precipitator; EV = electric vehicle; FGDs = flue-gas
desulfurization; NO, = nitrogen oxides; O, = ozone; PM, , = particulate matter two-and-one-half microns or less in width;
RES = renewable energy sources; SCR = selective catalytic reduction.

as particulate filters, flue-gas desulfurization units, and catalytic reduction sys-
tems for NO_need electricity and materials to operate. Therefore, these mea-
sures increase the on-site use of fossil fuels and reduce the useful energy
produced from a unit of fuel. This leads to higher CO, emissions per unit of out-
put of plants or per kilometer driven by vehicles, to say nothing of sometimes
significantly higher capital and operating costs of the entire plant. Therefore,
when energy or carbon prices go up and air pollution policies are weak, plant
operators sometimes reduce the operating hours of air pollution controls or
uninstall them altogether, leading to dire health consequences. This report
reviews examples and conditions under which this happens and identifies policy
approaches to prevent it.

Nowhere does the trade-off have larger health implications than for house-
hold cooking and heating in developing countries. Indoor and ambient air pollu-
tion caused by burning solid fuels, mainly biomass, in small stoves at family
homes kills between 3 and 4 million people every year (Health Effects Institute
2020). Children and women are disproportionately exposed because they spend
more time at and near home. Often, the cheapest and most effective way to
quickly improve the health of families is to switch from biomass to bottled lique-
fied petroleum gas, natural gas, or electricity and district heating fired by fossil
fuels. Development finance institutions are reluctant to support such measures
because biomass is a renewable energy and gas is a fossil fuel. On the other hand,
higher energy and carbon prices also induce lower-income households to switch
from “cleaner” fossil fuels back to polluting biomass.

The local and temporary trade-offs between air pollution reduction and cli-
mate change mitigation are as common as win-win abatement measures
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FIGURE ES.2
Synergies and potential tensions between key mitigation measures for air pollution
and climate change

Clean air
Tradeoffs A Synergies

Operation and maintenance, energy efficiency

FGDs, SCRs, ESPs, filters on stationary sources Fossil fuels to non-biomass renewables switch

Catalytic converters in vehicles, low-sulfur fuel Switch to electric cars, public transport

Biomass/coal to gas or LPG switch Sustainable plant-based agriculture and food chains

Global warming
Global cooling

Switch from gas to biomass/briquettes

Switch from oil to biofuels

v Tradeoffs
Smog

Source: World Bank.
Note: ESPs = electrostatic precipitators; FGDs = flue-gas desulfurization units; LPG = liquefied petroleum gas;
SCR = selective catalytic reduction.

available to economic agents, as illustrated in figure ES.2. Their presence is a fact
that must be managed and not an excuse to delay action on either air pollution
or climate change.

High-income economies can afford leapfrogging directly to the accelerated
large-scale phaseout of fossil fuels. However, in developing countries, local com-
munities often struggle with more limited resources and capabilities with which
to simultaneously address multiple environmental problems. Carbon-free tech-
nologies may yet be unaffordable or unreliable and require extensive infrastruc-
ture, such as power grids, electric vehicle charging, or electricity storage to
replace fossil fuels. Consequently, if such local communities must choose, they
tend to prioritize measures that quickly prevent premature deaths over mea-
sures that lead to a lasting transition to a low-carbon future. The net
climate-warming effect of these health-driven air pollution measures is usually
small, temporary, and well justified by the lives saved, especially in countries that
contribute very little to global warming,.

In the opposite direction, there is a risk that the notorious reliance on end-of-
pipe equipment to control air pollution can lead to the excessive accumulation
of capital in carbon-intensive installations and thereby extend their lifespan.
The good news for the climate is that investments in state-of-the-art air pollu-
tion controls also make fuel-combustion plants, equipment, and vehicles more
expensive to build and operate, undermining their cost competitiveness
compared with nonfossil alternatives. However, this can happen only in energy
markets that are competitive and face both high carbon pricing and stringent
air pollution regulations. These conditions are still rare outside the OECD
countries.
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INTEGRATED AIR QUALITY AND CLIMATE CHANGE
POLICY PROCESS

Climate policies can induce the “first mile” of air quality improvements by
encouraging simple energy efficiency improvements and can induce the
“last mile” by stranding any remaining combustion sources in the future.
However, in several current circumstances, climate policies can temporarily
increase the emission of air pollutants when air pollution policies are weak or
poorly targeted, for example, when high fuel prices (1) discourage the opera-
tion of technologies to control air pollution and (2) make cleaner fossil fuels
unaffordable and encourage fuel switching to biomass, waste, or low-quality
coal distributed through informal markets. In the opposite direction, strin-
gent air pollution policies in the presence of low fuel prices may temporarily
increase GHG emissions by locking in large amounts of capital in carbon-
intensive assets.

Synergies and trade-offs need to be recognized and managed by coherent
and integrated public policies. This report recommends that targeted climate
and air quality regulations always be implemented jointly and calibrated to
harness win-win opportunities when relevant and mitigate the risk of aggra-
vating one environmental problem while solving another. There is no evidence
that climate policies implemented so far have materially improved air quality
when and where needed; however, there is strong evidence that targeted air
pollution policies have had a significant impact on the health of exposed pop-
ulations. Therefore, an integrated air quality and climate change (IAQCC)
approach dynamically focuses on the near-term health impacts of air pollution
in the most polluted airsheds while paving the way for the long-term phaseout
of fossil fuels. A coherent and integrated policy framework enables plant oper-
ators and households to adjust their decisions, jointly considering air pollution
and low-carbon goals. An TAQCC always begins at the airshed level and typi-
cally consists of the five steps illustrated in figure ES.3.

1. In the first step of the TAQCC policy process, a ground-level system for mon-
itoring air quality is established to determine where indoor air pollution or
ambient air pollution, such as tropospheric ozone and particulate matter
two-and-one-half microns or less in width (PM, ), reaches concentrations
that pose a risk to health.

2. The second step examines the exposure of the population, assets, and ecosys-
tems to poor air quality in pollution hot spots and estimates the impact it has
on health and other damage. Monetary valuation of these impacts can follow,
if appropriate. This assessment underpins a choice of targets for air quality
improvement. Agencies responsible for attaining these targets are identified
(or established, if needed), roles and responsibilities are assigned, and a
broader institutional and governance framework is created to enable imple-
mentation of the subsequent steps.

3. The third step centers on identification of the key emission sources responsi-
ble for population exposure to harmful pollutants, especially to PM,, and
ozone (O,) in the targeted airsheds. In this step, climate mitigation goals
can be integrated into air quality management processes.

- Source-apportionment studies use laboratory tests of samples of PM,_
suspended in the ambient air to identify the type of emission source they



FIGURE ES.3

The five steps of the integrated air quality and climate change policy process

1. AQ monitoring
and population
exposure

« Monitor ground-
level AQ of
indoor and
ambient

concentrations
of key pollutants

2. AQ objectives
in airsheds

 Determine health
impact attributed
to AQ

» Monetize value
of impacts

3. Source
attribution

» Conduct
inventories of
emission sources

« Undertake source-
apportionment

4. Emissions-
reduction measures

« Prioritize least-cost

abatement
measures for key
sources of emissions
in airshed

5. Coherent AQM
and CC policies
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studies and
pollution
dispersion

models to
determine airshed

(optional)

« Identify AQ
targets for hot
spots

« Measure
population
exposed

Prioritize air
pollution hot
spots

Source: World Bank.

Note: White text denotes actions driven primarily by health considerations. Black text refers to actions that gradually
introduce an integrated approach to mitigating air pollution and climate change. AP = air pollution; AQ = air quality;
AQM = air quality management; CC = climate change; GHG = greenhouse gas.

came from, such as vehicles, households, industries, waste burning, agri-
culture, or nutrients—but not necessarily the location of the sources. Such
studies include the identification of sources of direct emissions of PM, .—
and importantly, emissions of their precursors, such as SO, NO,, volatile
organic compounds, and ammonia. Source-apportionment studies can
also be generated by models, such as the greenhouse gas-air pollution
interactions and synergies (GAINS) model, but the model’s results need to
be validated by laboratory studies.

- Inventories of relevant emission sources need to be established to map
source location, capacity, load profile, type, amount of fuel use, and emis-
sions of air pollutants (if monitored), as well as key source characteristics
such as age, stack height, combustion technology, equipment, timing of
emissions, cropping patterns, agricultural technologies, and so on.

- Models of airshed pollution dispersion trace the exact locations from
which the pollutants came and their atmospheric formations so that policy
interventions can be targeted at the key sources of emissions that contrib-
ute to population exposure in the most polluted location.

4. The fourth step involves an assessment of costs of available technical,
behavioral, and structural abatement measures, as well as the potential of
these measures to reduce the exposure of the population in hot spots. The
impact of the most cost-effective measures to abate air pollution on climate
forcing can be estimated at this stage. Synergies and trade-offs between pri-
ority measures to mitigate air pollution and climate change can be identified.
Measures with high climate co-benefits can be prioritized if they do not
significantly compromise air quality. Additional climate-mitigation efforts
may be identified if the priority air pollution measures temporarily increase
GHG emissions (for example, installation of end-of-pipe control measures or
switch from biomass to gas) or if these climate-mitigation efforts reduce
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emissions of climate coolants (such as SO, and NO ). The assessment of
choices should consider the incremental health effects, premature deaths,
incremental costs, capacity, and financing constraints, as well as the social
and distributional impacts of prioritizing air pollution measures with climate
co-benefits. Decisions on capital-intensive end-of-pipe air pollution mea-
sures, should be supported by an assessment of the economic and social risks
of possible future premature retirement of fossil fuel assets and associated
contingent fiscal liabilities.

5. The fifth step is to design, implement, and enforce the integrated package of
regulations to incentivize firms and households to implement the abatement
measures prioritized earlier. In this fifth step, the mix of policy instruments
needs to encourage economic agents to change investment and behavioral
decisions considering both the short-term cost of air pollution and the long-
term cost of climate change. Integration of policies means a creative design of
comprehensive mixes of direct regulations (such as emissions-performance
standards, requirements for the use of the best available techniques, or zoning
requirements) along with economic and fiscal instruments that would give
firms and households adequate flexibility to achieve air quality objectives at the
least cost and encourage innovation and discovery of new, creative abatement
measures. If air pollution policies induce abatement measures that increase
GHG emissions, then additional climate policy efforts need to be identified.
Likewise, strengthening air pollution instruments will be necessary if more
ambitious climate policy instruments (for example, carbon prices) risk increas-
ing air pollution and adverse health impacts. Calibrating the mix, and the level
of ambition, of air pollution and climate policy instruments through a dynamic
process of reviews and adjustments must take into account the local conditions
and political economy dynamics discussed in this report.

ALIGNING INCENTIVES WITH FINANCE

This report shows that it is essential for firms and households to face coherent
policy incentives to address both air pollution and climate change. These instru-
ments need to be tuned to local and global impacts to optimize choices, such as
whether to reduce pollution from fossil fuel installations or leapfrog to new
technologies free of fossil fuels. These choices can differ by airshed and the
health hazards to the population exposed to air pollution.

Affordability, social and distributional impact, and access to finance are also
important factors shaping choices, especially in low- and middle-income
countries. International and bilateral development institutions face the chal-
lenge of rethinking their financing policies and their assistance to developing
countries to proactively manage the synergies and trade-offs between the risks
of air pollution and climate change. Always prioritizing assistance to win-win
measures, especially in regard to domestic heating and cooking, may lead to
preventable diseases and premature deaths from air pollution without materi-
ally helping the climate agenda.
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Do Air Pollution and
Climate Matter for Health?

HEALTH IMPACTS OF AIR POLLUTION

The Global Burden of Disease Lancet study ranks ambient air pollution (AAP) as
the fourth-largest level-2 health risk factor for global deaths in 2019 (Global
Health Metrics 2020). The World Health Organization (WHO) estimates almost
4.2 million people died prematurely from AAP and almost 3.8 million people
died from household air pollution (HAP) in 2016 More than 90 percent of
the world’s population lives in places where air quality exceeds WHO guideline
limits.2 Pollution hot spots are located mainly in the South Asia and Middle East
and North Africa regions, where particulate matter (PM, ) concentrations are
about eight to nine times higher than in North America and the exposed popula-
tion is much larger. Air-pollution exposure is also high in East Asia and Pacific,
dominated by China, and in Eastern Europe.

Air pollution exerts the greatest burden of disease of all environmental factors
(Landrigan et al. 2018), with significant impacts on health from both short-term
(Mills et al. 2015) and long-term exposure (Hoek et al. 2013). Exposure to poor
quality air is associated with increased mortality and increased risks of develop-
ing cardiovascular and respiratory diseases and certain cancers.

Breaking mortality down by disease cause shows the following: For AAP,
ischemic heart disease is the largest cause of death. For HAP, acute lower
respiratory disease and ischemic heart disease account for substantially equal
numbers of deaths (table 1.1).

Air pollution is also associated with many other detrimental, but less
researched, health impacts and conditions, such as low birthweight (Ezziane
2013), preterm delivery, diabetes (Bowe et al. 2018), mental health conditions
(Shin, Park, and Choi 2018), and neurological impairment (Xu, Ha, and Basnet
2016), including dementia in later life (Carey et al. 2018). As the evidence base
for these and other conditions becomes ever stronger, it should be possible to
include an even larger true health burden from air pollution in global
estimates.

Air pollution hurts the vulnerable and poor the most. Babies and those under
five years old suffer most from HAP. Among adults, men have greater mortality
from AAP whereas HAP affects both genders similarly. This finding reflects the
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TABLE 1.1 Estimated deaths attributable by disease to ambient and
household air pollution, 2016

Thousands
AMBIENT AIR HOUSEHOLD AIR

DISEASE POLLUTION POLLUTION
Acute lower respiratory disease 754 1,006
Chronic obstructive pulmonary disease 765 763
Ischemic heart disease 1,589 1,031
Lung cancer 262 285
Stroke 827 686

All causes 4,197 3,771

Source: WHO, “Burden of Disease from AAP for 2016” (http://wwwwho.int/airpollution/data/AAP_BoD
_results_May2018_final.pdf).

relatively greater time that men spend outside the home. The poorest house-
holds are typically more exposed and more vulnerable, that is, least able to escape
from polluted zones and protect themselves with air purification or other expen-
sive treatment.

HEALTH IMPACTS OF CLIMATE CHANGE

Unlike air pollutants, which are directly harmful to people when inhaled in con-
centrations exceeding WHO guideline values, climate pollutants are harmless to
people in concentrations that are harmful to the climate. Yet, climate pollutants
cause global warming, which is associated with more frequent and intense
occurrence of extreme weather events that are harmful to humans and increase
probability of some diseases, such as malaria. Therefore, the link between emis-
sions of greenhouse gases and health is indirect and delayed. The best docu-
mented health risks of climate change include? the following:

 Disaster-related health impacts are likely to increase with the intensification
of cyclones and floods.

e Heat stress will worsen as high temperatures become more common and
water scarcity increases.

e Malnutrition, especially in children, is projected to become more prevalent,
with an increase in droughts and where livelihoods are threatened by coastal
erosion or warming seas.

e Vector-borne and water-borne diseases will expand in range as conditions
favor mosquitoes, flies, and other sources of pathogens.

These impacts will result in greater risks of injury, disease, and death as well
as lost work capacity and labor productivity (Ebi, Campbell-Lendrum, and Wyns
2018). Air pollution and climate change can mutually aggravate each of their
health hazards when combined. Large populations in developing countries are
more susceptible to the effects of extreme weather events such as heat waves
when they are also exposed to poor air quality (Schnell 2017). A strong line of
evidence also suggests that most changes to regional meteorology attributed to
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climate change are conducive to buildup of local pollutants (Fiore et al. 2012;
Jacob and Winner 2009; Kirtman et al. 2013; Silva et al. 2013).

ECONOMIC VALUE OF BENEFITS OF IMPROVED AIR
QUALITY: PUTTING A PRICE TAG ON HEALTH

The health effects of ambient PM,, exposure can be monetized to provide an
estimate of its social cost. Valuation of mortality follows the welfare approach, or
value of statistical life, in World Bank and THME (2016). Morbidity, measured as
days of illness, is valued at wage rates, but morbidity constitutes a minor part of
total health costs.

Local air pollutants account for an annual global welfare loss estimated at
$4.6 trillion (Landrigan et al. 2018) to $5.11 trillion (World Bank and ITHME
2016), which is equivalent to more than 6 percent of global gross domestic
product (GDP). The welfare cost is highest in South Asia (equivalent to 7.3 per-
cent of GDP) and in upper-middle-income countries (equivalent to 6 percent
of GDP), and lowest in the Americas and low-income countries. It is worth
stressing that comparison to GDP is done only for illustrative purposes,
because, in reality, diseases boost GDP by increasing demand for monetary
transactions involving pharmaceuticals, and health care services. Premature
deaths due to air pollution reduce GDP if the pollution affects people during
the years that they are of working age. For example, in 2013 the global economy
lost about $225 billion of labor income.

Some cities and countries use economic valuation of the health benefits of
air quality improvement to strengthen the case for action. This approach is
common in the European Union and the United States. The World Bank has
supported several cost-of-environmental-degradation studies to calculate the
costs of premature mortality and morbidity associated with air pollution. In
Tehran, for example, the World Bank-led research (Heger and Sarraf 2018)
indicates that AAP is associated with the premature deaths of about
4,000 people per year. It was further estimated that reducing PM, _ levels to
those in London would prevent about 1,300 premature deaths per year in
Tehran, and reducing PM,  levels to those in New York City (15 micrograms
per cubic meter) would prevent about 2,000 premature deaths per year in
Tehran. These avoided premature deaths translate into monetary savings for
the city of roughly US$1 billion a year if London air pollution levels were
achieved, and more than US$1.5 billion a year if New York City levels of air
pollution were reached (figure 1.1).

Shindell (2015) assesses co-benefits and trade-offs between local and global
pollution in the US power and transportation sectors, introducing the Social
Cost of Atmospheric Release measure. This metric expands the damage func-
tion typically used for the social cost of carbon (SCC) calculations (expanding
the damage function typically used for SCC calculation and focusing on well-
mixed greenhouse gases), and also includes the value of damage caused by
local air pollutants and short-lived climate pollutants. He finds that a broader
view of these sectors’ environmental damage for 2015 US electricity genera-
tion would amount to about US$0.14-US$0.34 per kilowatt-hour for coal,
about US$0.04-US$0.18 for natural gas, US$3.80 per gallon of gasoline, and
US$4.80 per gallon of diesel.

13
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FIGURE 1.1

Annual economic benefits of reducing PM, , concentrations in Tehran
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Source: Heger and Sarraf 2018.
Note: PM, . = particulate matter two-and-one-half microns or less in width.

NOTES

1. Air pollutants, depending on how they are formed, fall into two broad categories: primary
pollutants and secondary pollutants. Both contain chemical compounds in solid, liquid, or
vapor phases. Key pollutants that are harmful to public health and the environment
include PM (both primary and secondary), tropospheric ozone (secondary), nitrogen
oxides, sulfur oxides, carbon monoxide, lead, and other heavy metals, and toxic air pollut-
ants. Air pollution can be of natural origins or anthropogenic origins, primarily combus-
tion processes.

. “WHO air pollution” (http://www.who.int/airpollution/en/ accessed November 10, 2019.)

3. “Climate Change and Health in IDA-Supported Countries” (http://pubdocsworldbank
.org/en/621451516135118033/FINAL-IDA-Hotspot-Note-9-Jan-2018.pdf).
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Incentives to Reduce
Emissions: Economists’
Perspective

WHOSE COSTS AND WHOSE BENEFITS?

Environmental policy is justified in economic terms if its total benefits outweigh
the total costs. Economic efficiency is maximized when emissions are reduced
to the level at which the marginal cost of abatement (the cost of removing the
last ton of pollutant) equals the marginal benefit of avoided damages. Because
different benefits and costs materialize at different times in the future, the
decision-makers should compare their discounted net present values.

Cost-benefit assessments that included monetary valuation of health benefits
and avoided premature deaths informed the European Union Clean Air Strategy
(Commission of the European Communities 2005). The World Health
Organization (WHO) air quality guidelines, which are underpinned by the pre-
cautionary principle, were also taken into consideration. In the final political
agreement, the European Union (EU) member states agreed on standards for
ambient air quality that are less stringent than the WHO guidelines, but linked
to the WHO interim targets. The technical feasibility and the costs of attainment
of the guideline value recommended by the WHO was deemed temporarily
higher than the associated marginal benefits.

Those who bear the costs of pollution reduction are not always those
who benefit from it. Improved air quality is enjoyed almost immediately after
abatement has occurred and primarily by the region or country that did the
abatement. However, air pollutants, including the short-lived climate pollut-
ants, also defy the borders of individual properties, communities, countries,
and even continents given that some of them stay in the air for several weeks
or months! and can travel long distances. This situation prompted countries
of the Northern Hemisphere to sign the Convention on Long-Range
Transboundary Air Pollution to contain emissions of sulfur dioxide (SO,),
nitrogen oxides (NO,), volatile organic compounds, and other gases that cause
acid rain and eutrophication that harms fragile ecosystems hundreds of kilo-
meters from the sources of pollution. These external effects of pollution also
apply to the finest particulate matter (PM, ), the particles so tiny that they can
float with the wind for up to 10 days. Figure 2.1 illustrates that in almost all
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FIGURE 2.1

Spatial origin of PM, _ in Indian states, population weighted
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Indian states, more than half of population exposure to PM, , originates from
other states and even from outside India.

Figure 2.2 shows that European cities have the same problem. Even if the
Netherlands completely eliminated local and national emissions of PM, , the
pollution incoming from neighboring countries would still exceed the WHO air
quality guidelines. In Poland—a larger country—national PM, _ emissions-
reduction efforts should be sufficient to meet WHO air quality guidelines, but
individual cities could not do it alone.

Climate change is an extreme example of the geographical and intertemporal
divide between polluters and their victims. The benefits of climate change miti-
gation are long term, less certain, and accrue largely to firms and individuals in
other countries. They also transcend generations. Emitted to the atmosphere,
greenhouse gases (GHGs) mix evenly around the globe, stay there for hundreds
or thousands of years, and cause damage across space and time, including to peo-
ple who are not yet born or too young to have a say in decision-making today.

Therefore, climate change poses the largest coordination challenge. Almost
everybody (though to vastly varying degrees) is both a source and a victim of
emissions. Once in the atmosphere, a molecule of GHG warms the climate for
everyone. Furthermore, the individual contribution of any single emitter is neg-
ligible compared with the stock of pollution in the atmosphere causing global
warming. Therefore, today’s emitters feel like they are bearing all the current
costs of emissions reduction while enjoying only a negligible fraction of associ-
ated future benefits. Figure 2.3 illustrates that the private benefit curve for
climate change mitigation lies well above the private benefits of improving local
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FIGURE 2.2
Individual cities acting alone cannot clean their air
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air quality. Polluters have even weaker incentives to be the primary movers on
climate action and to be the first to bear the full cost of reducing their GHG emis-
sions, amid concern that other emitters would “free ride” on their effort and
enjoy all the benefits of slower warming without contributing to achieving it
beyond what is in their private self-interest. Therefore, parties with quantitative
mitigation targets under the Kyoto Protocol struggled to enforce them, let alone
agree with other countries on allocating shares of emissions reduction efforts to
everyone. The Paris Agreement finally gave up on that goal and recognized the
primacy of self-interest in climate policies. The incentives to increase the level of
action should be created by bottom-up initiatives of clubs of countries bound by
similar self-interests.

MICROECONOMICS OF THE COORDINATION CHALLENGE IN
PM, . EMISSIONS CONTROL

It makes economic sense to reduce emissions so long as the marginal benefits of
avoided damage remain higher than the marginal costs of mitigation. However,
the key question is, whose damages and whose costs? For decision-makers and
citizens, the local, private costs of reducing emissions are justified as long as the
local marginal benefits of doing so are higher than local marginal costs, that is,
until the “Locally optimum ER” in figure 2.3. However, because each particle
travels to other towns and countries, causing both health damage and climate
warming (as black carbon) and cooling (as organic carbon), the marginal benefits
of reducing emissions of one ton of PM, _ are higher to the whole society than the
benefits to the local communities that host emitters. The world is interested in
deeper emissions reduction, up to the “Globally optimum ER.” The marginal cost
of achieving this level of emissions reduction is equal to “Global P.” A tax on one
ton of PM, , emissions equal to the “Local P,” would be in the self-interest of the
local or national community. Higher emissions taxes (such as Global P ) would
be justified by joined local and global benefits.

Figure 2.3 illustrates the coordination challenge of solving the air pollution
problem. From an emitting city or country perspective, the economically effi-
cient tax on PM, , emissions is P, (as suggested by Pigou [1920]) because for the
citizens and firms of this city or country, the costs of reducing emissions beyond
this level are higher for each ton than the benefits they enjoy. When pollution
travels between countries, there is no supranational authority to protect the
interests of the distant victims of pollution who are located in other countries or
cities. Governments need to engage in multilateral negotiations and interna-
tional agreements to tackle the problem. For example, the Convention on Long-
Range Transboundary Air Pollution was initiated by the Nordic countries, which
were the main victims of acid rain and eutrophication caused by pollution origi-
nated mainly in the United Kingdom and continental Europe.

The transboundary benefits (the blue schedule in figure 2.3) exceed the local
benefits of air quality when health damage, acidification, and eutrophication
abroad caused by national emissions of PM, _and its precursors (such as SO,
NO_, or ammonia) are also accounted for. This curve can also include the global
benefits of the reduced near-term climate warming effect of a fraction of PM,
called orange carbon. The scope of these additional benefits should be reduced
(to the red schedule in figure 2.3) by including the climate warming effect of
reducing emissions of SO, and NO_. These air pollutants form atmospheric
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aerosols that are bad for air quality but disperse sunlight and hence cool the
earth (see discussion on gases in chapter 3).

THE HEALTH SECTOR CAN SAVE MILLIONS OF LIVES AND
BILLIONS OF DOLLARS BY HELPING ADDRESS THE ROOT
CAUSES OF DISEASES RELATED TO AIR POLLUTION

The health care sector bears a large share of the costs of dealing with the nega-
tive impacts resulting from air pollution. However, few countries have calcu-
lated the health care costs of air pollution. The United Kingdom has estimated
its health care costs due to PM,, and NO,. These estimates looked at stroke,
asthma, lung cancer, chronic obstructive pulmonary disease, diabetes, and low
birthweight. In England alone, the related expenditures in the health and social
care sectors may have reached £157 million in 2017 and may amount to a further
£5.56 billion between 2017 and 2025 (Public Health England 2018). Chile esti-
mated its costs of treating air pollution-related diseases in 2011 at US$9 million
per year. The greatest hospital admission costs (US$2.8 million) were found to be
due to cardiovascular disease. Emergency admissions from acute bronchitis
were estimated to be the greatest overall cost, accounting for more than half of
the total figure (US$4.8 million). The rest was the cost of treating asthma, chronic
obstructive pulmonary disease, and pneumonia. The total welfare costs of air
pollution were found to be about US$670 million per year for the wider economy
when lost productivity was taken into account (Chile, Ministerio del Medio
Ambiente 2013).

Conservative estimates of the global annual expenditure of the health sector
on conditions? related to air pollution amount to US$187 billion (Preker et al.
2016). Most of this spending (90 percent) is in high-income countries as a result
of the higher absolute spending seen in these wealthier nations (see table 2.1).
Although a smaller absolute share of global spending on air pollution is seen in
low- and middle-income countries, the share of spending in household income
is higher. This potentially avoidable spending is an even more important cost for
the already resource-poor health systems in low-income countries, which are
least able to afford this expenditure.

The “defensive” expenditures for treating the effects of air pollution can be
avoided by improving air quality. Avoided health system costs could be diverted
to more productive uses in the economy, creating value to society. In the

TABLE 2.1 Health-sector expenditures on conditions related to air
pollution, 2013

USS$, billions

COUNTRY INCOME AMBIENT AIR HOUSEHOLD AIR ALL AIR
LEVEL POLLUTION POLLUTION POLLUTION
High 99.00 0.08 99.08
Upper middle 44.00 28.00 72.00
Lower middle 7.00 8.37 15.37
Low 1.00 1.30 2.30
Global 150.00 3774 187.74

Source: World Bank, based on Preker et al. (2016).



22

AIR POLLUTION AND CLIMATE CHANGE

cost-benefit framework, these avoided health and social care expenditures are
part of the broader benefits of air pollution reduction. For illustrative purposes
they are often presented as a percentage of gross domestic product (GDP).
Paradoxically, however, these expenditures increase a country’s GDP because
they are monetary transactions between economic agents, such as patients and
doctors, and create demand for the long value chains of products and services.
Therefore, the comprehensive wealth accounting approach promoted by the
World Bank deducts the cost of air pollution damage to human health from the
value of national assets (Lange, Wodon, and Carey 2018).

In addition to treating the diseases related to air pollution, the health sector
has important levers with which to prevent those diseases. First, it can reduce air
pollution-related mortality and morbidity through the collection, analysis, and
dissemination of health knowledge and information that help build public sup-
port for air quality and climate action. Second, sector managers can reduce emis-
sions from facilities. Analysis from the United States finds that health care
facilities were responsible for significant fractions of national air pollution,
including 10 percent of smog formation, 9 percent of respiratory disease from
particulate matter, and 12 percent of acid rain formation (Eckelman 2016).

COST-BENEFIT AND COST-EFFECTIVENESS OF IMPROVING
AIR QUALITY

Economic rationale suggests focusing scarce resources on policies and projects
that yield the highest surplus of social benefits over social costs.? For example,
the World Bank (Guigale, Fretes-Cibils, Newman 2007) estimated the economic
viability of a series of potential air quality improvement measures in Peru and
found that retrofitting existing sources with end-of-pipe particulate filters is the
lowest-cost measure with the highest benefit-to-cost ratio, followed by enhanced
vehicle inspection and maintenance and end-of-pipe industrial pollution con-
trols. Air quality improvement through fuel switching was relatively costly to
achieve, with a lower ratio of benefits to costs (see figure 2.4).

Many constituencies find it too controversial to put a price on the life or
health of their citizens and use cost-effectiveness rather than cost-benefit tech-
niques to prioritize policy interventions. Policy makers begin by determining the
air quality concentration and exposure objectives that are safe for health and
ecosystems. They then call on experts to conduct source-apportionment studies,
build models of atmospheric chemistry and pollution dispersion, and identify
the sources responsible for exposure of large and the most vulnerable popula-
tions to low air quality. Once the key sources polluting an exposed population are
established, the policy interventions can focus on those sources and find ways to
reduce their emissions of air pollutants and their precursors to achieve the
desired level of air quality at the lowest overall cost to society. Cost-effectiveness
is commonly applied in Organisation for Economic Co-operation and
Development economies and increasingly in developing countries to determine
the programs and policies that can attain air quality standards previously estab-
lished, often within the cost-benefit framework.

The rest of this report provides guidelines on how to harness synergies and
manage trade-offs between efforts to reduce air pollution and efforts to mitigate
climate change through an integrated policy approach. Chapter 3 explores
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FIGURE 2.4
Benefit/cost ratios for air quality measures for Lima-Callao in Peru
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which polluting substances cause air pollution and climate change at the same
time, and which gases can be harmful to health but cool the earth’s climate.
Chapter 4 identifies the major emissions sources of GHGs and air pollutants and
analyzes how they overlap and differ. Chapter 5 examines which abatement
measures applied to these sources reduce both air pollutants and climate warm-
ers, and which reduce one while increasing emissions of the other. Chapter 6,
which concludes this report, is devoted to the integrated design of policy instru-
ments to leverage synergies and manage trade-offs between measures for air
quality and measures for climate change mitigation.

NOTES

1. The short-lived climate pollutant with the longest lifetime in the atmosphere (up to
15 years) is methane, which has a powerful climate-forcing effect (historically, methane is
the second-most responsible for global warming after CO,), while at the same time being a
precursor of ground-level ozone.

2. The study includes the following conditions: lower respiratory infections, upper respira-
tory infections and otitis, perinatal conditions, congenital anomalies, malnutrition, child-
hood-cluster diseases, cancers, cardiovascular diseases, chronic obstructive pulmonary
disease, and asthma.

3. The benefit/cost (B/C) ratio is sometimes used, but it is misleading without additional
information about the scale of net benefits. Sprinkling public funds and institutional capac-
ity on multiple small projects with high B/C ratios but small absolute benefits is likely to
lead to higher transaction costs and poorer air quality.

500
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Air Pollutants and
Greenhouse Gases

INTRODUCTION

This chapter reviews the current state of knowledge about atmospheric chemis-
try and identifies the extent to which the same gases and particles cause local air
pollution and global warming. Air pollution and climate change are triggered by
the whirling soup of various chemicals in the air interacting with one another
according to the complex rules of dynamic atmospheric chemistry. An under-
standing of the relations between different pollutants in the atmosphere is the
basis for the design of integrated policy packages to address both air pollution
and climate problems effectively and cost-effectively (Melamed, Schmale, and
von Schneidemesser 2016).

Among the many gases emitted from anthropogenic activities, most warm
but some cool the earth’s climate. In the technical lingo of climate science,
these gases have, respectively, positive or negative “radiative forcing.” Relative
to the period of industrial revolution, total (net) anthropogenic radiative forc-
ing is strongly positive (see figure 3.1). Virtually all well-mixed, long-lived
greenhouse gases (GHGs) warm the climate, whereas the radiative forcing of
short-lived gases and aerosols is both positive and negative, with a total net
cooling effect. Among air pollutants, sulfur dioxide and, to a lesser extent,
nitrogen oxides and ammonia (all also precursors to secondary air pollutants)
have a cooling effect. On the other hand, methane, volatile organic compounds,
carbon monoxide, and, to a lesser extent, black carbon (BC) show the warming
effect. On aggregate, the cooling effect of air pollutants outweighs their warm-
ing effect. Methane is an exception, as a second-most-forceful greenhouse gas
and, at the same time, a precursor of ground-level ozone (O,).

One way to illustrate interactions between the local and global impacts of
different gases is to follow the precursors of major air pollutants and check their
radiative forcing. Figure 3.2, adapted from the IPCC 5th Assessment Report
(Myhre et al. 2013) should be read from left to right. If a policy maker wants to
reduce ozone pollution or particulate matter concentration (left column), the
policies need to target their precursors (listed in the middle column). Reducing
emissions of these precursors can have a cooling or warming effect on climate,
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FIGURE 3.1

Components of radiative forcing by gases and aerosols
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Source: IPCC 2021.

Note: The figure shows temperature changes from individual components of human influence: emissions of
greenhouse gases, aerosols, and their precursors; land-use changes (land-use reflectance and irrigation); and
aviation contrails. Whiskers show very likely ranges. Estimates account for both direct emissions into the
atmosphere and their effect, if any, on other climate drivers. For aerosols, both direct effects (through radiation)
and indirect effects (through interactions with clouds) are considered (IPCC 2021, p. 7). °C = degrees Celsius;
CO, = carbon dioxide.

or both (right column). For example, controls to reduce pollution by fine partic-
ulate matter (PM, ) require reducing emissions of precursors such as black car-
bon and sulfur dioxide. BC emissions lead to warming the climate (indicating
that its abatement is a win-win between air pollution and climate change).
Emissions of sulfur dioxide lead to cooling the climate (indicating that its abate-
ment involves trade-offs between air pollution and climate change).

Gases that simultaneously cause air pollution and climate change are as
common as those that alleviate one of these environmental challenges while
aggravating the other. At least five gases (BC, ground-level ozone, methane,
carbon monoxide, and volatile organic compounds) cause adverse health effects
of air pollution and warm the planet at the same time. Similar numbers of gases
and chemicals are harmful air pollutants but mitigate climate change by cooling
the earth (organic carbon [OC], sulfur dioxide [SO,], nitrogen oxides [NO ],
ammonia [NH_], and secondary inorganic aerosols), or are neutral to the climate
(heavy metals and toxic chemicals). Unspecified particulate matter (other than
BC or organic carbon) is a major air pollutant with ambiguous radiative forcing,



FIGURE 3.2
Impact of emission of key primary air pollutants on the most harmful
secondary air pollutants and climate
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depending on circumstances. Four major long-lived GHGs are strong climate
warmers but are not (at least directly) harmful to human health. Table 3.1
presents co-benefits and trade-offs between air and climate pollutants.

Local pollutants and their precursors that contribute to climate warming
are often referred to as near-term climate forcers (Fiore, Naik, and
Leibensperger 2015; Myhre et al. 2013), short-lived climate forcers (SLCFs)
(IPCC 2013), or short-lived climate pollutants (SLCPs) (CCAC 2019) because
their typical lifetimes are shorter relative to the main GHGs such as carbon
dioxide (CO,) (UNEP and WMO 2011). The combined historical radiative
forcing of SLCPs is similar to many of the well-mixed long-lived GHGs, such
as CO, (Myhre et al. 2013; IPCC 2021), although the impact of current flow is
more temporary. Rogelj et al. (2014) show that the short- and long-term cli-
mate effects of many SLCPs become smaller in scenarios that keep warming
toless than 2°C relative to preindustrial levels. The SLCPs warm most strongly
close to where they are emitted except methane, the atmospheric lifetime of
which is around 12 years. Thus, the emission of SLCPs can lead to regional
differences in global warming, and their reduction can lead to differential
cooling benefits. This difference can be important, for example, near the poles
where the rate of warming is much greater than the global average and tipping
points are critically dependent on the rate of warming. The local impact of
BC is stronger when it is deposited on snow and ice, darkening the surface,
increasing melt rates, and further exacerbating heat absorption by the earth’s
surface (Bond et al. 2013; US EPA 2012; World Bank and ICCI 2013). All SLCPs
except hydrofluorocarbons are also causing air pollution. Table 3.2 dives

Air Pollutants and Greenhouse Gases
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TABLE 3.1 Impact of pollutants on local human health (through air pollution) and climate change

POLLUTANT

CO-BENEFITS OR TRADE-OFFS
LOCAL HEALTH BETWEEN AIR POLLUTION AND
IMPACT CLIMATE IMPACT CLIMATE CHANGE

1. Black carbon (BC)—component of PM,

Ground-level ozone (O,)

Methane (CH,)

Synergy between air pollution
and climate (short-lived climate

Carbon monoxide (CO)

pollutants)

Volatile organic compounds

Organic carbon (OC)

Cooling

Sulfur dioxide (SO,)

Cooling

Nitrogen oxides (NO,)

Cooling Trade-offs between air pollution

V|0 |N [ [ |k ]WIN

Ammonia (NH,)

Cooling and climate mitigation

-
o

. Secondary inorganic aerosols

Cooling

=
=

. Heavy metals, benzo[alpyrene, dioxins, and so on

=
\S)

. Carbon dioxide (CO,)

=
w

. Chlorofluorocarbons (CFCs)

Long-term climate forcers, neutral

N
I

. Hydrofluorocarbons (HFCs)

for air quality

15. Nitrous oxide (N,O)

Source: World Bank.

Note: PM, , = particulate matter two-and-one-half microns or less in width.

deeper into the climate and local air pollution effects of the SLCPs. The focus
on SLCPs led to establishment of the Climate and Clean Air Coalition to
Reduce Short-Lived Climate Pollutants.

Fine particulates (PM,, and PM, ) warm or cool the climate depending on
their chemical composition, but in most cases the overall warming effect dom-
inates, especially with a high share of BC in atmospheric aerosols. The impact
of total PM, . and PM,  on local air pollution and climate change differs across
sources, locations, and technologies. For example, biomass burning
simultaneously emits two types of particulates with opposite effects on climate:
cooling OC and warming BC. Although the direct warming or cooling of parti-
cle pollution is well understood, there are several indirect effects of particle
pollution on the climate system (for example, cloud properties and distribu-
tion, snow and ice deposition) with significantly greater uncertainty (Myhre
etal. 2013). Some estimates suggest significant net warming potential (Boucher
et al. 2016). Climate benefits depend on how complete combustion is (that is,
the ratio of BC to OC) and the location relative to surface brightness. As dis-
cussed above, stronger radiative forcing is associated with emissions affecting
light snow or ice, because even reflective aerosol is darker than fresh snow
(US EPA 2012; World Bank and ICCI 2013). A weaker warming or even a
cooling effect occurs when particles fall on darker surfaces, such as oceans or
tropical forests (Bond et al. 2013).

Among aerosols, the sulfates, mostly from fossil fuel use, have a dominant role
in climate-cooling effects, whereas BC, mostly from biofuel use, is the key source
of positive radiative forcing (table 3.3). Several air pollutants interact in the
atmosphere with fine particles and form secondary aerosols. Some particles,
such as BC, OC, and sea salt, are primary aerosols. This is also the case with
windblown mineral dust from desert areas, unpaved roads, and soil disturbance
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TABLE 3.2 Short-lived climate pollutants (SLCPs) are air pollutants and climate forcers

Black carbon (BC): Lifetime in atmosphere is days to weeks

Sources: BC, or soot, is one of the components of particulate matter (PM) comprising, on average, 10 percent of PM,, by mass in
ambient air (Briggs and Long 2016; Chen et al. 2014; Chow et al. 2002; Chow et al. 2011; Christoforou et al. 2000), but it can reach
up to 30 percent depending on the location and sources (CCAC 2018; Gramsch et al. 2014). A large share of BC’s warming effect is
local, transmitted through changing patterns of clouds and rain and covering the snow and ice, hence decreasing the earth’s ability
to reflect solar warming radiation, thereby absorbing heat and accelerating melt. BC is formed by the incomplete combustion of
fossil fuels, wood, and other (mainly bio-) fuels and comprises between 10 percent and 90 percent of primary emissions of PM, ,
depending on the source. The majority of global BC emissions come from household cooking, heating, other inefficient small
burners and stoves, brick kilns and coke ovens used in the developing world (Rajarathnam et al. 2014), open biomass and waste
burning, flaring of gas associated with oil extraction, and diesel engines. Diesel vehicles (pre-Euro 6/VI emissions standards) also
emit soot, which is almost pure BC. Power stations using heavy oil or coal also emit BC, especially old, inefficient units without
pollution-control equipment (dust filters, sulfur scrubbers). As a result, Africa, Asia, and Latin America contribute approximately

88 percent of global BC emissions (CCAC 2018).

Climate impact

Although it does not trap the heat in the atmosphere, BC makes the  Although the specific health impacts of BC are hard to

earth’s surface darker and prone to absorbing more heat and
accelerated melting when deposited on snow and ice (Myhre et al.
2013). BC affects the climate globally, but mainly regionally by
changing the patterns of clouds and rain. BC is responsible for a
significant proportion of the radiative forcing to date (Bond et al.
2013; Boucher et al. 2016; Collins et al. 2013; Myhre et al. 2013;
Ramanathan and Carmichael 2008), but the warming effect is not
long lasting. BC could sometimes also lead to some cooling effect;
however, its interactions with clouds are not fully understood
(CCAC 2018; Myhre et al. 2013). The local warming impact of BC is
larger when it is deposited on snow or ice. The most recent IPCCs
6th Assessment Report found that the effective radiative forcing
attributed to black carbon is rather small: +0.08 [with the uncer-
tainty range from 0.00 to 0.18] Watts per square meter (W/m?),
substantially smaller than previously assessed (Arias et al. 2021).

Ground-level ozone (O,): Lifetime in atmosphere is hours to weeks

establish, BC forms an important part of PM, .. Thus,
measures to reduce BC will necessarily also reduce PM, , for
which the positive health effects are well established and
include respiratory and cardiovascular diseases, cancer, and
even birth defects (Janssen et al. 2012; US EPA 2012).
Emissions reduction of BC, brown carbon, and organic carbon
from residential solid biomass combustion will have large
public health benefits when emissions can be reduced by

80 percent or more (Anenberg et al. 2012).

Sources: Ozone is not emitted directly in significant quantities but rather is formed in the air when the emission of VOCs, NO,,
methane, and CO are combined in the presence of sunlight. Therefore, ozone is the main culprit behind the “summer smog” in

many urban areas. The main sources of precursor emissions include vehicles, power plants, and industrial activities (for NO ); fugitive
emissions from dispersed consumption of chemicals, such as paints, solvents, aerosol sprays, cleansers, dry cleaning of clothing, and
so on (for VOCs); and agriculture, municipal utilities, and fossil fuel extraction (such coal mines) and transport (gas networks)

(for methane). Close to the earth’s surface, ozone is an air pollutant, but in the stratosphere, it protects the life forms on the earth by
absorbing 97 percent to 99 percent of the sun’s ultraviolet radiation.

Climate impact

Ground-level ozone is considered a short-lived climate pollutant.
Arias et al. 2021 assessed that the total ozone effective radiative
forcing for total (stratospheric and ground-level) ozone is 0.47
[uncertainty range 0.24 to 0.71]1 Wm?, slightly more than earlier
estimates by Fiore, Naik, and Leibensperger 2015). Myhre et al.
(2013) and Shindell et al. (2013), but significantly larger than black
carbon.

Ozone is a powerful respiratory irritant responsible for
between 245,000 (Cohen et al. 2017) and 1 million (CCAC
2022) premature deaths and more than 4 million
disability-adjusted life years attributable to chronic
obstructive pulmonary disease each year (Cohen et al. 2017).
Ground-level ozone is also harmful to plants, including crop
yields (Hartmann et al. 2013).

Methane (CH,): Lifetime in the atmosphere is about 10 years

Sources: Emitted mainly from agricultural activities (for example, raising livestock, rice cultivation), landfills, solid waste and
wastewater treatment facilities, and coal mines, as well as from the production rigs and distribution of oil and natural gas.

Climate impact

Methane is also a powerful GHG, second after CO,, responsible for
about 20 percent of global warming so far, despite its relatively
short atmospheric lifetime (about 10 years) compared with CO,.
Arias et al. 2021 assessed that the effective radiative forcing due to
methane emissions is 1.21 [uncertainty range 0.90 to 1.51] W/m=,
by far the highest of all SLCPs.

Methane is not a directly harmful air pollutant but acts as a
precursor of ground-level ozone (see section on ground-level
ozone).

continued
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TABLE 3.2, Continued

Volatile organic compounds (VOCs)

Sources: VOCs are emitted from fugitive sources related to the dispersed consumption of chemicals such as paints, solvents, aerosol
sprays, cleansers, dry cleaning of clothing, and so on, as well as fuel combustion (mainly by vehicles) and from biomass burning,
including cook stoves. Under sunlight, VOCs react with NO_emitted mainly from vehicles, power plants, and industrial activities to
form ground-level ozone, which in turn helps the formation of fine particulates.

Climate impact

VOCs have an indirect warming effect (through ozone formation); VOCs are harmful to health both directly and as precursors of
according to Arias et al. 2021 VOCs’ warming effect is small ground-level ozone and fine particles.

compared with the warming effect of methane but jointly with CO

larger than any other SLCP.

Carbon monoxide (CO)

Sources: CO is formed during incomplete combustion of fossil fuels.

Climate impact

The radiative forcing, though small and indirect, is positive because  CO is toxic when inhaled directly and has chronic health
CO also participates in ground-level ozone formation. affects in lower concentrations, for example, through
cardiovascular risk.

Source: World Bank based on multiple sources.
Note: BC = black carbon; CO = carbon monoxide; CO, = carbon dioxide; GHG = greenhouse gas; NO, = nitrogen oxides; O, = ozone; PM, ; = particulate
matter two-and-one-half microns or less in width; SLCP = short-lived climate pollutant; VOCs = volatile organic compounds.

from construction. Except for BC, other primary organic aerosols tend to reflect
more sunlight than they absorb, cooling the climate. Pollutants such as SO,, NO,,
and ammonia (see table 3.3) interact in the atmosphere to form secondary inor-
ganic aerosols, composed of a mixture of sulfates, nitrates, ammonium, and fine
particles (including PM, ). The primary particles BC, sea salt, mineral dust, and
so on also contribute to aerosols. They show cooling effect by reflecting and scat-
tering incoming sunlight, although they can also force local or regional pertur-
bations to climate (CCAC 2018; Myhre et al. 2013; Arias et al. 2021). Although the
cooling properties of secondary inorganic aerosols are well established, their
effect is rather short-lived compared with the long-lived GHGs, such as CO,,
which will continue warming the climate after 2050 (Sokan-Adeaga et al. 2019).
The fifth IPCC Assessment Report noted that “If rapid reductions in sulfate
aerosol are undertaken for improving air quality or as part of decreasing fos-
sil-fuel CO, emissions, then there is medium confidence that this could lead to
rapid near-term warming” (IPCC 2013, 81). The sixth IPCC Assessment Report
stipulates that air-polluting aerosols have so far canceled 27 percent of the total
global warming resulting from GHG emissions (figure 3.3). The best estimates of
effective radiative forcing (ERF) attributed to sulfur dioxide (SO,) and CH,
emissions are substantially greater than in the fifth Assessment Report, while
that of black carbon is substantially reduced. The magnitude of uncertainty in
the ERF due to black carbon emissions has also been reduced relative to AR5
(the fifth Assessment Report) (Arias et al. 2021).

Kloster et al. (2010) estimates that reducing aerosol emissions worldwide by
2030 could increase the equilibrium temperature by 0.96°C. Shindell et al. (2012)
explores the climate benefits of a selective SLCP strategy that maximizes the
reduction of warming SLCPs while minimizing the reduction of cooling SLCPs.
Such a strategy could reduce projected warming by close to 0.5°C in 2030, but at
the cost of an air pollution penalty.
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TABLE 3.3 Local pollutants (aerosol precursors) that are climate coolants

Sulfur dioxide (SO,): Lifetime in the atmosphere is days to weeks

Sources: SO, emissions come primarily from the burning of sulfur-containing fossil fuels, mainly by power plants and other industrial
facilities. Smaller sources of SO, emissions include industrial processes such as extracting metal from ore; natural sources such as
volcanoes; and locomotives, ships, and other vehicles and heavy equipment that burn fuel with a high sulfur content (US EPA
2021b).

Climate impact

SO, reacts with fine particles and forms complex sulfate SO, is directly harmful to human health, damages fragile
aerosols in the atmosphere, which reflect and scatter the heat ecosystems (for example, pine forests), destroys structures when
energy of sunlight and cool the planet. dissolved in rain or mist as acids, and changes the chemistry of

rainwater, leading to acidification of ecosystems. As a precursor
for secondary PM, ; it causes important health damage. Recent
research suggests that secondary PM, . that originate from sulfate
aerosols from fossil fuel combustion are particularly harmful
(World Bank 2021).

Nitrogen oxides (NO, )

Sources: NO, gases form when fuel is burned through oxidation of nitrogen. There are three primary sources of NO, formation in
combustion process. First, thermal NO, formation (from nitrogen found in air) is highly temperature dependent and is recognized as
the most relevant source when combusting natural gas. Second, oxidation of nitrogen contained in the fuel itself (fuel NO ) tends to
dominate during the combustion of fuels, such as coal, which have a significant nitrogen content. The third source, “prompt NO,” is
also formed from the nitrogen contained in atmospheric air and is considered the smallest of the three. NO_ pollution is emitted by
automobiles, trucks, and various nonroad vehicles (for example, construction equipment, boats, and so on) as well as by industrial
sources such as power plants, industrial boilers, cement kilns, and turbines (US EPA 2021a). The temperature of combustion is
important in NO, formation. Combustion at temperatures well below 1,300°C forms much smaller concentrations of NO,. NO,
emissions also come from fertilizer use.

Climate impact

The impact on climate change is similar to that of SO,. NO, NO,_ are poisonous, highly reactive gases directly harmful to
reacts with other gases (for example, ammonia) and forms health and contribute to “acid rain,” which causes eutrophication,
nitrate aerosols, which act as climate coolants. NO, gases also harms plants, and reduces carbon sequestration of fragile

cause climate warming because of their impact on methane ecosystems. However, their major impact on air pollution is as
lifetime and aerosol formation (Myhre et al. 2013), but the net precursors of aerosols and fine particles (especially PM, ), as well
impact on climate change is cooling. as ground-level ozone.

Ammonia (NH,)

Sources: The main sources are ammonium carbonate and inorganic fertilizers used in agriculture and monogastric animal
production.

Climate impact

NH, has a mild cooling effect on climate, but global warming is  NH, has an indirect harmful impact on air pollution as an
increasing NH, emissions from agriculture (Schauberger et al. important precursor of fine particles (especially PM
2018).

25)"

Source: World Bank based on multiple sources.
Note: NO, = nitrogen oxides; PM, , = particulate matter two-and-one-half microns or less in width; SO, = sulfur dioxide.

The most potent GHGs do not cause immediate local health damage. CO, is
the most important GHG but is harmless to local health. It has a complex indi-
rect impact on health through the long-term impacts of climate change (WHO
2018), but locally it can be harmful to health only in exceptional circumstances;
for example, in high concentrations in the basements of indoor spaces, CO, can
displace oxygen in the air as a heavier gas. Chlorofluorocarbons (CFCs), emit-
ted mainly from aerosols and refrigerators, are long-lived GHGs with relatively
low quantities emitted but very strong global warming potential. Their negative
health impact is transmitted mainly through the global effect of destroying the
stratospheric ozone layer. Hydrofluorocarbons were introduced as an alterna-
tive to ozone-damaging CFCs and are also GHGs, though live shorter
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FIGURE 3.3

Contributions to warming by sources of human influence
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than SLCPs. Nitrous oxide (N,0) is another important GHG emitted by human
activities such as fertilizer use and fossil fuel burning. Natural processes in soils
and the oceans also release N,O. It can be a health hazard in large indoor con-
centrations, but rarely in ambient air.

Several harmful local air pollutants are neutral with respect to climate. Heavy
metals include lead, chromium, mercury, cadmium, arsenic, copper, manganese,
nickel, zinc, and silver. Some are carcinogenic and some result in neurological
deficits. Major sources include industrial emissions and vehicle exhaust, mostly
in particulate form.

Pursuing ambitious climate-mitigation policies can increase air pollution in
certain airsheds. Some climate-mitigation pathways, especially those consistent
with the 1.5°C temperature goal, can rely heavily on the steep increase of demand
for biofuels. A strong increase of the use of biomass for energy generation, espe-
cially domestic heating and cooking and biofuels use in transport, can result in
increased emissions of PM,  and its precursors (Rogelj, Pop, et al. 2018; Rogelj,
Shindell, et al. 2018).

This chapter demonstrates that an integrated approach requires understand-
ing that relatively few gases produce a double environmental dividend, that is, a
dividend that helps mitigate both air pollution and climate change. Such synergy
is present for SLCPs such as BC, methane, and ground-level ozone with its pre-
cursors. However, reducing emissions of sulfate and nitrate aerosol precursors,
in particular SO, and NO_, mitigates adverse health effects and damage to some
fragile ecosystems but accelerates global warming. Reduction of population
exposure to toxic and carcinogenic air pollutants does not help climate. The lon-
gest-lived and well-mixed GHGs, including, most important, CO,, are not con-
tributing to air pollution. These opposite effects of non-BC aerosols on air
pollution and climate change need to be recognized and reflected in policy
design. Rapid reduction of air pollutants is essential to saving 7 million lives lost
to air pollution globally every year. If air quality programs reduce emissions of
climate coolants, it just implies that more ambitious climate action is needed



than previously anticipated to stay within the 2°C objectives of the Paris
Agreement. Chapter 4 discusses the extent to which the major sources of local
pollution and GHGs overlap. Chapter 5 turns to choices of abatement measures
that maximize synergies and manage trade-offs between goals relating to air
quality on the one hand, and goals relating to mitigating climate change on the
other hand.
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Emission Sources of
Greenhouse Gases and
Air Pollutants

INTRODUCTION

This chapter identifies major emission sources of greenhouse gases (GHGs) and
air pollutants and explores how they overlap. The measures for reducing emis-
sions from these sources are discussed in chapter 5.

EMISSION SOURCES

Air pollutants and climate forcers are often co-emitted from the same sources.
This observation underpins a common argument that addressing air pollution
and climate change have bi-directional co-benefits (Agee et al. 2014).
Unfortunately, the emission sources that contribute most to air pollution do not
always match the sources that contribute most to climate change and vice versa.

Decision-makers need to know where the pollution originates to address
problems at their primary source. The key sources of exposure to air pollutants
in a polluted airshed, including sources of precursors of these pollutants, can be
surprisingly different from whatappears to the naked eye. Source-apportionment
studies are conducted to find the types of sources (for example, whether the
pollutants come from power plants, household boilers, industry, agriculture, or
transport) (see figure 4.1). Additional tools, such as pollution dispersion and
atmospheric chemistry models, are needed to identify the location and forma-
tion of polluting substances in the airshed. For example, the ambient air pollu-
tion of Greater Cairo surpasses both the World Health Organization’s and the
Egyptian national legislation’s recommended guideline for clean air by sever-
al-fold. The premature deaths of roughly 11,500 people a year in Cairo is associ-
ated with ambient air pollution. Much of the pollution, about one-third, comes
from motor vehicles (figure 4.1). Another third comes from agricultural and
municipal waste burning, making reducing pollution from vehicles and waste
burning the priority areas in which to engage.

Emissions that are critical to air pollution sometimes come from sources
that also contribute to global warming and vice versa. Table 4.1 matches
the main emission sources (in columns) with the polluting substances (rows).
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FIGURE 4.1

Source apportionment of PM, _ in Greater Cairo

Fall, 2010

Summer, 2010

20 40 60 80 100
Percent

Hl Geological material M Motor vehicles Open burning M Ammonium M Other

Sources: World Bank 2018.
Note: PM, . = particulate matter two-and-one-half microns or less in width.

The darker the cell, the larger the share of a pollution source in the total emis-
sions of a substance. Internal combustion vehicles represent the “perfect
storm” of air-polluting and climate-warming sources, although chapter 5 dis-
cusses some trade-offs related to nitrogen oxides (NO ) abatement from these
sources. Waste and agriculture are the major sources of both air pollution and
global warming, mainly because of emissions of methane, which is a powerful
GHG, albeit with a relatively short lifetime in the atmosphere (about 10 years).
Yet, ammonium emitted from agricultural livestock and synthetic fertilizers is
a precursor of both black carbon (Updyke, Nguyen, Nizkorodov 2012) and
climate-cooling aerosols. Agriculture is a rather small source of the long-lived
GHGs such as carbon dioxide.

The overlap between the key sources of long-lived GHG emissions and the
key sources of short-lived climate pollutants is only partial (see also Radu et al.
2016). Black carbon is always co-emitted with other particles and gases, although
many of them have a cooling effect on the climate (organic carbon, sulfur dioxide
[SO,], and NO_, as discussed in chapter 3). Sources that release a high ratio of
warming to cooling pollutants are the most promising targets for jointly achiev-
ing climate and health benefits in the near term (see table 4.1).

Priority sources for air quality improvement and climate action do not always
match well, however. As demonstrated by Lvovsky et al. (2000) for six very dif-
ferent cities, the greatest part of damage by far to local health came from emis-
sions of small households, commercial and industrial boilers and stoves, open
burning of municipal or agricultural waste, and from vehicles, rather than from
large industries and power plants. In contrast, large industry and power plants
co-emit a bulk of GHGs and large volumes of air pollutants, but among the latter,
mainly SO, and NO,, which happen to be climate coolants. The sources respon-
sible for most of the PM, , concentrations in India include, in order of signifi-
cance, residential energy use (mainly cooking), transport, and municipal and
agricultural waste. The relative contribution of power plants and industry to air
pollution varies significantly by province and is often related to small artisanal
industries, such as brick kilns rather than large power and industrial plants.
(Purohit et al. 2019).

Policy makers who want to quickly prevent diseases and premature deaths
associated with air pollution would focus on different sources than policy mak-
ers who prioritize low-carbon policies. To quickly lower morbidity and mortal-
ity, priorities would be small, low-stack biomass combustion, cooking and
heating sources in households, and artisanal industries, as well as burning of



TABLE 4.1 Key emission sources of air pollutants, short-lived climate pollutants, and greenhouse gases

SOURCES?
LARGE
POWER SMALL HOUSEHOLD OPEN FERTILIZERS,
AIR CLIMATE PLANTS AND ARTISANAL HEATING AND BIOMASS ANIMAL CONSUMPTION
PRIMARY POLLUTANTS POLLUTION CHANGE INDUSTRY INDUSTRY COOKING VEHICLES WASTE BURNING FARMING GOODS®

1. Black carbon (BC)

2. Methane (CH,)

3. Carbon monoxide (CO)

4. Volatile organic compounds

5. Unspecified PM, , PM, -

6. Organic carbon (OC) _

7. Sulfur dioxide (SO,)

8. Nitrogen oxides (NO,) _
9. Ammonia (NH3)

10. Heavy metals -

11. Carbon dioxide (CO,) _

12. Chlorofluorocarbons (CFCs)

13. Hydrofluorocarbons (HFCs)
14. Nitrous oxide (N,O)

Type of impact—Color coding: red = negative impact; yellow = negative and positive impact; gray = no impact; and green = positive impact.

Air pollution Climate change Major source Secondary source Minor source

Source: World Bank.

Note: PM, = particulate matter 10 microns in width or smaller; PM, , = particulate matter two-and-one-half microns or less in width.

a. There are significant variations within each source category. New plants and stationary and mobile installations fully equipped with scrubbers, filters, and low-NO, burners have a negligible impact on air
pollution. See chapter 5.

b. The column “Consumption goods” includes heterogeneous sources because some goods contribute to chlorofluorocarbon and hydrofluorocarbon emissions (mainly refrigerators), while other goods contribute
to volatile organic compound emissions (mainly solvents and paints), although spray aerosols release both.
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Creative management of trade-offs between large and small sources of air

pollution in Krakow, Poland

In the 1980s, the winter smog in the Polish medieval
city of Krakow became a major health and social cri-
sis. Initially, public opinion blamed the large indus-
tries with visible tall stacks, including two coal-fired
combined heat and power (CHP) plants, one steel
plant, and one aluminum smelter. The source-
apportionment studies and airshed modeling con-
firmed that one upwind power plant and the
aluminum smelter contributed to low air quality in
the city, but the steel plant and another CHP plant
were downwind and their contribution to urban win-
ter smog was relatively small; so was the contribution
of traffic. The public was surprised that the main cul-
prit was low-stack emissions from hundreds of small
coal-fired heating boiler houses scattered around the
city and thousands of individual coal stoves in peo-
ples’ flats and houses. Local environmental authori-
ties, supported by a strong social movement, managed
to first close the most polluting industrial processes
in the aluminum smelter and then enforce dust pollu-
tion control on both CHPs and a sulfur scrubber on
the upwind CHP.

However, handling the low-stack pollution sources
was difficult and socially sensitive because their envi-
ronmental retrofit was not economically viable (too
small for end-of-pipe controls), while their replace-
ment required mobilization of massive financing for
investments in gas, district heating, or electric heating
infrastructure and conversion of thousands of indi-
vidual boilers and stoves. Behavioral change was also
needed because individual solid fuel stoves were per-
ceived as being more reliable sources of heat than
centrally distributed gas or hot water. Amid the eco-
nomic downturn after the collapse of the centrally
planned economy, public coffers were empty. One of
the remaining reliable sources of public revenue for
regional and local authorities was pollution fees and
noncompliance fines paid by industry and the power
sector and the Ecofund, which was created from

debt-for-environment swap with a few sovereign
lenders

Luckily, the dawn of the market economy came
with the phaseout of energy subsidies and was accom-
panied by the decentralization of authority to regional
governors and municipalities. Municipal utilities,
including Krakow’s district heating company (MPEC)
and gas distribution utility, were commercialized and
quality of service was increased as a result of competi-
tive pressure to attract customers. It so happened that
the downwind CHP faced the deadline to install a flue-
gas desulfurization unit but needed more time to
attract funds for deep retrofit investments. Missing the
deadline meant high noncompliance fines paid from
after-tax income. The head of the regional environ-
mental protection department, Jerzy Wertz, saw this
as an opportunity to facilitate a deal between the city,
MPEC, and the CHP operators under the auspices of a
broader Low-Stack Emission Program for Krakow.

This program was supported by Sweden, the
United States, and the World Bank, which provided a
long-term loan and advisory services to MPEC. Under
this deal, the environmental protection department
decided not to collect noncompliance fines from the
CHP in return for the CHP operator’s commitment to
transfer an equivalent amount (from pretax income)
to the municipal account used by the district heating
company to prematurely retire coal boilers and stoves
and connect their users to the district heating system
at no cost to them. In this way, the CHP increased sales
of heat to the city, thereby boosting revenue, which
made it easier to secure financing for the flue-gas
desulfurization unit a few years later. The World Bank,
the Ecofund, and local environmental funds co-
financed the investment program under which MPEC
alone scrapped 387 of the most-polluting coal-fired
boiler houses in the city center during 1990-2004, sig-
nificantly improving local air quality and enhancing
its own service delivery and commercial viability.

Sources: http://sgpm.krakow.pl/aanewsysn/UserFiles/File/2013-11-15-prez6.pdf; personal experience; and communications with stakeholders.
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waste and biomass. These sources would not be the priority for climate mitiga-
tion because their impact on global warming is smaller relative to large combus-
tion sources. Climate mitigation would rather begin with large power and
industrial sources of emissions, in addition to transport, waste, and agriculture,
where opportunities for win-win environmental effects are more common (see
also box 4.1).

The elimination and reduction of fossil fuel use offer synergies between
improved air quality and slower warming, but not when users switch from gas to
biomass, which involves a trade-off. Furthermore, phasing out of fossil fuels is
not always the most effective and quickest ways to improve air quality. Indeed,
decommissioning of the sources of combustion of fossil fuel, especially coal,
would eliminate emissions of both air pollutants and long-lived climate pollut-
ants, as well as short-lived climate pollutants. However, decommissioning,
especially of young coal plants, is possible only in the long term and with abun-
dant resources and alternatives. Decarbonization will require an innovation
push, subsidies for new low-carbon technologies, massive investments in infra-
structure, paying the costs of stranded assets, major behavioral change, and often
renegotiation of the basic social contract. Premature deaths from air pollution
can often be prevented more quickly and more cheaply by fixing pollution con-
trols on existing combustion installations rather than by replacing them with
alternative energy sources. Installing equipment to control air pollution on
power plants can effectively minimize emissions of air pollutants, but at the
expense of a small increase in carbon dioxide emissions. Therefore, the fact that
air pollutants and GHGs are co-emitted from the same sources does not mean
that their abatement measures will always generate air pollution and climate
synergies. Chapter 5 dives deeper into the choices of abatement measures.
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Abatement Measures

INTRODUCTION

This chapter explores the conditions under which, for a given source, the same
abatement measure can achieve a joint—or opposite—impact on air quality and
climate. “Abatement measures” are technical or behavioral means that reduce
emissions. Abatement measures are distinguished from, and treated as outcomes
of, abatement policies, which are the regulatory and financial incentives for
implementation of abatement measures and discussed in chapter 6.

Synergies between reducing air pollution and mitigating climate change
are more common for the cheapest and the most expensive abatement mea-
sures, whereas several medium-cost measures involve trade-offs between air
pollution and climate mitigation (see figure 5.1). Several quick and easy win-
win opportunities can be found with improved maintenance and small
repairs, inspection regimes, tune-up, and better fuel quality in existing
sources. Although their impact on air quality and climate co-benefits is usu-
ally limited, these measures can be achieved quickly. More expensive end-of-
pipe technologies can remove up to 99 percent of pollutants from exhaust
fumes of stationary and mobile sources. Their emissions reduction potential
is significant (if operated properly), although the capital and operating costs
to the polluters are higher and often involve an energy penalty, that is, their
operation requires ancillary energy consumption (Poullikkas 2015), thereby
increasing carbon dioxide (CO,) emissions per unit of output. Abatement
options such as the retirement of existing combustion sources and
replacement with renewable energy sources, or clean technology processes,
have the greatest synergy between air pollution and climate benefits because
such options eliminate the sources of fossil fuel combustion. However, such
measures require high initial capital investment (though operating costs may
be lower), long lead times, and often complex support infrastructure (such as
sufficiently flexible grid networks to ensure reliable energy supply with vari-
able renewable energy sources).
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FIGURE 5.1

Cost-effectiveness of measures to reduce concentration of air pollutants (PM

$/ton of PM, ; or
O, precursors
abated

CC co-benefits

Capital-intensive
structural measures

Early retirement of
fossil fuel-burning
assets, large-scale
penetration of RES
and EV; systemic,
structural, and
behavioral changes

25)

AQ standard
Poor air quality

Trade-offs with CC mitigation dominate

Medium cost and term measures CC co-benefits

Post-combustion pollution-control technologies Low-cost, quick measures
(FGDs, ESP, SCRs, low-NO, burners); biomass-to-gas

- ; L Improved maintenance,
conversion; cleaner fuels in existing sources, and

repairs, tune-up, simple

Source: World Bank.

SO on. energy efficiency

Air pollution

Note: AQ = air quality; CC = climate change; ESP = electrostatic precipitator; EV = electric vehicle; FGDs = flue-gas
desulfurization; NO, = nitrogen oxides; O, = ozone; PM, ; = particulate matter two-and-one-half microns or less in width;
RES = renewable energy sources; SCR = selective catalytic reduction.

Sequencing emission-control measures from the cheapest to the most
expensive per unit of reduced pollution exposure is mathematically and
graphically represented by marginal abatement cost curves (figures 5.1
and 5.2).! The horizontal axis of marginal abatement cost curves represents
the reduction of concentration of a pollutant in the air for a specific exposed
population. The vertical axis represents the cost of reducing concentration
by one unit (usually microgram per cubic meter [pg/m?]). For particulate
matter (PM, ) the costs include the cost of reducing emissions of its precur-
sors, such as ammonia, nitrogen oxides (NO,), volatile organic compounds
(VOCs), or sulfur dioxide (SO,). Therefore, in a given location, each abate-
ment measure—for example, banning diesel cars in the urban center or
installing end-of-pipe equipment—is represented by a rectangular shape
(figures 5.1 and 5.2), where length is its potential to improve quality and
height is the marginal cost of realizing this potential. Some of these measures
will have climate co-benefits, while others will increase emissions of green-
house gases (GHGs) and, hence, present trade-offs for abatement of air
pollutants and GHGs.

Managing multiple environmental crises is particularly challenging in
developing countries and cities grappling with limited resources and institu-
tional capacity. The proposition of implementing emission-abatement mea-
sures that simultaneously address both air pollution and climate change
sounds attractive on its face, but only if addressing both problems does not
overwhelm local budgets and capabilities (Dulal and Akbar 2013). Policy mak-
ers in developing countries are careful about packaging and sequencing
abatement measures to save the maximum number of lives with available
resources. Prioritizing expensive air quality improvement measures, such as



FIGURE 5.2

Abatement Measures

Prioritizing air quality improvement with and without climate co-benefits
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Source: World Bank.

Note: Orange bars represent those measures to reduce particulate matter (PM, ) concentration in
the target airshed that show climate co-benefits, such as energy efficiency (bars A and B) and
structural changes involving premature retirement of fossil fuel assets (bars F and G). Red bars are
PM, . concentration-reduction measures without climate co-benefits, such as switching from
biomass to natural gas or end-of-pipe filters. X is a least-cost environmental effect (reduction of
population exposure to PM, ,, achieved with a given, fixed resource constraint. X" is the lower
environmental effect that can be achieved with the same budget constrained by using measure F
with climate co-benefits instead of measure E. WHO = World Health Organization;

pg/m? = micrograms per cubic meter.
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massive, accelerated retirement of fossil fuel combustion sources and replace-
ment with renewable energy, can enhance climate co-benefits but may also
increase the total cost of improving air quality. These higher costs could lead
to the exhaustion of available resources before safe air quality standards are
attained. This prospect is illustrated by panels a and b of figure 5.2. Therefore,
an integrated approach to policies on air quality and policies on climate
change mitigation requires more than just prioritizing win-win measures. A
well-intentioned focus on win-win abatement measures can reduce or delay
the health benefits of an air quality program, especially under a hard budget
constraint. It should also be said that sometimes developing countries embark
on the excessively expensive measures for reducing health impacts from air
pollution for other reasons. For example, sometimes they apply high European
emissions standards for vehicles, even though the abatement measures with
climate co-benefits (such as modal switch to public transit or bicycles) are
cheaper.

Figure 5.2 should be read as follows: The step function represents the mar-
ginal cost of reducing the concentration of air pollutants (PM, ) in a targeted
airshed. The length of each step (rectangle) represents the potential of this
measure to reduce PM concentration. The height represents the average
marginal cost (after any revenue or savings) per unit of improved air quality.
The rectangles located in negative territory (below the x-axis) have negative
costs, meaning that they yield positive net economic returns even before the
avoided costs of pollution damage are considered. Abatement measures that
look to have negative costs (often associated with energy efficiency) still
require upfront investments and often face hidden costs and barriers not vis-
ible to traditional marginal abatement cost curve models but that are clearly
visible on the ground (Vasquez Suarez, Liu, and Peszko 2018). The area of
each rectangle shows the total cost (or total net economic return if negative)
of implementing the measure. Total abatement cost is represented by the
combined areas of all the red and orange rectangles. Orange rectangles rep-
resent measures to abate air pollution that have climate co-benefits. Red rect-
angles represent measures that reduce PM, _ pollution without climate
co-benefits, or with some warming effect (for example, by switching from
biomass to gas in household cooking and heating or installing end-of-pipe
emission controls).

In panel a of figure 5.2, the least-cost program to attain national air quality
PM, _standards consists of measures A, B, C, D, and E, which jointly improve
air quality to the national standard X. The keys to achieving the least-cost
improvements to air quality are measures C, D, and E, which show negligible
climate co-benefits or even slightly increase carbon emissions. All these mea-
sures are within the budget available for the air pollution program. However,
should the policy makers decide to implement measure F, which has a large
climate co-benefit (for example, switching to electric cooking and heating),
they would have to give up measure E, because both are not affordable given
the hard budget constraint. Measure F has a similar total cost, but can reduce
less pollution than measure E, because of a higher cost per unit of abatement
of PM,_ pollution. Consequently, much less air quality improvement is
affordable—only X’ in panel b of figure 5.2, leaving a health gap of X - X".
International development partners may provide partial financial assistance to
leverage implementation of measures F and G because they provide not only
local but also global public good (climate co-benefits). These measures can
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also be implemented at the extra domestic cost in the name of some other self-
interest for the host country, such as higher demand for air quality,
modernization of the economy, jobs creation, or some other benefits from par-
ticipating in the cooperative climate action.

MAPPING SYNERGIES AND TRADE-OFFS BETWEEN
ABATEMENT MEASURES FOR AIR POLLUTION
AND CLIMATE CHANGE

Energy efficiency plays an important role in the early stages of air quality
programs, followed by switching to cleaner fuels, but major improvements
require end-of-pipe abatement technologies. Rafaj, Amann, and Siri (2014)
apply decomposition analysis and find that three-quarters of the decline in SO,
emissions in Western Europe during 1960-2010 resulted from a combination of
reduced energy intensity, structural changes, and improved fuel mix, while
end-of-pipe abatement measures were responsible for 22 percent of the decou-
pling of SO, emissions from economic growth. End-of-pipe measures played a
dominant role in the reduction of NO, emissions, however. Looking at more
recent trends, between 2000 and 2010 Rafaj et al. (2014) show that in Western
Europe, end-of-pipe emission control was responsible for as much as 50 percent
of the decoupling of emissions of all air pollutants from economic growth, while
35 percent was driven by changes in fuel mix and 15 percent by energy intensity
and energy efficiency improvements. Decomposition analysis in EEA (2019) for
the European Union (EU) confirms that between 2004 and 2015, end-of-pipe
controls and the switch to low-sulfur and low-dust coal accounted for 75 percent
of dust, 71 percent of SO, and 38 percent of NO, emissions reductions from large
electricity-generating combustion plants. None of these measures show climate
co-benefits. Reduction of energy intensity of the economy and the switch away
from coal played relatively small roles (though higher for NO,; 9 percent and
15 percent, respectively), while these two drivers dominated reduction of
CO, emissions.

Andaloussi (2018), in an empirical statistical decomposition of the factors
driving reductions in emissions of local air pollutants in the US power sector
between 2005 and 2014 at the plant level, finds that the adoption of capital-
intensive end-of-pipe abatement technologies accounted for more than
50 percent of the achieved reductions. In addition, Massetti et al. (2017) find
that from 1994 to 2004, the majority of reduction of SO, emissions from the
US electricity sector resulted from the application of flue-gas desulfurization
technology. Switching to cleaner fuel inputs and retiring dirty units each con-
tributed about 20 percent of the observed reductions. Energy efficiency was
not included in this decomposition analysis. Fuji, Managi, and Kaneko (2013)
find that end-of-pipe measures were the dominant driver of changes in SO,,
dust, and soot emissions from the Chinese industrial sector from 1998 to
2009, although energy efficiency also played an important role for SO, and
soot emission trends, while dust emissions were reduced mainly by end-of-
pipe measures and improvements in production processes. Iyu et al. (2016)
also find that in China, energy intensity was a stronger driver of the trends of
emissions of particulates and their precursors than were changes in the fuel
mix. Rafaj and Amann (2018) observe that in China, India, and Japan, fuel
switching remains difficult and that, historically, energy intensity was the key
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driver of changes in air emissions. However, as countries began using energy
more efficiently, the potential for energy efficiency measures to prevent air
pollution began decreasing, and most of the remaining potential depends on
end-of-pipe control measures, the phasing out of the combustion of fossil
fuels, or both.

The local and temporary trade-offs between air pollution reduction and cli-
mate change mitigation are as common as win-win abatement measures avail-
able to economic agents. Figure 5.3 illustrates four common pollution abatement
measures that usually deliver climate co-benefits (in the top-right quadrant) and
three that have ambiguous or a slightly warming impact on climate (top-left
quadrant). Two climate-mitigation measures in the bottom-right quadrant
should be watched for their potential to deteriorate air quality. The presence of
occasional tensions is a fact that must be acknowledged and managed. It is not
an excuse to delay action on either the local health threat of air pollution or the
existential threat of climate change.

Researchers from the Global Alliance on Health and Pollution (GAHP),
AirQualityAsia, and the Schiller Institute for Integrated Science and Society
at Boston College (2020) evaluated 22 interventions intended to reduce air
pollution. Using their expert judgment, they found those interventions that
both improve local health and favorably affect climate change (such as
replacing fossil fuels with renewable energy sources) are of limited value for
both environmental problems. However, the interventions that would
increase CO, emissions were not included in the assessment (such as the
postcombustion air pollution abatement controls), or were not quantified
(such as the climate-warming impact of reducing SO, and NO, emissions).

FIGURE 5.3
Synergies and potential tensions between key mitigation measures for air
pollution and climate change

Clean air
Tradeoffs A Synergies

Operation and maintenance, energy efficiency

Fossil fuels to non-biomass renewables switch

FGDs, SCRs, ESPs, filters on stationary sources

Catalytic converters in vehicles, low-sulfur fuel Switch to electric cars, public transport

Biomass to gas or LPG switch Sustainable plant-based agriculture and food chains

Global warming
Global cooling

Switch from gas to biomass/briquettes

Switch from oil to biofuels

v Tradeoffs
Smog

Source: World Bank.
Note: ESPs = electrostatic precipitators; FGD = flue-gas desulfurization; LPG = liquefied petroleum gas; SCR = selective
catalytic reduction.



After correcting for these missing interventions, the trade-offs in that study
would be more aligned with figure 5.3.

Win-win measures for air quality and climate mitigation

Improved operational efficiency and maintenance of vehicles, stationary com-
bustion installations, or entire infrastructure systems can improve both their
fuel efficiency (carbon emissions) and local environmental performance at rela-
tively low incremental cost. Therefore, these measures should be an essential
component of any integrated air pollution and climate change program. They do
not require significant upfront investments, although maintenance expenditures
for equipment operators may not be trivial. Hence, enforcement can be challeng-
ing, especially in lower-income communities with weak institutions, even if
maintenance costs are often more than offset by future lower operating costs.
However, their potential to achieve both climate and air quality objectives is lim-
ited so additional abatement measures are necessary. In addition, improved
management of transport systems, through regulatory restrictions, low emission
zones, parking controls, delivery planning and freight route optimization, and
improved traffic flow management, improves local air quality and also has a
climate-mitigation impact (Khreis, May, and Nieuwenhuijsen 2017; Letnik et al.
2018; Slovic et al. 2016; Xia et al. 2015).

Switching from fossil fuels to noncombustible renewable sources of energy
has a double environmental dividend because it reduces combustion activities
and all global and local emissions related to them. However, it is often a costly
abatement measure and lengthy to implement, especially if existing assets based
on fossil fuels are relatively new and have many years of economic life left. Large-
scale and quick phasing out of fossil fuel-fired emission sources may not be fea-
sible in all local circumstances if renewable resources are not locally available at
scale, not cost-competitive, or not yet enabled by required infrastructure, such as
power lines, flexible resources in the grid to manage variable renewable energy,
or a charging network in transport. In some industrial sectors, such as steel or
cement, the phasing out of fossil fuel combustion is even more expensive and
time consuming. Therefore, these measures may not always be the first choice of
policy makers in developing countries who are under pressure to achieve rapid
improvement of air quality at low cost to prevent premature deaths and disease
from year to year.

Energy and resource efficiency deliver a double environmental dividend.
Burning less fuel to deliver the same level of service or output prevents local
pollution and GHG emissions. In many marginal abatement cost models, energy
efficiency is portrayed as a negative-cost measure. Although it has clearly been
the case in the countries with massive legacies of energy-wasteful, inefficient
infrastructure (for example, in the countries of the former Soviet Union or rap-
idly industrializing China and Asia in the 1990s), in many countries the remain-
ing energy-efficiency options are more expensive and difficult to implement
because of high transaction costs, relatively low returns aggravated sometimes
by low regulated prices, and difficult access to finance; all of these factors are
often neglected in the models that show costs and benefits from the point of view
of an abstract social planner, rather than specific economic actors. A comprehen-
sive package of policies, including those that correct energy prices to cover
external environmental costs are needed to make socially optimal technical
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measures profitable to economic actors. Such policies are also needed to prevent
rebound effects from offsetting significant climate benefits of energy efficiency
measures (Vasquez Suarez, Liu, and Peszko 2018).

Other technical and behavioral measures that typically have double benefits
for climate and air pollution include:

e Modal switch in transport. Shifting passenger and freight transport from indi-
vidual vehicles to public transport and from roads to rails usually delivers
both climate and air quality benefits. The scale of the benefits depends on the
emissions intensity of both individual and public vehicles and the ability to
induce behavioral change in firms and commuters (also discussed below).

e Nature-based solutions harness ecosystems’ capabilities to provide the same
services as the built infrastructure. Therefore, they always yield multiple air
quality and climate benefits. However, they do not always displace the key
sources of anthropogenic air and climate pollutants.

e Consumers’ behavioral changes. Consuming fewer disposable items,
changing commuting habits, switching to a mainly plant-based diet, and
increasing active travel (walking and cycling) usually have multiple benefits,
including benefits regarding air pollution and climate, as well as for
personal wellness and health (Woodcock et al. 2009; Xia et al. 2015).

e Banning open burning of biomass and waste. This is one of the major sources
of particulate matter (PM) and carcinogenic emissions in many developing
countries. It also releases some CO, to the atmosphere, but the climate
co-benefits of reducing it are small, if any, and depend highly on local cir-
cumstances because the carbon emitted through burning would otherwise
be partially trapped in the soil and partially released as methane, which is a
potent GHG. Therefore, preventing the burning of municipal and agricul-
tural waste, and preventing the disposal of plastic, paper, and organic waste,
have much higher benefits to air pollution than to the global climate.

Measures to abate air pollution that warm the climate

Switching from biomass to natural gas in household heating and cooking saves
lives from air pollution in developing countries with a small, warming impact on
the climate. Worldwide, between 2.5 billion and 3 billion people or more still rely
on traditional biomass for cooking and heating. Household air pollution from
cooking alone kills between 3 million and 4 million people every year, more than
malaria and tuberculosis combined (ESMAP 2020; WHO 2014). Switching from
biomass to gas is a quick and effective way to reduce particulate emissions from
small boilers and cookstoves, with significant benefits to health, especially for
indoor applications that pose major health hazards, including to women, chil-
dren, and the elderly who spend more time at home. However, switching from
biomass to liquefied petroleum gas (LPG) or natural gas has been controversial
because renewable biomass is replaced by fossil fuels. In line with international
and European Union (EU) common practice, CO, released from the combustion
of biomass is accounted for as zero in carbon footprinting methodologies as long
as this biomass comes from sustainably managed forests (Regulation (EU)
2018/841, Directive (EU) 2018/2001, Regulation (EU) No 601/2012, and
Regulation (EU) No 525/2013). This cannot be said about natural or petroleum
gas, whose carbon footprint is about half that of coal per unit of useful energy. It
is recognized that biomass combustion may release other GHGs, such as



methane and nitrous oxide (N,0) as well as black carbon (BC), organic carbon
(0C), and carbon monoxide (CO), especially from small inefficient stoves and
boilers (EIB 2020). In developing countries, biomass used in small household
stoves and small boilers often does not come from sustainable sources, hence is
sometimes considered nonrenewable, although most studies find that fuel wood
is not the major driver of deforestation (see discussion in Lee et al. 2013). A liter-
ature survey conducted by Pittel and Riibbelke (2008) concludes that displacing
biomass by natural or petroleum gas in combustion sources increases GHG
emissions while decreasing emissions of NO, and PM. More recent life-cycle
assessments of the climate impacts of switching from biomass to gas in house-
hold cooking and heating agree that the cumulative warming impact on climate
is negligible when gas is compared with currently used stoves burning unsus-
tainable biomass (Bruce, Aunan, and Rehfuess 2017; IEA 2017; Kypridemos et al.
2020). In addition, Pachauri, Rao, and Cameron (2018) show that, because of the
efficiency gains of switching from biomass to fossil fuels for cooking, the associ-
ated climate penalty is very small. The short-term temporary effect on climate
was even found to be positive in some locations and where biomass burning led
to significant emissions of BC as opposed to OC (Rosenthal et al. 2018; Singh,
Pachauri, and Zerriffi 2017).

Climate and carbon finance are often not available for biomass-to-gas conver-
sion even for household cooking and heating. Neither voluntary (Gold Standard)
nor United Nations Framework Convention on Climate Change Clean
Development Mechanism methodologies exist for displacing biomass by LPG or
liquefied natural gas (LNG). Even conventional development assistance some-
times is not available for such projects if climate co-benefits are among the eligi-
bility criteria. Interestingly, among 57 carbon offset projects included in the
Catalog of Carbon Offset Projects of the Global Alliance for Clean Cookstoves,
two involve LPG—one was switching from biomass to LPG and the other from
LPG to biomass briquettes, both achieving very small GHG emissions reductions
compared with other projects that usually improved the efficiency of biomass
stoves or displaced biomass with other renewable sources (GACC 2014). Some
providers of climate finance (for example, the multilateral development banks’
technical working group on climate finance methodologies) are now consider-
ing household cookstove biomass-to-gas conversion projects if substantial net
GHG emissions reductions are demonstrated at a project level. The requirement
for project-by-project proofs limits the scale and increases transaction costs of
obtaining climate finance for switching from biomass to gas for household cook-
ing and heating in developing countries.

End-of-pipe pollution-control measures can effectively improve local air
quality but often at the cost of some increase in climate warming. The trade-off
between the impacts on air pollution and climate has two channels. The first
channel is through the reduction of emissions of climate coolants. End-of-pipe
measures to abate air pollution often reduce emissions of precursors of sulfate
and nitrate aerosols that, as discussed in the previous chapter, have cooling
effects on climate. A second channel is through auxiliary energy consumption by
equipment to control air pollution. Adding devices such as particulate filters, SO,
scrubbers, or catalytic reduction of NO, restricts stack flow and requires
increases in plants’ on-site consumption of electricity (the so-called energy pen-
alty), resulting in an increase in CO, emissions per kilowatt hour (kWh) of final
useful energy generated (EPRI 2011). The energy penalty may amount to up to
5 percent of gross power output when ancillary electricity consumption of
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systems for all air pollutants are accounted for (Burnard et al. 2014; Cropper
et al. 2017; EPRI 2011; Masters 2004; Rubin and Nguyen 1978; Srivastava and
Jozewicz 2001; Srivastava et al. 2005).

The World Bank assessment of green growth opportunities for
North Macedonia in 2014 finds that significant PM emissions from indus-
trial sources in North Macedonia can be reduced without climate co-benefits.
More than 90 percent of particulate emissions are generated by five eco-
nomic activities, and 92 percent come from the largest industrial facilities.
“Particulate matter pollution could be reduced by up to 80 percent in the
ferroalloys and energy sectors and by 90 percent in road paving activities
and among wood-burning households by using simple technologies: adop-
tion of dust collection and scrubbing technologies in the energy sector;
usage of dust collectors in road pavement processes; and replacement of
inefficient wood stoves, increasingly used for heating in response to tariff
increases, in the household sector.... For example, in the biggest polluter
Jugohrom Ferroalloy’s, emissions could be reduced by up to 80 percent
through such measures as low energy scrubbers, sealed furnaces and
enclosed product transfer (for example, conveyor) systems. Emissions
from public electricity and heat production could be reduced up to
80 percent through the installation of pollution abatement equipment and
fuel switching (from lignite to gas)” (World Bank 2014, 169-75). Only the
last measure (switching from coal to gas) has climate co-benefits. Other
measures would effectively reduce particulate emissions with some warm-
ing or neutral impact on climate.

The most common end-of-pipe pollution-control installations with a
climate-warming effect include the following:

¢ Flue-gas desulfurization units, so-called scrubbers, capture 90-99 percent of
sulfur emissions from exhaust fumes, depending on the technology used.
Scrubbers reduce emissions of a precursor of sulfate aerosols, which are
climate coolants, as discussed in chapter 3. They also add an energy penalty,
which can vary between 0.7 percent and 2 percent of gross power generation,
thus increasing CO, emissions intensity of a coal power plant accordingly
(Forbes 2018; Poullikkas 2015; Sargent & Lundy 2009).

e Tilters for PM include fabric filters and highly effective electrostatic precipi-
tators that can reduce more than 99 percent of PM emissions from stationary
coal-combustion sources (see figure 5.4 ), including fine particles at state-of-
the-art installations. Particulate filters on stationary sources may have an
energy penalty of greater than 1 percent. Since 1985 diesel engines have come
equipped with diesel oxidation catalysts and diesel particulate filters. Diesel
oxidation catalysts use NO, to oxidize particulate emissions, increasing NO,
emissions (ICCT 2016). Diesel particulate filters are highly efficient in
removal of PM from exhaust fumes, but backpressure reduces engine effi-
ciency, and additional costs of filter regeneration and maintenance are
involved.2 Therefore, they are sometimes (illegally or not) removed by vehicle
owners in developing countries, emerging economies, and even in the
European Union (Carrington 2016).

* NO, abatement technologies, such as selective catalytic reduction, reduce
emissions of a precursor of nitrate aerosols—which are climate coolants and
slightly increase emissions of CO,—through auxiliary internal energy con-
sumption (Burnard et al. 2014). Other measures, such as fluidized bed boil-
ers, by lowering the temperature in combustion chambers, give rise to
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FIGURE 5.4

Emissions of major air pollutants from new coal power plants
having, versus those not having, state-of-the-art emission-reduction
installations

7,

Pounds per million BTU

0 ]

Nitrogen oxides Sulfur dioxide Particulate matter

M Plants with end-of-pipe controls M Plants without end-of-pipe controls

Source: World Bank, based on IER (2017) (data from National Energy Technology Laboratory.
Note: BTU = British thermal unit.

increased emissions of other pollutants, such as N,O, which is a GHG
(Richards 2000). Selective catalytic reduction in vehicle engines slightly
decreases efficiency of the engine, marginally increasing fuel use and CO,
emissions per kilometer traveled, hence sometimes also leading to their
(usually illegal) removal (although the primary motivation is recovery of
precious metals). Moreover, catalytic converters (especially older ones) in
vehicles produce N,O as a result of incomplete reduction of NO, to nitric
oxide (ARB 2014). However, integrated simultaneous regulation of air and
climate pollutants (such as in California and the European Union) encour-
ages the vehicle technology that turns the trade-offs between NO, and GHG
emissions from internal combustion sources into synergies. For example,
the US-based Manufacturers of Emission Controls Association reports that
a review of heavy-duty engine certifications from 2002 to 2015 shows that
once emission and efficiency technologies were required on engines, the
relationship between CO, and NO, emissions went from a trade-off to a
mutual benefit. By setting stringent emissions targets for both CO, and NO,
through regulations and expansion of the calibrator’s toolbox from the
engine to the powertrain allowed engineers to achieve reduced NO, levels
and engine efficiency improvements simultaneously, thereby boosting tech-
nology innovation and cost savings.? Agee et al. (2014) make a similar obser-
vation for US power utilities.

End-of-pipe installations can be expensive. In Organisation for Economic
Co-operation and Development countries, up to 40 percent of the cost of
building a new coal power plant is spent on equipment to control emissions
(EPRI 2011; Masters 2004). Therefore, such investments are usually either
integrated into the design of new plants or incorporated into the complex ret-
rofitting of older plants. Additional capital and operational cost require
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long-term returns and high annual operating hours to break even. Deep retro-
fits increase the asset value of the entire thermal energy installation, making its
early retirement for climate reasons more economically and socially challeng-
ing. The operating and maintenance costs of emission-control equipment are
also high. Particulate control can add 2 percent to the cost of electricity, while
flue-gas desulfurization and selective catalytic reduction may increase the cost
of electricity by about 10 percent and 6 percent, respectively (Wu 2001). End-
of-pipe installations also show strong economies of scale and are usually
applied in larger power, heating, and industrial plants (IER 2017). This is
important for an integrated policy approach because, in the absence of climate
policy incentives, significant amounts of capital can be locked into plants that
contribute little to air pollution, but that can be stranded prematurely because
of the impacts of the low-carbon transition (Peszko, van der Mensbrugghe, and
Golub 2020; Spencer, Berghmans, and Sartor 2017). The opposite approach is
also risky: in the absence of effective air pollution regulations, the pressure to
minimize the climate impact sometimes leads to investments in very efficient
and expensive fossil fuel installations (for example, ultra-supercritical coal-
fired power plants), but with substandard air pollution-control equipment.
Furthermore, higher carbon and energy prices put economic pressure on com-
panies to reduce the use of air pollution control technologies even if they are
installed. The economic analysis of new fossil fuel investments (whether new
or retrofits) should always consider the costs of both state-of-the-art fuel and
carbon efficiency and state-of-the-art pollution controls.

Switching from diesel to gasoline engines improves air quality but without
significant climate benefits. Diesel fuels have a slightly higher carbon content
per unit of energy, but diesel engines tend to be more efficient, so the GHG emis-
sions per kilometer were for along time lower than in gasoline engines (Edwards
et al. 2014). However, emissions of particulates and carcinogenic aromatic
hydrocarbons, including BC, are higher. Historically, diesel engines have been
promoted (for example, through lower excise and vehicle taxes) as the more effi-
cient and low-carbon alternative to gasoline engines (Government of India 2010;
OECD 2019). For example, vehicle tax reform in Ireland introduced in 2008 suc-
cessfully improved the fuel economy of new passenger cars but also increased
the proliferation of diesel vehicles in the passenger car fleet and increased emis-
sions of local air pollutants (Ryani et al. 2019). Inconsistent priorities for air pol-
lution and climate change in transport have led to some confusing and expensive
policy reversals in many European countries, including the United Kingdom.
In the 2000s, the UK government had a policy of increasing the real level of taxes
on gasoline and gasoline-powered vehicles more heavily than diesel vehicles.
This strategy seemed to offer a convenient way to increase tax revenues and
reduce CO, emissions from the vehicle fleet. Higher fuel taxes and preferences
for diesel led to exceedances of local air quality standards for NO, and particu-
lates. The British government felt that politically it had to halt and then reverse
the preferences for diesel in real fuel taxes, while local authorities started to
penalize the ownership and operation of diesel vehicles, especially private cars,
to meet tightening air quality standards*

Similarly, switching from fuel oil to biofuels may cut CO, emissions but
increase air pollution. Biofuels, especially second generation (sustainably
sourced) ones, are counted as having zero carbon emissions but often imply an
increase in NO,, PM, CO, and VOC emissions (Briannlund and Kristrém 2001).
A similar observation is made by Portugal-Pereira et al. (2018) for switching



from coal to biomass in Brazil’s power plants, discussed in the section Modeling
Interlinkages between Air Pollution and Climate-Mitigation Measures.

The warming potential of some air pollution abatement measures is by no
means an excuse for not pursuing them. Such measures can be very effective at
protecting human health and mitigating the negative impact of pollution on
ecosystems. Modern coal power plants with state-of-the-art equipment to
control air pollution have a negligible impact on exposure to SO,, NO,, and PM
(see figure 5.4). In mobile sources, filters and catalytic converters also minimize
the impact on ground-level ozone formation and PM, , exposure. Therefore,
end-of-the-pipe installations to reduce emissions of air pollutants from fuel
combustion installations and engines are essential elements of modern economy.
Such installations are embedded in environmental management regulations
around the world, including the best available techniques (as defined in the EU
Industrial Emissions Directive) and best available technologies or similar envi-
ronmental performance standards defined in other jurisdictions (OECD 2020).
An integrated approach to air pollution and climate change requires that the
inevitable trade-offs for some abatement measures be acknowledged and man-
aged by parallel and coordinated regulation of air pollutants and GHGs emitted
by the same sources, with each measure based on its own merits. In this way,
investors and operators can make informed decisions about planning new invest-
ments or retrofitting existing sources—whether to invest in low-air pollution
fossil fuel sources or to choose noncombustion technologies instead. Such inte-
grated investment appraisals can accelerate the retirement of fossil fuel combus-
tion installations or boost technology innovation for synergistic solutions.

Relocation of local pollution sources can alleviate local air pollution but
does not mitigate climate change. Moving sources of air pollution downwind of
population centers or increasing the height of stacks to disperse air pollutants
can be effective measures for reducing population exposure. In principle, these
are not good air quality management practices, but sometimes can be used cre-
atively to bring about quick temporary relief from smog (see box 6.3). Relocating
emission sources (horizontally or vertically) makes no difference to climate
change caused by uniformly dispersed GHGs (such as CO,, hydrofluorocar-
bons, N,O, or methane), though doing so may relieve short-term warming by
relocating BC emissions to surfaces where it has lower climate forcing. In addi-
tion, these measures can shift air pollution from one place to another—for
instance, decreasing the exposure of the local population while increasing the
exposure of distant fragile ecosystems to eutrophication and acid rain. In
coal-dependent countries, electric mobility moves pollution from low-exhaust
mobile sources to large stationary coal power plants with tall stacks and
sometimes downwind locations. This benefits air pollution mitigation, but
under some conditions, contributes to climate warming. Box 5.1 discusses the
dilemma of prioritizing several available measures to reduce air pollution
related to vehicle emissions in Tehran.

Measures to mitigate climate change that can
increase air pollution

Many climate-mitigation pathways compiled with integrated assessment
models envisage a major increase in the role of bioenergy in the world’s energy
balance (Huppmann et al. 2019; Rogelj, Pop, et al. 2018; Rogelj, Shindell et al.
2018; Rogelj et al. 2019). Although the volumes of bioenergy used globally will
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From source apportionment to identification of measures to

improve air quality in Tehran

Source apportionment of fine particulate matter (PM)
pollution in Tehran shows that mobile sources account
for between 50 percent (Taghvaee et al. 2018) and
70 percent (Shabhazi et al. 2016) of PM concentrations
in the ambient air (see figure B5.1.1). Heavy-duty vehi-
cles (HDVs) account for nearly 85 percent of PM emis-
sions from the vehicle fleet (Heger and Sarraf 2018;
Shabhazi et al. 2016).

Thus far, Tehran has taken several measures to
improve air quality. These measures include metro
expansion, a bus rapid transit system, a low emis-
sions zone with fines for vehicles that have not been
maintained and inspected, reduction of the use of
high-sulfur fuels, the switching of some vehicles to
natural gas, diesel-particulate filters for all new
vehicles in 2016, and financial incentives for hybrid
and electric vehicles. The World Bank, together with
the government, identified the following priority
measures to further improve air quality, ranked by
their financial costs, effectiveness at improving air
quality, and time required for their implementation
(Heger and Sarraf 2018):

FIGURE B5.1.1
Sources of PM pollution in Tehran

a. Based on Heger and Sarraf (2018)

Household and
commerce

Gas
terminal

1. HDYV replacement, including a scrappage

component

Diesel particulate filter retrofits for HDVs

Expansion of the low emissions zone

Improved inspection and maintenance system

Provision of incentives for electric and hybrid

vehicles

6. Provision of incentives for nonmotorized
transport

7. Expansion of bus rapid transit lines

8. Expansion of metro lines

9.  Strengthened monitoring, measurement, and
analytical capacity

S

Measures in italics are likely to benefit both air
pollution reduction and the climate. Interestingly, out
of the top five priority measures, four are expected to
deliver low-cost and quick improvements of PM con-
centrations, but negligible climate co-benefits. The
first measure, accelerated replacement of HDVs, may
or may not demonstrate climate co-benefits, depend-
ing on how much black carbon the old diesel engines
were emitting and the vehicles that will replace them.

b. Based on Taghvaee et al. (2018)
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Box 5.1, continued

The climate benefits of switching to electric and
hybrid vehicles depend critically on how electricity is
produced, and the emissions related to the transport
of fuel to the power plants and tanks. Edwards et al.
(2014), in their comprehensive study for the European
Commission, find that the European Union’s switch
to battery-powered electric vehicles would always
lead to reductions in greenhouse gas emissions com-
pared with conventional gasoline internal combus-
tion engine vehicles, except in the case in which coal
electricity is used. Interestingly, even if all electricity
were produced by coal-fired power plants, the lifecy-
cle (well-to-wheel) greenhouse gas emissions of
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electric cars in the European Union would be compa-
rable to that of gasoline cars because the coal in the
European Union is local, while oil is assumed to be
transported for 4,000 kilometers, with a high associ-
ated carbon footprint. In the Islamic Republic of Iran,
oil would be local, so the carbon footprint of gasoline
internal combustion engines would be lower than in
the European Union, but if electricity is produced
with heavy fuel oil, its carbon footprint would also be
high. Measures 6 through 8 relate to a modal switch
and will have the strongest climate (as well as acci-
dent and congestion) co-benefits but require massive
investments and long lead times.

Source: Based on contribution by Martin Heger.

be much lower than the volumes of fossil fuels used now, it is a major source of
health risk in the most polluted regions that rely on solid biomass for heating
and cooking. Biofuels used in transport can also increase PM,, exposure in
urban areas or in the vicinity of ports, airports, and other major transport hubs.
Some climate cooling geoengineering options proposed to scatter the sunlight
reaching the earth include atmospheric injection of sulfate and nitrate aerosols,
which could lead to additional direct air pollution, indirect pollution through

secondary formation of PM_ _, and damage due to acid rain and eutrophication

2.5
of inland waters.

MODELING INTERLINKAGES BETWEEN AIR POLLUTION AND
CLIMATE-MITIGATION MEASURES

The argument that air pollution reduction is a co-benefit of
climate-mitigation measures

Most climate-led studies focus on calculating the reduction of air pollution as a
co-benefit of measures to mitigate climate change. The underlying logic built
into such models is that reduction of GHG emissions is proportional to reduc-
tions in the use of fossil fuels, thus also limiting the emission of air pollutants
associated with fuel use. This would make climate policy attractive from the
local perspective (Nam et al. 2014). The models are designed to optimize the
cost of GHG mitigation and calculate air quality improvement as a by-product
of the expected lower fuel use. Emissions of air pollutants are represented by
emission factors linked to fuel use, so any policy that suppresses fuel use by
design automatically reduces local emissions. Some models are further linked
to simplified air pollution dispersion models, such as TM5-FASST (simplified
because they do not consider local topography and meteorological conditions)
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to estimate changes in concentrations of air pollutants in the air and the
resulting associated avoided premature deaths and diseases. The models
sometimes also monetize these avoided health impacts and add them to the
benefits of reducing GHGs.

Most climate-led models misrepresent the impact of climate mitigation on
air pollution. Typically, at least three essential interactions or impact channels
between these two types of abatement measures are beyond the scope of the
models. First, existing models do not consider explicitly postcombustion air
pollution abatement technologies as alternatives to phasing out fossil fuels.
The end-of-pipe air pollution control equipment can be an effective and
cost-efficient way of reducing emissions of air pollutants from large combus-
tion sources, but it slightly increases their CO, emissions. Second, the cli-
mate-led models rarely calculate the climate warming caused by reducing
sulfate and nitrate aerosols, which is significant, as discussed in chapter 3.
Third, most of these models also do not consider air quality impact of switch-
ing from natural gas or fossil fuel-fired electricity to renewable energy, such as
biomass. Such a switch mitigates climate change but increases exposure of the
most vulnerable population to air pollution.

Running models in this limited way, Markandya et al. (2009) and Markandya
et al. (2018) formulated a popular climate advocacy proposition that global cli-
mate mitigation is in the local national interest because of the air pollution
co-benefits it delivers. In economic terms this proposition argues that the eco-
nomic value of local health co-benefits outweighs the policy cost of achieving
the global climate targets. In a similar manner, West et al. (2013) estimate the
global average marginal co-benefits of avoided air pollution-related mortality
to be US$50-US$380 per ton of CO, and conclude that it exceeds the marginal
CO, abatement costs until 2100. Nemet, Holloway, and Meier (2010) review
37 peer-reviewed national studies conducted with the same approach and esti-
mate that the mean and median values of such collateral air pollution-related
health co-benefits of measures are in the range of $44 per ton of CO, (tCO,) and
$31/tCO,, respectively, for developed countries, and $81/tCO, and $43/tCO,,
respectively, for developing countries. More recently, such a limited modeling
approach has been adopted by Li et al. (2018), Rauner et al. (2020), and the
International Monetary Fund (IMF) and part of the World Bank (Coady et al.
2017; Coady et al. 2019; IMF 2019; Parry et al. 2014); Scovronick et al. 2019 and
World Bank 2022 apply standard climate-driven modeling approach but explic-
itly incorporate the cooling impacts of sulfate aerosols into the modeling
framework. Scovronick et al. (2019) are transparent that the costs and benefits
of targeted air pollution policies as well as their interaction with climate poli-
cies are beyond the scope of the modeling. They also make an important caveat
that global health benefits from climate policy will depend heavily on the air
quality policies that nations adopt independently of climate change, and the
authors do not integrate the interactions between climate mitigation and air
pollution abatement measures into the model. More recently, Hamilton et al.
(2021) use the standard climate-led scenario approach to calculate health
co-benefits of implementing countries’ nationally determined contributions
(NDCs) by 2040. As expected by model design, they find major long-term air
pollution health co-benefits from eliminating fossil fuels. This study (like World
Bank 2022) assumes that more-ambitious targets for air quality and health
policies are achieved independently of the climate policies.



The argument that climate change mitigation is a
co-benefit of air pollution measures

Fewer empirical and modeling studies explore climate mitigation as a side effect
of air pollution abatement. Those that do often find that air pollution control
measures accelerate temperature increase in the short to medium term because
of the three interactions between air pollution control and climate mitigation
measures discussed at the beginning of this modeling section: climate penalty
and cooling effect of end-of-pipe air pollution control technologies and switch-
ing from gas to biomass. Originally, there was no need to advocate for air pollu-
tion policies in the name of their co-benefits for climate. Local health benefits
were making the case strong enough to mobilize action. However, over time, as
the climate crisis became better understood, international development institu-
tions (bilateral donors and multilateral development banks in particular) started
making international development assistance conditional on the benefits to cli-
mate change. Therefore, developing countries wanting to access funds for air
pollution mitigation often had to demonstrate that climate mitigation benefits
would also be delivered. Modelers rushed to help them. Simulations led by air
pollution priorities used the same cost-saving co-benefit argument as climate-led
models, but with reverse causality.

Bollen and Brink (2012) conclude (using the computable general equilibrium
model WorldScan) that EU air pollution policies will also reduce some GHG
emissions, thus the additional cost (carbon price) needed to reduce the remaining
GHG emissions could be lower. They assume that 50 percent of the required air
pollution emissions reduction will depend on energy efficiency, fuel switching,
and structural changes in the economy, and the remaining 50 percent on end-of-
pipe controls (with no climate co-benefits). They suggest that because the abate-
ment potential of relatively cheap end-of-pipe options has already been exploited
in past decades, further emission reductions through end-of-pipe measures will
become more expensive and further reductions of air pollution can be achieved
more efficiently through structural changes induced by stricter policies for both
air pollution and carbon. Purohit et al. (2010) suggest that an air quality strategy
in India using certain climate-friendly measures (such as energy efficiency
improvements, fuel substitution, co-generation of heat and power, and integrated
coal gasification combined cycle plants) would reduce air pollution at roughly
half the cost of an approach that relies on technical end-of-pipe emission-control
measures alone. However, Tibrewal and Venkataraman (2020) calculate that, in
India, air pollution measures in the domestic sector can have climate-mitigation
co-benefits, but reducing air pollution from power plants and transport could
have a strong countervailing warming effect by reducing emissions of climate
coolants. All three studies found climate co-benefits of air pollution abatement
measures by assumption that a country would prioritize climate-friendly mea-
sures to achieve air quality goals. As discussed in the next section, such measures
are not always the least-cost ways to improve air quality however.

The argument about avoided abatement cost

Climate-led model simulations usually show that climate mitigation reduces
the costs of improving air quality. The cost savings come from the observa-
tion that climate policies avoid costs of end-of-pipe air pollution measures
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because they eliminate several sources of combustion of fossil fuels that co-emit
air pollutants. Multiple authors argue that a considerable share of investment in
climate policies (generally on the order of 20 percent to 50 percent) could be
recovered by avoided costs of end-of-pipe air pollution control measures
(Brink 2002; McCollum et al. 2013; Rafaj et al. 2013; Rao et al. 2013; Rao et al.
2016; Rao et al. 2017; RIVM et al. 2001; Rogelj, Rao, et al. 2014; Smith 2013; Van
Harmelen et al. 2002; Van Vuuren and Bakkes 1999; West et al. 2013). Hamilton
etal. (2017) likewise argue that leapfrogging to zero-emission technologies such
as renewable energy and some radically energy saving measures has a structural
cost advantage compared with fossil fuels with end-of-pipe controls, given that
they avoid both pollution mortality and the need for pollution controls.

The argument that climate-mitigation measures reduce the costs of reaching
air pollution targets is illustrated in figure 5.5, which was developed in early
2000 for the EU clean air policy by Markus Amann for the International Institute
for Applied Systems Analysis (ITASA). It shows that achieving the EU targets of
the Kyoto Protocol was expected to reduce the need for air pollution control
measures in the European Union by about a quarter (20 billion euros per year),
because several fossil fuel combustion sources would have been retired early or
not built, so EU member states would not need to put filters on them. The catch
is that this argument holds only if a country prioritizes full decarbonization in
the first place, is able to pay its price, and is willing to wait longer for air quality
benefits delivered by removal of fossil fuel sources rather than early installation
of pollution-control technologies on those sources.

FIGURE 5.5
EU air pollution control costs under business-as-usual system versus
PRIMES model energy scenario
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Climate policies can limit or obviate some local costs of improving air qual-
ity but add to the local costs of achieving a global public good. Note that in
figure 5.5, the lower cost of air pollution controls for the European Union
(€20 billion/year) is more than offset by the added €50 billion/year of the cost
of climate mitigation. Consequently, the net increase in the annual combined
cost of measures to control air pollution and climate change is about €30 billion/
year larger than the costs of air quality measures alone. Advanced economies
have a historical obligation confirmed under the Paris Agreement to foot the
higher bill of climate mitigation. They also can afford it. However, saving on
costs of air pollution by increasing the costs of climate mitigation poses a real-
life policy dilemma for the developing countries that struggle with much
scarcer resources, lower capabilities, and limited institutional capacity to
handle multiple local and global objectives at the same time. If they prioritize
costly climate mitigation measures they may have to delay more effective
air-pollution control measures with no climate co-benefits. Therefore, models
are needed that would provide more relevant insights into the practical
sequencing of environmental actions in developing countries.

Toward modeling integrated air pollution and
climate change measures

Integrated approaches to study air pollution and climate mitigation incorpo-
rate the transmission channels of the impacts of abatement measures that the
climate-led models omit, namely the climate penalty of end-of-pipe air pollu-
tion control technologies, climate warming by sulfate and nitrate aerosols, and
impact of switching from natural gas or fossil fuel-fired electricity to biomass
and vice versa. Already in 2010 Van Aardenne et al. noted that although climate
change policies do have long-term co-benefits for air quality, by themselves
they are not sufficient to solve air pollution problems—additional air pollution
policies are also required, especially those that reduce emissions of particulate
matter and PM, , precursors (especially SO, and NO,), which lead to some cli-
mate warming. More recent experience and literature reveal that the trade-offs
between some air quality management and climate mitigation measures are
more common than previously thought. By denying these trade-offs, none of
the two environmental challenges can be solved effectively. According to
Goldemberg et al. 2018, for example, long-term optimization of costs and ben-
efits of climate mitigation may misguide the prioritization of the air quality
improvement measures. Thus, climate policies are not only insufficient to solve
air pollution problems but may also be detrimental to air quality through impact
channels that climate-led models do not capture. These channels are analyzed
in this section and their policy implications are discussed in chapter 6.

The priority abatement measures to improve air quality may be different than
those aimed at quick climate mitigation. Back in 2012 Shindell et al. simulated
the impact of measures that both mitigate warming and improve air quality,
ranking the measures by their climate mitigation potential. They note that if air
quality had been a priority in the analysis, the selected measures would be quite
different, for example, they would include measures primarily reducing SO,
emissions, which improve air quality but increase warming. Anenberg et al.
(2012) model the potential future global air quality health benefits resulting from
implementing 14 specific methane and BC emission-control measures selected
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for their near-term climate benefits. The results (consistent with Shindell et al.
[2012]) suggest that the technological (mostly end-of-pipe) measures for reduc-
ing emissions of incomplete combustion, such as BC and its precursors (SO, and
NO,), have the highest health benefits, accounting for 72 percent of avoided
deaths globally, but their climate benefits are relatively small. The nontechnical
measures for BC control that eliminate many polluting activities (sources and
fuels) result in much higher climate benefits but result in only 26 percent of
avoided deaths from poor air quality. Furthermore, the methane abatement mea-
sures, which deliver the largest long-term climate benefits, contribute only about
2 percent of air pollution-related avoided deaths.

Radu et al. (2016) used the IMAGE modeling framework to propose that
policies maximizing climate-mitigation effects have the highest impact on
reduction of SO, and NO, emissions because of the high overlap of priority
sources of emissions of GHGs and air pollutants, whereas their impact on BC
and OC emissions is relatively low because the overlap between emission
sources is low. The authors found that in most regions, low levels of air pollut-
ant emissions can be achieved by solely implementing stringent air pollution
policies, but in Asia and other developing regions, a combination of climate and
air pollution policy is needed to bring air pollution levels below those of today.
Similar results obtained by Bollen (2015) with the computable general equilib-
rium model WorldScan. Air pollution policies applied in isolation, let alone iso-
lated climate policies, could not achieve air quality targets. It is worth noting
that these results were achieved despite the fact that the impact transmission
mechanism that creates co-benefits was still limited to source displacement, as
in the climate-driven models.

From now on, we will focus on studies that more realistically analyze
complex interactions between climate change mitigation and air pollution
abatement measures. The underlying models include the transmission impact
channels between air pollution and climate mitigation measures that the
climate-led models omit. These include climate penalty of end-of-pipe air
pollution control technologies, climate warming by sulfate and nitrate aerosols,
and impact of switching from natural gas or fossil fuel-fired electricity to
biomass and vice versa. This genre of more integrated modeling approaches
indicates that the potential for co-benefits between air pollution and
climate-mitigation measures shrinks and for trade-offs increases as the basic,
low-cost efficiency improvements have been exploited (Bonilla, Sterner, and
Coria 2018; Nam et al. 2014). These studies stress the need for an integrated
approach to mitigate carbon emissions and air pollution instead of arguing that
air quality will always be a co-benefit of climate mitigation measures.

Ex ante simulations by Portugal-Pereira et al. (2018) for Brazil find that diffu-
sion of low-carbon power generation can have a mixed impact on air pollution.
Accelerated phaseout of unabated coal power plants and replacement using
plants run on biomass and coal with carbon capture and storage would lead to
much lower CO, and SO, emissions, but emissions of PM and toxic chemicals
may rise, indicating the potential for trade-offs. This can happen for two main
reasons. First, biomass power plants in the Brazilian context was found to have
higher PM emissions than coal per unit of power generated. The introduction of
end-of-pipe air pollution control measures on biomass power plants was found
to offset some of these trade-offs but comes with additional cost, making coal
power plants cost competitive. Second, putting carbon capture and storage facil-
ities on coal power plants would eliminate carbon emissions but would require
larger amounts of fuel per kilowatt hour delivered to the grid (the energy penalty



discussed earlier in this chapter), which results in higher emissions of particu-
lates and other toxic chemicals when compared with conventional coal technol-
ogies without carbon capture and storage.

The recent impact assessment of the EU climate policies (EC 2020), sup-
ported by simulations with the Greenhouse Gas-Air Pollution Interactions and
Synergies (GAINS) model, illustrates the good practice of jointly addressing air
quality and climate change. The baseline scenario for climate policies assumes
implementation of aggressive air pollution policies that reduce the combined
emissions of SO,, NO,, and PM, _ by almost 60 percent by 2030 compared to 2015.
Such air pollution abatement requires comprehensive application of end-of-
pipe emission controls on most stationary and mobile sources. When additional
GHG emissions and carbon pricing constraints are added to these stringent air
pollution standards, the model finds another optimal solution with much less
fuel use and a larger shift to nonemitting renewable energy sources. This shift

would reduce combined emissions of PM, , NO,, and SO, in the European Union

2.5
by an additional 3 percent to 10 percent in 2030 relative to the baseline and avoid
some costs of end-of-pipe air pollution control. Consequently, the combined
application of stringent air pollution controls and aggressive decarbonization
has more positive impacts on human health than the application of air pollution
policies alone. However, the model shows that, in specific locations, air quality
may deteriorate (EC 2020).

Vandyck et al. (2018) conducted rare simulations of more-explicit impacts
of integrated policy for climate change mitigation and air quality. This study
shows that structural changes induced by integrated climate and targeted
air quality policy package can improve air quality beyond what can be
expected by climate policies or end-of-pipe air pollution abatement technol-
ogies alone. However, ramping up the stringency of air quality policies
implies massive implementation of end-of-pipe air pollution control tech-
nologies that cut emissions of air pollutants that are climate coolants (aero-
sols) by more than air pollutants that warm the climate (mainly BC), leading
to some net warming. (in line with Hienola et al. [2018] and Rogelj, Schaeffer,
et al. [2014]). Net warming effect of prioritizing air pollution prevails even
before considering the energy, and hence climate penalty of end-of-pipe air
pollution controls.

Integrated analyses conducted for countries where residential biomass
burning for heating and cooking account for most of the population exposure
to PM, . show another important effect commonly omitted in the climate-led
models. The simulations conducted for Serbia’s low-carbon development strat-
egy with GEM-E3 model show that PM emissions would initially rise in the
low-carbon development scenarios above business as usual as coal-fired dis-
trict heating and gas used by households for heating gets displaced by biomass,
before declining when coal surrenders to natural gas, wind, solar, and hydro
power (see figure 5.6). Climate-mitigation measures assumed in the scenario
compatible with the EU environmental acquis reduces PM, emissions
29 percent below the baseline in 2050. These emissions reductions result from
the replacement of fossil fuels across sectors, which reduces CO, and associ-
ated PM, . emissions. However, displacement of fossil fuels by biomass burned
in small household stoves and boilers reduces GHG emissions but increases
emissions of PM, .. Therefore, during the first five years of the implementation
of climate policies (between 2020 and 2050), PM, _ emissions increase in the
model (figure 5.6). The authors stress that additional air quality management
efforts would need to accompany climate policies in the household sector to
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FIGURE 5.6
Dynamic impact of Serbia’s low-carbon strategy on PM, . emissions
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Source: Based on Republic of Serbia (2019).
Note: PM, , = particulate matter two-and-one-half microns or less in width.

prevent the large-scale rebound of the use of biomass for domestic heating and
cooking (Republic of Serbia 2019).

Abatement of short-lived climate pollutants (SLCPs) advances both air qual-
ity and climate mitigation but cannot solve either of these problems alone.
Already in 2012 Amann identified a program consisting of 16 win-win abate-
ment measures focusing on reducing emissions of SLCPs (see figure 5.7). Amann
(2012) is clear that this is not sufficient to improve air quality to heathy stan-
dards in most situations. Effective air pollution programs must integrate addi-
tional pollution abatement measures that do not have climate co-benefits and
reduce conventional air pollutants (especially SO, and NO,) that cool the
climate and slightly increase CO, emissions (see also Bollen, Guay, et al. 2009;
Bollen, van der Zwaan, et al. 2009; Wang et al. 2016). Regarding climate change,
a focus on SLCPs, above all methane, could significantly reduce the rate of tem-
perature increase in the next couple of decades and buy more time to implement
more aggressive climate policies in the more distant future. However, the SLCP
measures alone are far from being able to meet the long-term 2°C goal of the
Paris Agreement (let alone the 1.5°C goal) and must be complemented by
solutions to contain concentrations of long-lived GHGs, primarily CO,, with
much fewer co-benefits for air quality. The IPPC sixth assessment report noted
higher climate warming impact of methane than previously assessed and lower
of BC (IPPC 2021). Tibrewal and Venkataraman (2020) show that the
climate-mitigation co-benefits of air pollution policies in India due to abating
SLCP emissions can be more than offset by reducing emissions of climate-
cooling agents such as SO, and NO,. With an understanding of both synergies
and trade-offs, policy makers can plan adequate adjustments to long-term
climate policies to ensure that air pollution objectives are not compromised.

Few modeling tools can optimize the costs and benefits of comprehensive
packages of air pollution and climate-mitigation measures. For example, the
GAINS model, developed by ITASA, is a bottom-up technology optimization
model with a comprehensive database of about 2,000 technical and nontech-
nical emission-control measures for 10 air pollutants and 6 GHGs. It uses the
marginal abatement potential and cost functions for these measures to find
the socially optimum (least cost to society) packages of abatement measures
to achieve air quality and climate objectives, capturing many real-life
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FIGURE 5.7
Selected air quality measures with co-benefits to climate change identified by the
International Institute for Applied Systems Analysis

Technical black carbon .
Methane measures Nontechnical measures
measures

« Recovery of coal mine gas « Modern coke ovens » Ban of high-emitting

« Reduction of gas venting « Modern brick kilns vehicles
associated with production « Diesel particle filters » Ban of open burning of
of crude oil and natural gas « Briquettes instead of coal agricultural waste

« Reduction of gas leakages for heating » Elimination of biomass
from pipelines and « Improved biomass cook stoves
distribution nets cookstoves

« Pellet stoves and boilers
(in industrial countries)

« Waste recycling

- Wastewater treatment

« Farm-scale anaerobic
digestion

« Aeration of rice paddies

Source: Amann 2012.

synergies and trade-offs between different abatement measures that other
models leave out. The recent application of the GAINS model in Kazakhstan
illustrated that while several low-cost air pollution abatement measures
demonstrate potential for also reducing GHG emissions, some measures such
as improving environmental performance of industrial processes and install-
ing end-of-the pipe SO, and NO_ control technologies on coal power plants
would reverse a portion of mitigation gains of win-win measures (figure 5.8).
The climate co-benefits of cost-effective air quality improvement measures
are more common in Kazakhstan, where the majority of population exposure
to PM,, comes from combustion of coal in inefficient stoves and boilers in
residential buildings during winter heating season and massive coal combus-
tion in power, industrial, and heating plants located close to city centers.
Kazakhstan households use very little biomass unlike other emerging econo-
mies in Central and Eastern Europe (including Serbia shown in figure 5.6) and
many developing countries in warmer climate where biomass is a dominant
household fuel for cooking and water heating.

Eachdotinfigure 5.8 moving from right to left on both schedules represents
a modeled measure to improve air quality (orange curve) and its respective
impact on GHG emissions (red curve). The down-sloping red curve means an
air pollution measure also reduces GHG emissions (synergy), while the
upward-sloping red curve implies a trade-off. The figure shows that reducing
mean national exposure from 28 pg/m? to 18.5 ug/m?* can have a number of
climate co-benefits. The measures showing the largest potential for cost-
effective reduction of both mean PM, _ population exposure and GHG emis-
sions are (1) replacing individual coal stoves and boilers with connections to
improved district heating and conversion to natural gas or liquefied petro-
leum gas (LPG), briquettes, or heat pumps; (2) improving building energy
efficiency; and (3) improving waste management. The main trade-off is asso-
ciated with installation of emission control equipment at power plants (high-
lighted in blue). This would bring population exposure closer to 18 pug/m? of
PM, .. The switch from biomass to gas/LPG was not included among available
abatement measures because the use of biomass for residential heating and
cooking is minimal in Kazakhstan’s cities.
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FIGURE 5.8
Marginal cost curve for reducing population exposure to PM, _ in Kazakhstan in 2030 and the impacts of
the air pollution abatement measures on GHG emissions
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Notes: GHG emissions are expressed as Mt of CO, equivalent using the Global Warming Potential over 100 years (GWP100) metric that
accounts for short-lived climate pollutants (SLCPs) impacts over a 100-year time horizon. The orange curve represents a marginal air
pollution abatement cost curve for Kazakhstan with a potential to reduce mean exposure to PM, . on the horizontal axis and a cost of
reducing exposure by one unit on the vertical left axis. The red schedule represents the impact of air pollution technical abatement
measures on national GHG emissions (right) axis). The curves should be read from right to left. The first dot to the right on the orange curve
represents projected baseline PM, ; mean exposure in Kazakhstan in 2030, whereas the first dot to the right on the red curve represents
projected baseline GHG emissions in Kazakhstan in 2030. GHG = greenhouse gas; LPG = liquefied petroleum gas; NO, = nitrogen oxide;
PM, , = particulate matter two-and-one-half microns or less in width; SO, = sulfur dioxide; pg/m?* = micrograms per cubic meter.

Energy efficiency can make cost-effective strides toward better air quality,
but it is not a low-hanging fruit as most models (including GAINS) assume.
Models often underestimate the costs and overestimate the sustainable
emissions-reduction potential of energy efficiency. They calculate the costs
and benefits from the perspective of a social planner rather than from the
perspective of real economic agents. In reality energy efficiency projects
require that parts of the buildings on production units be taken out of opera-
tion for a period; change in working practices is disruptive; new habits must
be learned; senior managers have many other things to worry about; incen-
tives are split between the owners and users of buildings and equipment, and



so on. These transaction costs are not visible in most traditional models.
Neither are the specific risks, cost of capital, and cost of acquiring informa-
tion that economic actors face. Social planners are oblivious to specific risks
and are very patient. The models representing social planners’ perspective
optimize for the society in a very long term, using low social discount rates.
On the benefit side of the cost-benefit equation social planners also miss a lot
of crucial variables, such as which air pollution sources are first decommis-
sioned due to lower energy demand. The analyses of energy efficiency poten-
tial also rarely consider the rebound effect—after implementation of
efficiency measures that make a unit of energy service cheaper (for example
get more light for unit of electricity used), users often begin to increase lumi-
nosity, building temperature, and kilometers driven. (Aydin, Kok, and
Brounen 2017; Azevedo 2014; Sorrell, Gatersleben, and Druckman 2020).
The rebound effect offset between 25 percent and more than 100 percent of
the technical energy saving potential of projects, and is stronger when
energy-efficiency projects are subsidized but energy prices remain low and
even subsidized. The first model that aims at representing the investment
and behavioral perspective of firms and households operating in specific
markets in Bulgaria and Croatia has been presented in Vasquez-Suarez, Liu,
and Peszko 2018), and later extended to support the World Bank energy effi-
ciency policy dialogue in Morocco. Putting the correct policy incentives in
place can greatly enhance the probability that low-cost improvements will be
adopted and rebound effect prevented. The largest and most permanent
improvements in energy efficiency have been achieved in the former commu-
nist countries as part of deep, market-based structural transformation of
wasteful centrally planned industry and infrastructure. But in present-day
China, or Central and Eastern Europe, the cheapest energy-saving opportu-
nities have been exhausted and expected market rates of return are much
higher. Therefore, the marginal costs of energy efficiency come closer to the
costs of other abatement measures and the marginal benefits of energy effi-
ciency are shrinking.

Limiting air quality measures to those with climate co-benefits may
increase the overall costs of air pollution control, as demonstrated by
Cameron et al. (2016) in their analysis of the proliferation of modern clean
cookstoves in South Asia. Their stringent climate-mitigation scenario
increases clean fuel (LPG and LNG) costs for households by 38 percent in
2030 relative to the baseline, leading to 21 percent more South Asians using
traditional polluting stoves. To achieve the goal of increasing universal access
to clean cooking nonetheless, government subsidies would need to increase
by 44 percent because clean cooking alternatives with climate co-benefits
(renewable electricity, improved biomass, biofuels) are more expensive than
LPG or LNG stoves. The authors argue that these additional costs of ensuring
climate co-benefits of clean cooking can be offset by additional external con-
cessional financing. However, these financial transfers would need to mate-
rialize. As mentioned above, climate finance is currently rarely available for
conversion of biomass stoves to clean cooking using LNG or LPG as a switch
from renewable energy to fossil fuels.

The traditional models discussed in this section suggest that a world without
fossil fuels will be a world with cleaner air and healthier people. This section
discussed three major omissions in the typical modeling framework that limits
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applicability of this hypothesis. Furthermore, such a world is decades and
billions of dollars away. In the meantime, every year more than 7 million people
die from air pollution globally. Solutions to air pollution crises must be local and
implemented in incremental steps. High-income countries can afford to leap-
frog to a decarbonized economy relatively quickly and obtain air quality as a
co-benefit. In lower-income countries, however, limited resources and weak
institutional capacity force local policy makers, especially in developing coun-
tries, to prioritize measures in the short term to prevent as many premature
deaths as quickly as possible at reasonable cost. At the same time, however,
decision-makers should minimize large irreversible investments in carbon-
intensive technologies and infrastructure that can create costly future liability.
These are the daily policy dilemmas in polluted cities discussed in chapter 6. For
example, a study on air pollution in Asia and the Pacific (CCAC and UNEP 2019)
identifies 25 clean measures with a potential to reduce the number of people
exposed to pollution by 80 percent, even though some individual measures
would warm the climate. Therefore, the sequencing of these measures under
hard budget constraints would be different depending on whether air quality or
climate was the priority.

Despite the synergies of implementing all measures in the long run, the
short-term trade-offs are part of life. Unlike climate change, which is caused
by a stock of GHGs slowly accumulating in the atmosphere, air pollution is a
flow phenomenon—the benefits of avoided deaths and diseases are realized
almost immediately after emissions have been reduced. Therefore, the prior-
ity in air quality management is to reduce population exposure in the most
polluted areas as quickly as possible. Switching to cleaner fossil fuels for
household cooking and heating, moving traffic congestion out of the city cen-
ter, and relocating the worst sources of pollution and retrofitting them with
pollution-control technologies are among the measures that will rapidly
improve local pollution but may not make much difference to climate change.
Deep decarbonization of energy, transport, and industrial systems takes
decades to achieve and cannot be controlled by local policy makers alone.
Optimizing the cost of climate mitigation often implies that some air quality
improvements would not be implemented at all or would be applied later and
at smaller scale. The typical measures that are limited by the climate-led
agenda is switching from biomass to natural gas in household heating and
cooking or retrofitting combustion plants with filters and scrubbers. These
measures can quickly save most lives from air pollution but require addi-
tional climate action elsewhere to compensate for their small climate
penalty.

This chapter shows that even though air and climate pollutants are often
co-emitted from the same sources, the same abatement measures may either
deliver a double environmental dividend for air pollution and for climate or
lead to trade-offs between these two environmental problems. Awareness of
these complexities and capturing them in technical and economic models
helps prepare integrated policy programs to mitigate air pollution and cli-
mate change and thereby harness synergies, but also manage inevitable short-
term and medium-term trade-offs. Such integrated policies prioritize air
pollution measures where appropriate, while remaining flexible and paving
the way for long-term decarbonization of economic activities. This is dis-
cussed in chapter 6.



NOTES

1. The best-known marginal abatement cost model for calculating cost-effectiveness of air
pollution programs is GAINS by the International Institute for Applied Systems Analysis.

2. “Diesel Engine: How Does the DPF Effects on Performance of Engine?” (https://www
.researchgate.net/post/Diesel _Engine_How_does_the_DPF_effects_on_performance
_of_engine).

3. “Statement of the Manufacturers of Emission Controls Association on the U.S.
Environmental Protection Agency’s Proposed Rulemaking on Greenhouse Gas Emissions
Standards and Fuel Efficiency Standards for Medium- and Heavyduty Engines and Vehicles
- Phase 2” (http://www.meca.org/attachments/2674/MECA_comments_on_EPA_Phase
_2_HD_GHG_092515_final.pdf).

4. Input provided by Gordon Hughes, Professorial Fellow, School of Economics, University of
Edinburgh.
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Integrated Policies on
Air Pollution and
Climate Change

INTRODUCTION

Policy makers do not implement abatement measures—polluting firms and
households do, under the incentives created by policy makers. These incentives
can be conveyed through cultural norms, economic incentives, and direct regu-
lations, all influencing behavioral choices that decentralized economic actors
make at all times. Policy makers have a duty to correct market failures discussed
in chapter 2 and protect public health by designing policy incentives that
encourage or force polluters to achieve targeted ambient air quality and reduce
their carbon footprint. Policy makers are engaging in balancing acts between
effectiveness and cost-efficiency of quickly reaching their air quality goals in the
areas where the most people are exposed, while at the same facilitating struc-
tural transformation of the asset base to address longer-term climate change
challenges. Sometimes air quality policies need to change to integrate cli-
mate-mitigation objectives. This chapter discusses how to soften tensions
between the two agendas while leveraging those win-win opportunities that do
exist. It also recognizes that the time scale needed to protect human health from
air pollution is shorter than to achieve systemic decarbonization of energy,
transport, and industrial systems.

Governments can use a wide menu of policy instruments to make polluters
reduce the damage they inflict on the victims of pollution.

» Direct regulations prescribe or ban certain polluting technologies and activi-
ties, such as open burning of waste, driving diesel vehicles in city centers, or
using certain fuels (for example, solid fuels or high-sulfur coal and fuel oil).
Bans are as effective as the levels and enforcement of penalties for noncom-
pliance. Effective enforcement requires strong governance and institutions
(OECD 2009).

» Some direct regulations are implemented as performance standards, which
leave emitters more flexibility on how to achieve required environmental
performance. Examples include the US Corporate Average Fuel Economy
(CAFE) standards and the emission-limit values under the EU Industrial
Emissions Directive.
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e The most flexible instruments are economic in nature, because they put a price
on emissions, allowing emitters to freely choose how to react, and that reac-
tion can range from paying the price and continuing to pollute to different
ways of avoiding the price by reducing emissions.

e The softest, but essential instruments are education, marketing campaigns,
and behavioral nudges. The latter draw on behavioral sciences and psychology
to apply indirect suggestions as ways to influence the habitual behavior and
choices made by groups or individuals (Thaler and Sunstein 2008).

Multiple policy instruments need to be applied jointly to tackle multiple envi-
ronmental problems. Standard economic theory suggests that in the face of
numerous externalities—local pollution and greenhouse gases (GHGs) in this
case—the optimal policy is to use separate instruments for each, for example, a
local pollution tax and a carbon tax rather than hoping that one instrument will
solve other problems as a co-benefit (Hamilton et al. 2017; Pigou 1920). The gen-
eral lessons learned from ex-post policy analysis and emerging empirical studies
suggest that effective and efficient solutions to air pollution and climate policies
require what the theory suggests—internalize both externalities with separate
but integrated and coherent targeted policy instruments.

SYNERGIES AND TRADE-OFFS BETWEEN POLICIES ON AIR
POLLUTION AND CLIMATE CHANGE

There is little evidence that climate policies implemented so far have had a
significant impact on air pollution but strong evidence that improvements in
air quality were attributed to targeted air pollution policies. The policies moti-
vated by climate concerns played a minor, sometimes adverse, role in the
strides toward better air quality (Andaloussi 2018; EEA 2019; Iyu et al. 2016; Li,
Song, and Shen 2019; Massetti et al. 2017; Rafaj and Amann 2018; Rafaj, Amman,
and Siri 2014; Rafaj et al. 2014; Singh 2017). Astrém et al. (2017) apply decom-
position analysis to determine the drivers that had the highest impact on SO,
emissions during the period 1990-2012. They find that at least 26 percent of
the decoupling of SO, emissions from economic growth was due to specific SO,
policies (standards, permits, taxes, and fees), while the rest was driven by
structural changes in the economy, productivity improvements in some indus-
tries, and fuel use changes, all weakly related to the historical stringency of
climate policies.

Synergies and trade-offs between air pollution and climate
policies depend on local conditions

Carbon prices and fuel taxes may reduce or increase air pollution depending
on local conditions and policy design. The largest potential for synergies exists
in the countries with a legacy of wasteful use of energy and the high share of
coal in electricity generation, heating, and cooking. In such countries eliminat-
ing the most perverse fuel subsidies generates air pollution and climate co-ben-
efits. For instance, Burtraw et al. (2003) simulate the effects of hypothetical
relatively low carbon taxes for electricity production on reductions of NO,,
emissions from US power utilities. They found potential for significant
health-related ancillary air quality benefits through interaction between the
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carbon tax, stringent NO_emission limit values applied in 1990, and the first
large urban NO_ emissions trading program implemented in South Coast Air
Quality Management District in 1994 (Burtraw and Szambelan 2009).
Agee et al. (2014) find similar potential in their simulations of environmental
policies applied to US power plants.

Econometric empirical studies are still few and localized, so it is premature to
draw generalized conclusions from them. Nonetheless, Heger et al. (2019) show
a statistically significant correlation between fuel prices and air pollution for
urban transport in Greater Cairo (box 6.1). Kheiravar (2019) finds that each stage
of fuel subsidy reform in the Islamic Republic of Iran brought diminishing
improvements in ozone formation. Tan-Soo et al. (2019) used regression analysis
to suggest that emissions of SO, and PM from industrial plants in Anhui (China)
were inversely related to electricity prices, but this study contains some contra-
dictions and did not cover air quality. While correlation between fuel prices and
air pollution policies is quite well established in the literature, the evidence of
causality is much weaker. Many variables usually determining the health impact
of air pollution (such as targeted air quality management policies) are omitted in
the regression models. Furthermore, econometric studies rarely explain the
mechanism through which fuel prices could reduce air pollution. These trans-
mission mechanisms are clearer in urban transport, where fuel prices are directly
linked to quantity and type of fuel used, which in turn are more directly linked to

Empirical analysis of links between fossil fuel subsidies, public transport, and
air pollution in Greater Cairo

Greater Cairo has a large and diverse vehicle fleet
that accounts for almost one-third of particulate
matter two-and-one-half microns or less in width
(PM, ) concentrations. Most buses and trucks use
diesel fuel running on old-generation diesel engines
without catalytic converters or diesel particle filters.
The government has adopted several policy mea-
sures over the past few decades, starting with the
banning of lead in gasoline; improved car inspec-
tions; fiscal incentives for cleaner fuels (compressed
natural gas) and for the use of newer cars, buses, and
trucks; the retrofitting of fleets; and investments in
alternative modes of transportation. The first two
phases of the phasing out of fuel subsidies jointly
reduced the number of cars driving in the streets of
Cairo and reduced air pollution by 3.8 percent (the
third wave of fuel subsidy removals has not yet been
evaluated). Metro Line 3 (opened in 2012 and

Source: Heger et al. 2019.

extended in 2014) reduced the number of cars driv-
ing in Cairo and reduced air pollution by 3.4 percent.
Significant reductions in agricultural waste burning,
in large part owing to the government’s rice straw
buy-back scheme, also contributed to cleaner air,
though quantitative estimates of the impact are still
pending. These interventions resulted in notable
improvements in air quality. PM  (particulate mat-
ter 10 microns in width or smaller) pollution
decreased by nearly one-third from 2010 to 2017, but
air pollution remains very high, such that Greater
Cairo is still highly polluted. Using concentration-re-
sponse relationships from the epidemiology litera-
ture alone shows that fuel subsidy removal and the
opening of Metro Line 3 contributed to the avoidance
of hundreds of infant deaths each year. Cost-benefit
analysis reveals that this benefit alone is equivalent
to about 10 percent of the metro’s construction cost.
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emissions and improved urban air quality. But for large stationary emission
sources and residential heating and cooking using biomass, higher fuel and elec-
tricity prices may lead to unexpected behavioral and substitution effects and
increase air pollution. Therefore, omitting these variables in econometric mod-
els can lead to misleading results. Overall, it is safe to say that empirical studies
confirm hypotheses that policies increasing fuel prices are more likely to lead to
improved air quality in the presence of significant energy subsidies, weak air
quality management systems, and a legacy of a large and aged stock of energy-
and emissions-intensive capital.

When the cheapest, win-win mitigation opportunities have been exploited,
further increases of fuel prices confront the inelastic response of users/polluters.
Excise duties on liquid fuels have been widely applied by the ministries of finance
for along time. The original motivation was not related to environmental benefits,
but the relatively stable and progressive tax base. Taxes on transport fuels are con-
venient revenue raising instruments, because so far, fuel consumption was rising
quite smoothly despite price fluctuations (the COVID-19 [coronavirus] pandemic
was one exception to this rule because of lockdowns). But further increase of lig-
uid fuel prices, extensions to other fuels and sources, and their carbon-related rate
modulations lead to more complex interplay between incentives to reduce air pol-
lution and incentives to mitigate climate change. The circumstances, under which
this complexity can lead to trade-offs between climate mitigation and air quality
agendas are illustrated with the following evidence:

 In transport, fuel tax differentiation motivated by, among other factors, fuel
efficiency and climate concerns has historically promoted diesel vehicles. For
example, in 2001, the UK introduced tax breaks for diesel cars to help the UK
meet its obligations under the Kyoto Protocol. At that time diesel cars emitted
an estimated 20 percent less CO, per kilometer than petrol cars. This surged
their sales for years. Diesel support policies were reversed in Ireland (Ryani
et al. [2019)), the UK, and the rest of the European Union (EU) only after 2015
when new information became available on their heavy toll on air pollution
and after petrol engines made significant efficiency improvements. Overall
higher fuel taxes have triggered innovation for more efficient internal com-
bustion engines, more compact urban development (Bertaud 2003), and a
modal switch to public transport, although the ultimate drivers that shaped
all these trends were policy instruments and investments targeted at specific
problems. Some anecdotal evidence suggests that with weak enforcement of
targeted air pollution controls in transport, high fuel prices prompt owners of
vehicles to have their diesel particle filters and catalytic converters removed
to improve fuel efficiency and reduce operating and maintenance costs.
Recent technology developments make the carbon footprint of diesel engines
slightly greater than that of gasoline per kilometer driven, eliminating the
climate rationale for diesel. The proposed revision of the EU Energy Taxation
Directive marks a historical shift in the EU fiscal rules from favoring diesel to
favoring petrol (European Commission 2021). In the shipping sector, low-sul-
fur fuel standards and sulfur taxes can have significant health benefits with a
small climate penalty from reducing emissions of climate coolants. However,
given that air pollutant emission standards raise fuel costs like carbon taxes,
they also create incentives to enhance fuel efficiency in maritime transport
and switch to low-carbon and low-pollution fuels such as natural gas and
eventually hydrogen (Englert et al. 2021). Climate policies that favor biofuels
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(biodiesel, ammonia), however, could have a detrimental impact on air pollu-
tion in ports because of high primary particulate emissions and secondary
PM,  formation.

Similar policy interactions can be observed in the stationary combustion
sources. Climate policies encouraging the transition from fuel oil to biofuels
in the heating sector reduce CO, emissions but often increase NO,, PM, car-
bon monoxide, and volatile organic compound emissions (Brinnlund and
Kristrom [2001]. An empirical analysis of Swedish heat and power plants
(Bonilla, Coria, and Sterner 2018) finds that increasing carbon prices increased
local pollutants (especially NO,) in the absence of a commensurate steep
increase in NO, emission fees because the cost of CO, emissions (a sum of the
carbon tax and Emissions Trading System [ETS] price) per unit of energy out-
put during 2001-09 was higher than the cost of NO, emissions. Ambec and
Coria (2013) show that one critical factor determining whether increased
stringency of climate policies leads to increased emissions of local pollutants
is the elasticity of substitution between pollutants. If pollutants are substi-
tutes, they argue, carbon prices will reduce carbon dioxide (CO,) emissions
and increase emissions of local pollutants. If they are complements, climate
policies might lead to co-benefits because local pollutants will then be
reduced alongside CO, emissions. They (as well as Bonilla, Coria, and Sterner
2018) suggest that in Sweden, climate and air pollutants “behaved” like sub-
stitutes in the period 2001-09 and that CO, emissions had higher abatement
price elasticity than NO, emissions, implying that carbon taxes unintendedly
increased NO_ emissions. They also show that the effect of technological
development can outweigh the substitution effect and decrease emissions of
all pollutants. The authors conclude, “The fact that generating units face a
trade-off between the pollutants indicates the need for policy coordination”
(Bonilla, Coria, and Sterner 2018, 1). It should be stressed that in Sweden, an
extraordinarily high carbon tax, sulfur tax, and NO, emission fee were imple-
mented almost simultaneously in the early 1990s and yielded significant
reductions in emissions, quickly exhausting all available low-cost fuel effi-
ciency and pollution abatement options. Most coal and heavy fuel oil power
and heating plants had been converted to biofuels with stringent air pollution
control equipment. In contrast, in the United States, carbon emissions trading
and significant support for renewable energy were launched in the East Coast
only in 2009, much later than NO_emissions trading, and prices for both
emissions were much lower than in Sweden leading to temporary trade-offs
(see box 6.3). Going forward, Bonilla, Coria, and Sterner (2018) expect that
further CO, emission reductions in Sweden would face harder trade-offs with
NO, emission intensities. However, Astrom et al. (2017) show that in Sweden,
which has already sharply reduced SO, emissions and simultaneously
implemented stringent climate policies (the EU ETS and a national carbon
tax), further tightening of air pollution policy instruments (standards,
permits, fees, and the emission tax) would drive deep structural transforma-
tion and accelerated phase-out of remaining fossil fuels.

In domestic heating and cooking, higher fossil fuel and carbon prices can
encourage switching from natural gas, liquefied petroleum gas, or electricity
to wood, other solid biomass or even waste, which has as large an adverse
impact on human health as coal, especially given that biomass fuels are typi-
cally burned in small boilers or stoves where installation of end-of-pipe pol-
lution control devices is not feasible (Bruce, Aunan, and Rehfuess 2017;
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Cameron et al. 2016; European Commission 2021; IEA 2017; Kypridemos et al.
2020; Lee et al. 2013; Pachauri, Rao, and Cameron 2018; Peszko et al. 2019;
Pittel and Riibbelke 2008; Republic of Serbia 2019).

e Sometimes higher fuel prices combined with weak air pollution policies have
discouraged the application or effective operation of end-of-pipe pollution
controls because of their energy penalty and operational cost. This occurred
in the United States under the NO, emissions trading program, when the NO,
allowance price fell below the cost of operating selective catalytic reduction
(SCR) in coal power plants. The operators reacted by switching off their SCR
systems and buying NO, emission allowances instead. Air pollution increased
for several years. The problem was rectified when the US Environmental
Protection Agency reformed the system and tightened the NO, emission
caps. This increased the NO, allowance prices, making operation of SCRs
profitable again.

Only in the long term are stringent climate policies expected to eliminate most
installations burning fossil fuels. In places with historically high fuel taxes (for
example, Europe and Japan), the long-term rate of increase of fossil fuel demand
was much slower than in places with low fuel taxes, such as the United States and
net oil exporters (Sterner 2007). When fuel and carbon taxes are low, the least-cost
way to improve air quality can be to install the state-of-the-art air pollution filters
on the fuel combustion sources. Once air pollution controls are installed, increases
in carbon prices can make it more profitable for plant operators to switch this
equipment off if air pollution policies are not tightened at the same time. However,
when air pollution policies are stringent enough, carbon and energy prices make
the total costs of operating “clean” fossil fuel plants so high that operators may
choose to retire the entire plant early leading to a more fundamental and structural
decline of fuel-intensive economic activities. This process involves stranding
existing assets and switching to technologies using cleaner energy sources (such
as gas, which only emits NO,) or nonbiomass renewables such as hydro, wind, and
solar. The speed and depth of such a structural transition depends on many factors,
including availability and costs of alternatives, whether competition is allowed in
energy markets, and whether existing policies protect incumbents and preserve
the status quo. Managing the transition requires massive infrastructure invest-
ments and behavioral changes to achieve scale. It also necessitates proactive social
protection and labor market interventions to facilitate the transition without
major social disruptions. Preparedness for such a transition varies greatly by coun-
try and is most challenging in countries dependent on fossil fuels (Peszko et al.
2020). Box 6.2 illustrates this complicated interplay between existing stringent air
pollution policies and emerging climate policies in China.

Climate policies are more likely to have air-pollution co-benefits
when strong targeted air pollution policies are in place

As a general principle, climate policies (for example, fuel taxes, carbon taxes, or
emissions trading systems) should always include an assessment of their impact
on air pollution. If a trade-off is likely, air quality regulations should be imple-
mented or tightened at the same time. The stringency of both instruments (for
instance, rates of carbon prices and air pollution prices) should be adjusted to
account for the expected synergies and trade-offs until the time fossil fuels are
phased out altogether.
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Air pollution policies for coal power plants in China

Although air quality in many Chinese cities is still poor,
significant improvements have been achieved. In the
energy sector thousands of inefficient coal-burning
units (small and large) were shut down and replaced
with very efficient centralized heat and power plants,
although often still fired by coal. A comparison done by
the Center for American Progress shows that ultra-su-
percritical plants account for 92 percent of the top 100
most efficient coal-fired power units, while in the
United States, fewer than 1 percent of the top 100 most
efficient coal-fired power units are ultra-supercritical.
This difference reflects the fact that the Chinese coal
power plant fleet is much younger than in Organisation
for Economic Co-operation and Development countries.
Under the 11th Five-Year Plan (2006-10) the Chinese
government began promoting the installation of flue-
gas desulfurization units in thermal plants. By 2015,
flue-gas desulfurization penetration reached 93 per-
cent, which is higher than in the United States and even
higher than in the European Union. Penetration of mod-
ern nitrogen oxide (NO,) reduction equipment topped
50 percent. According to the National Aeronautics and
Space Administration, sulfur dioxide (SO,) emissions in
China fell by 75 percent between 2008 and 2017 even
though coal usage increased by approximately 50 per-
cent and electricity generation grew by more than 100
percent in the same period. These results were achieved
by a suite of specific air pollution policy instruments
implemented by the government:

e The emission-performance standards for NO,,
SO,, and particulate matter are stricter than com-
parable standards in the European Union and the
United States (table B6.2.1). In highly polluted

regions the permissible SO, emission stan-
dard for existing coal power plants is up to four
times tighter than in the European Union and
the United States. This high standard propelled
operators to install expensive, high-efficiency
postcombustion pollution control technologies
and sometimes to switch to less-polluting fuels.
In 2015, Beijing adopted the world’s lowest emis-
sions limit values for its coal power plants. A year
later, it shut down four of them and switched
to natural gas for heat and power generation
(Singh 2017).

The SO, emissions fee of 630 yuan per ton has
been adjusted over time.

Grants and subsidized loans are available to
investing plants through various environmental
funds to install air pollution controls.

Since 2015, the penalties for noncompliance have
been increased. The Environmental Protection
Law introduced a cumulative penalty system,
under which a noncompliant plant would be peri-
odically penalized until it complies.

The country has also introduced a preferen-
tial dispatch mechanism in certain areas, under
which electricity generated by thermal power
plants is scheduled on the central grid in accor-
dance with the plants’ air pollution rates and effi-
ciency levels.

Since 2004, coal-fired power plants with flue-gas
desulfurization, and since 2011, plants with NO,
pollution-control facilities (selective catalytic
reduction) enjoy a price premium for electricity
they sell to the grid.

TABLE B6.2.1 Coal-fired power emission standards in China, the United States, and the European Union

Milligrams per cubic meter of exhaust gases

CHINA UNITED STATES EUROPEAN UNION
Existing 100 135 200
Nitrogen oxides
New 50 95 150
Existing 50/100/200° 185 200
Sulfur dioxide
New 35 136 150
Existing 20/30 19 20
Particulate matter
New 10 12 10

a. China’s sulfur dioxide (SO,) emission standards vary by location and age of plant. The strictest standards apply in key regions with the

largest population exposure to air pollution.

Sources: Hart, Bassett, and Johnson 2017a; Hart, Bassett, and Johnson 2017b; NASA 2017.
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The tightening of policies to control air pollution can have climate co-ben-
efits when climate policies are in place. Slovic et al. (2016) review air pollu-
tion control policies and programs in megacities and find these policies can
also contribute to mitigating and adapting to climate change. They observe
that air pollution policies make operation of fossil fuel plants more expen-
sive, reducing their commercial viability in competitive markets. The experi-
ence of coal power plants in Europe and the United States shows that
important strides in the decarbonization of large power plants can be made
by tightening air quality policies in the presence of stringent climate policy
(or expectation of it). The US experience discussed in box 6.3 shows that
expectations of high SO, allowance prices—which shot up to US$1,200 per
ton in 2005—prompted massive investments in expensive flue-gas desulfur-
ization (FGD) units, significantly increasing cost-recovery revenue require-
ments by coal power plants. The shale gas revolution and availability of
cheaper (and subsidized) renewable energy sources rendered many such
coal-power plants uncompetitive a few years later, leading to accelerated
rates of their early retirement, especially since 2015. Extrapolating this expe-
rience indicates that the efforts to enhance competition in Chinese electric-
ity markets discussed in boxes 6.2 and 6.6 and carbon pricing can exert strong
competitive pressures on “clean” coal power plants bearing high fixed and
operational costs associated with state-of-the-art air pollution control
equipment.

Air pollution policies under some conditions can also harm the climate.
Bans on biomass in household heating and cooking or financing its conver-
sion to natural gas or coal-fired district heating reduce exposure to air pollu-
tion but increase emissions of CO, (although the ultimate impact on climate
depends on case-by-case emissions of black carbon). Standards, taxes, or
trading systems for SO, and NO, emissions show a double climate penalty:
First, they reduce emissions of climate coolants (sulfate and nitrate aerosols).
Second, they induce installation of end-of-pipe filters that increase internal
energy consumption by the combustion plant (see box 6.3 regarding the
United States and box 6.2 regarding China). Therefore, application of carbon
pricing in the absence of air pollution policies can lead to deteriorating air
quality, while air pollution policies in the absence of carbon pricing can lead
to costly carbon-intensive liabilities.

Figure 6.1 illustrates conditions under which climate and air pollu-
tion policies can reinforce each other, and conditions under which there
may be trade-offs between them. The Integrated air quality and climate
change approach is a balancing act between the following three policy
conditions:

e Tuel prices include the full global social costs of burning those fuels.

 Air pollution policies internalize local costs of emissions and reduce popula-
tion exposure to poor air quality in pollution hot spots.

 Air pollution and climate policies are applied jointly, although they are tar-
geted separately at distinct externalities.

Policy design should always be tailored to local conditions and the nature of
the air pollution challenge. Understanding the key local pollutants and sources
responsible for poor air quality, least-cost abatement options, and political
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FIGURE 6.1
Conditions under which air pollution and climate mitigation policies show co-benefits

Under what conditions do climate Under what conditions do air pollution

policies have air pollution co-benefits? policies have climate co-benefits?

1. If air pollution policies are strong 1. If climate policies are strong
2. If fossil fuel prices include the social 2. If fuel prices include the social

cost of air pollution cost of carbon

3. If elasticity of GHG emissions with
respect to carbon price is higher than
elasticity of air pollutants with respect
to their prices, for example:

3. If elasticity of air pollution emissions
with respect to their prices is higher
than elasticity of GHG emissions with
respect to carbon prices, for example:

» Low-hanging win-win fruit have been
harvested (for example, simple efficiency
and operational improvements)

» For large sources and transport, fuel
switch not feasible in medium term

+ Households switch from biomass to
fossil fuels for domestic energy use

» Low-hanging win-win fruit have been
harvested (for example, simple efficiency

and operational improvements)

» Fossil fuel assets are young and efficient

» Fuel switch in power, industry, transport
is not feasible in medium term

» Households switch from fossil fuels to
biomass for domestic energy use

Source: World Bank.
Note: GHG = greenhouse gas.

economy and cultural and behavioral conditions helps dynamically adjust
increasing stringency of air pollution policies to tightening of climate policies.
Adequately tuned, integrated incentives encourage firms and households to take
both climate and local pollution impacts into account in their operational and
investment decisions. If these conditions are met, emissions of GHGs and air
pollutants behave like complementary economic “bads,” that is, an increase in
the price of air pollution decreases emissions of climate pollutants and vice
versa.

One example of recognizing the trade-offs as well as synergies between
energy access, climate change, and air pollution agendas is the UN’s Sustainable
Energy for All energy access goal. Although reaching this goal is consistent with
achieving a long-term 2°C warming target, it is recognized that it may result in
some increase in global GHG emissions if liquefied petroleum gas is used on a
large scale to achieve a significant portion of this access. This is considered a
reasonable trade-off given the high social benefit of universal access to modern
energy services (Rogelj, McCollum, and Riahi 2013).

Opportunities to integrate environmental and climate policies are real, but
tensions between these two agendas are real as well. Misunderstanding these
tensions leads to their disregard and hence mismanagement. Some trade-offs
just need to be acknowledged and managed. Lack of awareness of these trade-
offs can lead to the fallacy that implementing carbon taxes will solve the air pol-
lution problem as a mere co-benefit and conversely that improving air quality
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will lead to the accelerated phasing out of fossil fuels. Such unfounded beliefs
may underpin incoherent policy design and lead to unintended adverse impacts
on air pollution or climate.

DESIGNING INTEGRATED POLICIES TO MANAGE AIR
POLLUTION AND CLIMATE CHANGE

The integrated policy process proposed here focuses on the near-term health
impacts of air pollution, while paving the way for long-term decarbonization. In
the spirit of balancing multiple development objectives that are substitutes
under some conditions and complements under others, this report proposes that
the policies and measures that quickly and effectively prevent premature deaths
and diseases from air pollution be prioritized so long as they do not create large
irreversible climate liabilities in the future. The rationale for such a health-
driven policy process is not universally accepted in public debate. Many authors,
including some of those quoted in this volume, would argue that the policy pro-
cess should always begin with policies promoting win-win abatement measures.
The win-win (and co-benefit) narrative is based on the belief that air pollution
and climate-mitigation objectives are always complements. As shown in this vol-
ume this is the case only if certain conditions are met, the most important being
strong and enforceable air pollution policies that effectively reduce exposure to
poor air quality in critical airsheds. If this condition is in place, health or win-
win-driven policy processes should lead to similar outcomes.

Climate policies have their own strong rationale. Climate change is undoubt-
edly one of the main existential threats to humanity and the “greatest market
failure the world has seen” (Stern 2008, 1). As climate change rises in the main-
stream policy agenda, climate policies will no longer need to be justified by
their local environmental co-benefits, especially because those benefits can be
ambiguous. Climate policies can and should stand on their own and be imple-
mented in coherent mixes with other economic and local environmental
policies.

Climate policies are expected to phase out fossil fuels after 2050. However,
fossil fuels are still included in the 2030 and 2050 energy mix in all International
Panel for Climate Change (IPCC) 1.5°C and 2°C scenarios, as well as in the
International Energy Agency scenarios (EPRI 2020). Therefore, as fossil fuels
are phased out, air pollution policies are a necessary companion of climate poli-
cies, especially if fossil fuels are displaced by bioenergy, the use of which signifi-
cantly increases in all 1.5°C and 2°C scenarios. In developing countries and
countries with large numbers of people exposed to air pollution and limited
resources to address multiple environmental challenges, the health-driven
approach led by air pollution policies gains stronger political and social support
since it prevents premature deaths and diseases each year.

One policy challenge is to integrate short- and long-term strategies. Transition
to a low-carbon economy requires deep structural transformations, behavioral
changes, and technological breakthroughs. The energy transition to renewable
electricity, zero-emission vehicles, massive expansion of public transport, and
zero carbon buildings have all gained political support and funding. Such proj-
ects offer the prospect of avoiding the compromises involved in making incre-
mental improvements, but their costs as measured by investment requirements,
delays, and general disruption tend to be challenging in the medium term,
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especially for developing countries. A large share of the reduction in emissions
of air pollutants in the energy sector has been associated with a switch from coal
to gas and installation of end-of-pipe pollution controls. The cost-effective and
large-scale displacement of thermal sources affecting local air quality by nonpol-
luting renewable energy sources (such as wind, solar, hydro, or hydrogen) will
take along time and depends on factors that are beyond the control of local deci-
sion-makers in polluted communities (such as the decision to implement a
carbon tax). Lvovsky et al. (2000) identify some rules of thumb for cost-effective
strategies to address local air pollution while minimizing irreversible invest-
ments in carbon-intensive technologies and infrastructure. They differentiate
between the time horizons in which the inherited capital stock of industrial,
commercial, residential, and other assets can be altered.

e The short-run challenge is how to get the best performance out of existing
assets. For example, simple modifications of the ways in which power or
industrial burners are operated can lower NO, emissions and improve their
thermal efficiency. Using fuels with higher quality is another opportunity to
improve environmental performance at low cost. Improvements in asset
operation and maintenance can lead to higher levels of fuel efficiency (with
climate co-benefits) and less local pollution per unit of fuel used. A combina-
tion of economic incentives, performance standards, sanctions, and behav-
ioral nudges can be used to promote low-emission operation and improved
management of existing assets to reduce emissions. These nudges could also
involve gaining social acceptance for penalizing households for operating
polluting vehicles and stoves, burning waste, or removing catalytic converters
and diesel particle filters from diesel vehicles. In reality, the common
approach to addressing political economy and social distributional challenges
associated with improving the performance of existing assets is through sim-
ple derogations from higher performance standards without all the incen-
tives and nudges proposed by Lvovsky et al. (2000).

e In the medium term, it is possible to shift the balance of the capital stock by
ensuring that investment in new assets meets higher emission standards and
is located where it does not add to high levels of pollution. In addition, new
investments can be made to improve the environmental performance of exist-
ing assets through deep process improvements or end-of-pipe control tech-
nologies. The instruments that provide incentives for higher standards of
rehabilitation investments can be implemented from the outset to enhance
short-term benefits and avoid costly asset stranding in the future.

e In the long run, the capital stock may be regarded as largely or entirely flexi-
ble, and it becomes possible to achieve types of behavioral change that are not
possible without large shifts in social norms, persistent habits, and long-lived
physical assets. The time required to achieve fundamental long-term changes
will vary across sectors but is rarely less than 15 years (for the vehicle fleet)
and has traditionally exceeded 30-40 years for the energy and industrial sec-
tors. For large combustion sources, structural transition away from fossil
fuels requires heavy investment in new infrastructure that encompasses the
span from generating and heating plants, on the one hand, to pipelines and
transmission and distributions networks on the other hand. This transition
may not happen quickly, especially in countries with mature infrastructure.
However, in fast-growing developing countries where new investments are
very large compared with the existing stock, such a transition can proceed
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much faster. It is essential that all new investments in combustion plants as
well as in system infrastructure be made in alignment with multiple local and
planetary environmental boundaries—and that there be incentives for such
alignments. Otherwise, the accumulation of new capital-intensive assets can
lock in unsustainable development pathways that deplete natural capital
upon which future prosperity depends. Multiple environmental crises or
transition risks can turn these assets into liabilities that will be costly to pay
for. For households, replacement of cooking and heating assets can be done
quickly with modular investments. However, in the poorest communities in
developing countries, many programs intended to provide access to clean
fuels are notoriously difficult to scale up, especially when finance is limited
for conversion to bottled natural gas or other “clean” fossil fuels.

In the absence of climate policies, air pollution policies can extend the life of
capital- and carbon-intensive assets and thereby create potentially costly future
liabilities. As discussed earlier, installation of end-of-pipe emission controls,
such as FGD units, low-NO, boilers or selective catalytic reduction systems, bag-
houses, or electrostatic precipitators at existing stationary coal or heavy fuel oil
combustion plants is capital intensive and disruptive for operations. Therefore,
such controls are usually piggybacked on major plant overhauls that require
major investments and improve operating performance and thermal efficiency
of the plant. Such investments can be induced by strict air pollution emission
standards, permit requirements, or emission charges and taxes for conventional
pollutants. Running pollution control equipment also involves additional costs
of fuels, materials, and labor, further increasing the operating costs of “clean”
plants when fuel and carbon prices are high. Before making large investments in
air pollution controls, plant operators usually require assurance of a minimum
operational life of the retrofitted plants to make a return on the capital invested
(see box 6.3 regarding the United States). By providing such assurance through
multiyear capacity payments, power-purchase agreements, or both,
electricity-system operators assume contingent liabilities on behalf of consum-
ers or taxpayers. These liabilities can become actual fiscal expenditures to keep
these plants running or to pay stranded-asset costs when their operation is no
longer legal or competitive. Therefore, introduction of air quality regulations,
especially in the power sector, is a good time for power sector regulators to
rethink long-term power system planning and establish a market design that
facilitates a smooth and least-cost transition to efficient, clean, and low-carbon
generating and transmission assets.

A coherent and integrated air pollution and climate policy framework would
allow plant operators to optimize ongoing investments in capacity and future-ori-
ented investments in innovation, jointly considering future air pollution and
low-carbon policy incentives. In such coherent regulatory framework plant
operators could make more informed choices between retrofitting existing coal-
fired plants with state-of-the-art air monitoring and control equipment or
switching to new, low-carbon technologies. Coherence between distinct climate
and air pollution policy instruments would also ensure that some renewable
energy sources, such as biomass and biofuels, do not create air pollution health
hazards.

A health-led policy approach is particularly relevant for low- and middle-
income countries. Such countries have contributed relatively little to the
accumulated GHGs in the atmosphere and have limited fiscal space, as well as
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weak financial and institutional capacity, to address multiple local and global
environmental issues at the same time. As demonstrated earlier, climate policies
do too little too late to reduce the health risks of vulnerable citizens exposed to
poor air quality if not worsening air pollution sometimes. Consequently, the
sequencing and prioritizing of policies focused on environmental health looks
rational and fair for such countries even if some of the policies may have a slight
near-term warming impact on climate. Policies that encourage end-of-pipe pol-
lution control technologies in existing plants or fuel switching from biomass to
gas or smokeless briquettes for household cooking and heating can save many
lives each year. In the most polluted regions, policies to improve local ambient
air quality should stand on their own to deliver cost-effective results when and
where needed most without having to prove climate co-benefits.

In higher-income and Organisation for Economic Co-operation and
Development (OECD) countries, local air pollution policies can be more easily
adjusted to enhance climate co-benefits without compromising air quality. This
means prioritizing policies and measures that accelerate the structural transi-
tion away from fossil fuels over those that encourage retrofitting of existing
assets that burn fossil fuels. However, even in the high-income countries of
Europe, climate co-benefits are not a strict requirement for air pollution policies.
Conversion of coal and biomass boilers to combined heat and power plants in
district heating systems remains a legitimate and cost-effective measure for rap-
idly improving air quality despite a temporary negative impact on climate.
Increasingly, advanced end-of-pipe emission-control equipment is required for
a wide range of air pollutants from stationary and mobile sources despite their
energy penalty and small increase in CO, emission intensity.

Instead of waiting for climate policies to solve air quality problems as a
co-benefit, most OECD countries have implemented comprehensive packages
of complementary regulatory instruments to target key sources of climate and
air quality challenges. They have also put in place competition policies that
facilitate rational long-term private investment and smooth the transition of
capital to clean and low-carbon assets. For example, the local environmental
footprint of large combustion sources operating in the European Union is reg-
ulated by the EU Industrial Emissions Directive, the National Emissions
Reduction Commitments Directive, and the Air Quality Directive, while their
global carbon footprint is controlled under the EU ETS and other climate pol-
icy regulations (for non-ETS sectors). Their coherent impact protects the
health of the people now while facilitating long-term decarbonization across
sectors and asset classes.

No single policy instrument can adequately address both air pollution and
climate problems. Policy instruments that focus on mitigating climate change
are not addressing pressing air pollution problems where and when needed.
Their impact on climate is cuamulative and measured in the time frame of decades
whereas premature deaths and diseases caused by air pollution could be pre-
vented instantly after emissions of air pollutants have been reduced. For exam-
ple, a carbon tax should not be burdened with expectations that it will protect
lives from air pollution as a co-benefit. Its job is to reduce GHG emissions.
Carbon taxes are needed to drive long-term decarbonization even if they may
temporarily deteriorate air quality by discouraging end-of-pipe air pollution
controls or encouraging burning of biofuels. Rather than searching for the
ambiguous air pollution co-benefits of carbon taxes, policy makers should from
the outset design a coherent, dynamically adjusted package of climate and air
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pollution policy instruments. Such packages could include carbon taxes and
local pollution taxes, together with direct regulations (for example, emission
standards, fuel-quality standards for key local pollutants, or subsidies for house-
holds to meet their energy needs without air pollution). These taxes and regula-
tions would be coupled with enforcement mechanisms, behavioral nudges, and
capacity strengthening. Such an integrated design avoids shifting the problem
from one dimension to another, saves money, and mitigates social confusion. It
also mitigates the risk of conflicting incentives and future policy reversals.

Policy design for air pollution, unlike for climate mitigation, must consider
local geography, topography, atmospheric chemistry, and meteorological condi-
tions. The relevant impacts of climate policies are global. The location of sources
of CO, and other GHGs that are uniformly mixed in the atmosphere does not
matter for their warming potential, except for black carbon, the radiative forcing
of which is short lived and localized. In contrast, policy design for air quality
should always begin with identification of pollutants and sources that are the
main contributors to the exposure of populations in the specific airsheds with
poor air quality. As discussed earlier, the key harmful pollutants in the ambient
air, such as PM, _ and ground-level ozone, are often not emitted directly but are
formed in the atmosphere from emissions of precursor pollutants (though a frac-
tion of PM, , concentration also comes from “primary” particles). Therefore, pol-
icy interventions need to target those precursors. Some sources of precursor
emissions are far away from exposed people and are not visible to the naked eye.

Location of emissions is critical for air quality and irrelevant for climate
change. Strasert, Teh, and Cohan (2019) analyze the climate benefits and air
quality benefits of closing coal-fired plants in Texas and find that although CO,
emission reduction rates are fairly similar across plants, the local health benefits
are highly plant specific. The plants’ impacts on ozone, PM, _ formation, and
associated health and visibility outcomes vary by an order of magnitude depend-
ing on where the plant is located and whether it has been fitted with pollution
control equipment. Therefore, many countries differentiate the rates of emission
taxes or standards for emissions of precursor air pollutants by geography (see
the discussion of China in box 6.2, the United States in box 6.3, and Chile in
box 6.7). Also, bans on the most polluting fuels and equipment are often limited
to locations where they cause dangerous health impacts to large populations liv-
ing in the most polluted airsheds. Source-apportionment studies and emission
dispersion photochemical models help identify transmission channels between
emission sources and population exposure to air pollution.

Policy design should consider the seasonality of air pollution. At different
times of the year, policy instruments and their enforcement need to focus on
different pollutants and pollution sources. For example, open burning of agricul-
tural waste is highly seasonal and happens after harvest. In the Northern
Hemisphere the main air pollution problem is winter smog caused by high con-
centrations of particulates, SO,, and aromatic hydrocarbons related to heating
sources. This was the case with the 1952 Great Smog of London and current
pollution hot spots in Eastern Europe; Ulaanbaatar, Mongolia; China (Zhao et al.
2019); and the Western Balkans (see figure 6.2). In contrast, ground-level ozone
(related mainly to transport pollution) creates summer smog in cities with
warmer climates (famously first experienced by Los Angeles) because ozone for-
mation requires a lot of sunlight. Though policy efforts need to consider season-
ality of pollution sources, an excessively narrow focus on seasonal controls,
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FIGURE 6.2

Source attributions to modeled PM, , pollution over an annual cycle in two selected Western Balkan cities

(monthly average, 2018)
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especially in the large stationary combustion sources (power and industry),
can lead to inefficient investment choices and costly adjustments later, as with
NO, emissions trading for US power plants (see box 6.3).

The US (and EU) examples show that environmental policy is a dynamic pro-
cess of designing instruments with the best current knowledge and then adjusting
them to surprises. Some of these adjustments are needed to manage emerging
trade-offs and synergies between local and global pollution. Figure 6.3 illustrates
the evolution of the NO, and SO, programs in the United States and the dominant
pollution abatement measures used by regulated emission sources in response to
evolving package of clean air policy instruments. In the period 1995-2018, all sub-
sequent NO, and SO, emissions trading programs in the United States led to sig-
nificant reductions of both pollutants. During the same period, CO, emissions
from the same power plants increased or remained stable until 2010, following
trends in electricity production. Thus, reduction of local pollutants from thermal
power plants did not lead to climate benefits in this period. In fact, Andaloussi
(2018) notes that installations of FGD units coincided with small increases in CO,
emissions. CO, emissions declined only when cheaper gas and renewable-energy
power plants began to displace coal power plants, stranding some of them before
they reached the end of their expected economic lifetimes.

The main sources of air pollution often change over time; consequently,
policy instruments must be dynamically adjusted while not deviating signifi-
cantly from long-term decarbonization pathways. For example, probably the
world’s first national air quality law—the United Kingdom’s Clean Air Act,
enacted in 1956, principally in response to London’s Great Smog of 1952, and
amended in 1968, focused on policies to control domestic coal burning in
stationary sources, with some climate co-benefits, mainly from switching

EU and WHO
PM, , Limit
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Consistency and flexibility in the air quality and climate policy process in the

United States

NO, trading programs

The NO, Budget Program was a cap-and-trade pro-
gram created in 2003 to reduce nitrogen oxides
(NO,) emissions in the eastern United States during
the warm summer months, when NO, interacts with
sunlight to create the highest concentrations of
ground-level ozone, causing serious respiratory dis-
eases in the densely populated East Coast. By 2008,
the NO, Budget Program dramatically reduced NO,
emissions from targeted power plants and large
industrial sources during the summer months (US
EPA 2009). Because only summer emissions were
capped, most coal power plants invested in selective
catalytic reduction (SCR) systems, which were rela-
tively cheap to install but expensive to operate, and
switched them off between September and May
when no allowances were needed to offset emissions
(McNevin 2016).

In 2009, the NO, Budget Program was replaced by
the Clean Air Interstate Rule (CAIR), and the US
Environmental Protection Agency introduced emis-
sion caps on annual NO, emissions that were also
binding in the winter (US EPA 2010). Emitting plants
could trade allowances across all 28 states in the
Eastern United States. NO, seasonal and annual bud-
gets were met by the plants covered by CAIR, driving
the price of NO, allowances below the marginal cost
of operating SCR units. Meanwhile, the shale gas rev-
olution, as well as rapid deployment of low-margin-
al-cost wind and solar power plants, both triggered by
the stimulus programs following the 2008 financial
crisis, made gas, wind, and solar power generation
unexpectedly competitive. Under the competitive
pressure from low-carbon power generators and with
low prices for NO, emission allowances, several coal
plant operators found it cheaper to switch off the SCR
units and buy low-cost allowances, leading to
increases in NO, emissions from the SCR-equipped
plants (McNevin 2016) and an increase in ozone con-
centrations during the period 2008-12 (Carlson and
Burtraw 2019).

The government reacted by replacing the CAIR in
2015 with the Cross-State Air Pollution Rule. Caps

were tightened, interstate trading was no longer
allowed, and prices and incentives to use SCR
recovered.

SO, trading programs

The Clean Air Act of 1970 established national stan-
dards for ambient air quality for sulfur dioxide (SO,).
Power utilities have cost-effectively reduced their
contributions to local air pollution by building tall
stacks and dispersing their emissions high into the
atmosphere (Regens and Rycroft 1988). This solved
the local problem but allowed the particles to travel
for hundreds of kilometers to precipitate as acid rain
in down-wind states, causing significant damage
(Schmalensee and Stavins 2012).

To rectify this problem, in 1995 an Acid Rain
Program established a market-based cap-and-trade
system for SO, emissions from all US power plants.
The program delivered emissions reduction faster and
at lower cost than expected. Plant operators in the
eastern United States devised a cost-effective compli-
ance strategy by switching from local high-sulfur coal
to the low-sulfur coal shipped from the western
United States. US railways were deregulated in the
late 1970s, reducing the costs of freight transport and
making this option cheaper than installing flue-gas
desulfurization units (scrubbers). According to the US
Energy Information Administration, fuel switching
accounted for 59 percent of emissions reduction and
scrubbers were installed at only about 10 percent of
the units, accounting for 28 percent of emissions
reduction.

New information about the role of SO, in the cre-
ation of hazardous secondary particulate matter two-
and-one-half microns or less in width (PM, ) led to
the CAIR program in 2005, aimed at reducing SO,
emissions by 70 percent below the 2003 level. Amid
expectations about tightening emission caps and the
possibility of banking allowances from the previous
program, the prices of SO, allowances skyrocketed,
reaching US$1,200 per ton in 2005, justifying massive
investments in expensive flue-gas desulfurization
units. By 2008, overinvestment in flue-gas

continued
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desulfurization and unexpected regulatory uncer-
tainty amid legal challenges from industry depressed
allowance prices to trivial levels after 2010, shaving off
financial returns on the earlier pollution control
investments.

The Cross-State Air Pollution Rule program intro-
duced in 2015 tightened the cap. The court disallowed
interstate trading of allowances, limiting access to

Integrated Policies on Air Pollution and Climate Change

cheap abatement opportunities outside state bound-
aries. Allowance prices increased but remained too
low to cover the fixed and variable costs of flue-gas
desulfurization units. Competitive pressure from
cheaper natural gas and renewable energy sources
rendered many “clean” coal-fired power plants
uncompetitive, leading to accelerated rates of their
retirement after 2015.
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FIGURE 6.3

Evolution of US NO,_and SO, emissions trading programs for thermal power plants
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evolving emissions trading programs in the United States. The figure illustrates that the combined impacts of regulatory incentives, external events, and
expectations encouraged abatement responses in the order of increasing marginal costs, eventually leading to the most expensive abatement option of
retiring coal power plants, the only measure with strong climate co-benefits. BP = Budget Program; CAIR = Clean Air Interstate Rule; CSAPR = Cross-State

Air Pollution Rule; NO, = nitrogen oxides; SO, = sulfur dioxide.

from coal to natural gas for heating and power. Beginning with its 1993
amendment,! the policy focus began shifting toward emissions from vehicles.
Box 6.4 illustrates the dynamic process of air pollution and climate policy
development with dynamic adjustment to new emerging challenges and les-
sons learned about policy results and interactions.

More recently, agricultural emissions, which contribute to the formation
of secondary PM, ,
tion in cities. For example, air quality improvement efforts in Paris have his-
torically focused on transport and diesel engines, but attention is now
broadening to include regulating the sources of ammonia, methane, and NO,
from agriculture (Petetin et al. 2016). Similar features are observed in the
most polluted cities in developing countries (Air Quality Expert Group 2018;

have been recognized as an important source of air pollu-
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Evolution of air quality management and climate policies in Mexico

In Mexico City air quality management began in the
1990s with the regulatory requirement for the state-
owned oil company to phase out lead from gasoline
sold in the country. This regulation was aimed at
addressing health issues, with no climate co-benefits.
In the following years, a suite of measures was gradu-
ally introduced to reduce other air pollutants from
city traffic, such as restrictions on the use of passenger
cars on certain days of the week, the requirement
for catalytic converters and particulate filters for pas-
senger cars, and the tightening of vehicle pollution
standards backed by improved inspection and

enforcement. Eventually Mexico embarked on infra-
structure investments in public transport—the long-
term, capital-intensive program with the largest
climate co-benefits. While the most toxic heavy metals
and most visible particulate pollution was signifi-
cantly improved and the passenger car fleet became
cleaner, invisible ozone concentrations, invisible fine
particles, and heavy-duty vehicles were targeted by a
second wave of regulations. It was not until 2013 that
Mexico introduced an economywide carbon tax on
fuels and 2020 that the pilot emissions trading system
was launched (World Bank 2009, 2020b).

Fuller 2018). New policies enacted at the national or EU level also target agri-
cultural sources of urban air pollution. For example, the EU National
Emissions Reduction Commitments Directive restricts the use of ammonium
carbonate fertilizers and calls on member states to find ways to reduce
ammonia emissions from inorganic fertilizers and other sources, such as
manure management. Most recently, Hebei province in China targeted
reduction of the excessive use of nitrogen fertilizer after finding that it
accounted for one-third of PM, _ pollution in Beijing (World Bank 2020Db).
Air quality in many urban areas in Australia, California, Mexico, and the
Russian Federation is becoming increasingly affected by seasonal forest or
bush fires, which are likely to increase in frequency and intensity along with
global warming. The evolution of policy design for the control of SO, and
NO, emissions from large combustion sources in the United States (discussed
in box 6.3) shows that flexible design and the ability to adjust the policy pack-
age as new information becomes available encourages cost-effective abate-
ment responses and strengthens integration of agendas on air pollution and
climate mitigation.

PRICES OR QUANTITIES: THE CHOICE OF AIR POLLUTION
POLICY INSTRUMENTS

Economic and fiscal instruments offer certainty about the ceiling for abatement
costs (which cannot be higher than a tax rate). However, for precisely that rea-
son, the environmental effect is harder to predict, because it is difficult to predict
how polluters will react to price signals. Prices give polluters free choice about
whether to abate emissions or continue polluting and pay the price for it. The
policy rule of thumb is that when the health costs of pollution are more uncer-
tain and potentially high, the policy mix should, as a precaution, rely on
quantity-based instruments, which deliver higher effectiveness when enforced
(Baumol and Oates 1971, 1988; Weitzman 1974). Therefore, toxic pollutants
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(such as heavy metals, dioxins, aromatic hydrocarbons, and so on) that create
significant health hazards for large, exposed populations should be controlled
mainly through quantitative restrictions, whereas price-based policy instru-
ments are more appropriate for less locally harmful and more mixed pollutants,
such as GHGs. Most OECD countries regulate emissions of hazardous air pollut-
ants, such as mercury, from power plants mostly through performance stan-
dards, emission limit values, or requirements for meeting certain technology
performance specifications (Maximum Achievable Control Technology for the
US Environmental Protection Agency or Best Available Techniques in the
European Union).2 The best candidate for price-based policy instruments is CO,
because it is perfectly mixed in the atmosphere, it does not matter where the
emission source is located, and the local harm is negligible. Charges or taxes? are
usually applied on some air pollutants, such as SO,, NO_, and PM, as a comple-
mentary incentive on top of source-specific quantitative emission standards.
Emissions trading systems combine the precautionary nature of quantitative
instruments (because total emissions from a group of sources is capped) with the
efficiency of price instruments, because participants can trade emission allow-
ances between themselves, achieving the least-cost allocation of emissions
between sources without government intervention. The United States was the
first country to introduce large-scale emissions trading systems for SO, and NO,
(box 6.3), though in 2019 Gujarat state in India piloted the first emissions trading
system for PM (https://gpcb.gujarat.gov.in/webcontroller/page/emissions-
trading-scheme-pilot-project).

Both emission standards and taxes or charges can and often should be
applied to the same pollutant emitted from the same source category. Countries
such as France, Poland, Sweden, and the United States apply pollution charges
to SO, and NO_ (and PM in Poland) emitted from combustion sources that also
must comply with emissions limit values and comprehensive performance
standards under the EU Industrial Emissions Directive or equivalent US emis-
sion standards (Astréom et al. 2017; Bergquist et al. 2013). With this policy pack-
age, the emission limit values put a static cap on emission factors, while
emission taxes or charges dynamically encourage plant operators to reduce
emission intensity even below the standard. Direct regulations can also be
designed to induce dynamic innovation. For example, the Best Available
Techniques under the EU Industrial Emissions Directive include emission
limit values for all installations in a sector that are established through public-
private dialogue inspired by the best performers in the industry. Every few
years the regulator reviews the environmental technology and management
innovation in an industry and tightens up emission limit values to match the
progress made by the best performers. In this way firms have incentives to be
at the cutting edge of innovation and have their performance standards
imposed on competitors. (See box 6.5 for a comparison of Poland’s and the
United Kingdom’s experiences.)

A policy instrument will be effective and socially acceptable only if affected
firms and households have access to affordable alternatives. Availability and
affordability of alternative energy sources and their carbon footprint deter-
mine the level and direction of climate co-benefits. For example, small back-up
electricity generators fueled by diesel and petrol became a significant source of
fine particulate pollution in Lagos, Nigeria, because of the unreliability of grid
electricity (Croitoru, Chang, and Kelly 2020). Power sector reform initiated in
Nigeria is expected to increase the reliability of grid electricity while at the
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Regulating installations, fuels, or both? The experiences of Poland and the

United Kingdom

Controlling emissions from small combustion sources
such as household heating and cooking stoves is com-
plicated. These stoves can accommodate a wide range
of solid fuels, and monitoring what they really burn is
difficult. Whether the same stove burns coke, bri-
quettes, wood, or even domestic waste makes a big dif-
ference for air pollution. The UK Clean Air Acts of
1956 and 1968 aimed to control air pollution by intro-
ducing smoke control areas (now covering most urban
centers) where the burning of wood and coal is not
permitted, but exemptions are granted for the burning
of “authorized fuels” or the “exempt appliances” listed
and updated on the government website “Smoke
Control Areas: The Rules” (https://www.gov.uk
/smoke-control-area-rules).

For many years, municipalities in southern Poland
tried to reduce winter smog by encouraging the con-
version of small heating sources to modern solutions
(mainly gas and district heating, but also modern solid
fuel stoves) and preventing the burning of the
most-polluting fuels, especially coal and household
waste. However, checking what households burn—
even in modern solid fuel stoves—was difficult.
Environmental inspectors had to catch people in the
act of burning low-quality hard coal waste, lignite, or
even household trash (Dworakowska et al. 2018). In
recent years drone technology with chemical sensors
has been used to catch perpetrators, but monitoring
and enforcement remained expensive and cumber-
some. Therefore, in September 2019, Krakow became
the first Polish city to ban the burning of any solid fuels

in any boilers or stoves with a thermal capacity of less
than 1 megawatt (larger installations are regulated
with environmental permits). Coal producers objected
to the ban, preferring to regulate equipment perfor-
mance standards rather than broad equipment types
or fuel types, and to limit restrictions to low-quality
coals and stoves not meeting the high standards of the
EU Ecodesign Directive.

The resistance eventually withered away, espe-
cially after the European Commission restricted EU
structural funds from being used to finance conver-
sion to any installations burning coal. The ban was
widely supported by the population of Krakow
because of the vibrant clean air social movement
during the previous 30 years, the ban’s strong ana-
lytical underpinning, and almost three decades of
public financial support for conversion of individ-
ual solid-fuel boilers to cleaner alternatives. Other
cities in southern Poland followed Krakow’s exam-
ple and began phasing in restrictions on the use of
solid fuels. Furthermore, the Krakow example
prompted the draft amendment to the National
Energy Policy presented by the Ministry of Climate
in September 2020, which sets a target for the total
phaseout of the use of coal in domestic heating by
2030 in urban area and by 2040 in rural areas. This
process is an example of how multiple layers of
direct and economic regulation can not only
strengthen the enforcement of air quality improve-
ment efforts, but also improve alignment between
air pollution and climate policy goals.

same time reducing air pollution and delivering climate benefits because
grid power supply is dominated by gas-fired plants. Morocco maintains subsi-
dies for the domestic use of butane for heating and cooking at a very high fiscal
cost amid concerns that this is the only available alternative preventing house-
holds from returning to the use of wood and charcoal, which would increase
air pollution, deforestation, and desertification. There is some discussion
about redirecting some of the subsidies to boost domestic production of solar
water heaters, which are currently imported and unaffordable by low-income
households, but developing domestic manufacturing takes time and would also
not solve the cooking problem (Peszko et al. 2019). Klausbruckner et al. (2016)
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show that pricing policies implemented to mitigate climate change might have
increased negative health effects because of an unanticipated increase in local
air pollution in South Africa, and these indirect consequences must be taken
into account when devising mitigation strategies. Addis Ababa, the capital of
Ethiopia, introduced the electric light railway as an affordable alternative to
polluting minibuses that had dominated city public transport. Its success
enhanced mobility for low-income people and demonstrated significant syn-
ergy between air pollution and climate change given that most of the country’s
electricity is generated by hydropower plants.

Market and fuel-pricing reforms have a significant impact on the emission of
air and climate pollutants. The market-driven collapse of heavy, inefficient
industries in Eastern Europe after the fall of the Soviet Union has been the major
driver of improved air pollution and carbon intensity alike, although commer-
cialization and privatization of polluting enterprises also helped enforce envi-
ronmental regulations. More recently, the targeted air pollution regulations for
coal power plants in China, supported by power procurement rules, led to the
world’s lowest SO,, NO,, and PM emission intensities, but may have created an
expensive capacity and carbon bubble in the power sector, which can complicate
planned electricity market reform, accelerated penetration of renewables, and
introduction of carbon pricing—all essential to implementing China’s commit-
ment to becoming carbon neutral by 2060 (see box 6.6).

Air pollution, climate policies, and the power market design impact on coal
power plants in China

Until recently, operators of coal-fired power plants in
China obtained a fixed regulated “benchmark offtake
price” from grid operators. Their operating hours,
however, have been declining, undermining plant effi-
ciency. In some provinces the grid operators call on
the coal power plants to produce electricity only after
first dispatching renewables, nuclear, and natural gas
power plants. Furthermore, the dispatch sequence
between coal power plants has been determined by
their thermal efficiency (heat rate), and then by gener-
ators’ sulfur dioxide (SO,) emissions. In addition,
operators of the plants equipped with state-of-the-art
SO, and nitrogen oxides control equipment have been
granted a preferential tariff premium for electricity
sold to the grid. These pricing and dispatch prefer-
ences for cleaner plants, alongside other air pollution
control policies discussed in box 6.2, resulted in the
largest, and one of the most efficient and “locally
cleanest” fleets of coal power plants in the world.

However, continued building of new coal power plants
despite slowing electricity demand and increasing
penetration of cleaner gas and renewables resulted in
excess installed coal capacity except in a few prov-
inces where availability of renewables is limited. To
allow revenues to cover the costs of operation and debt
service, coal power plants have obtained guaranteed
utilization hours.

Against this background, China launched a gradual
power-market reform aimed at lowering power costs
to consumers.

e In 2015, the State Council issued Decree No.
9, which started a gradual reduction of the
guaranteed operating hours for coal power
plants and an increase of the share of bilateral
contracts between buyers and sellers. The oper-
ating hours of coal power plants declined below
50 percent on average, squeezing the profit

continued
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Box 6.6, continued

margins of the operators. In some provinces,
such as Shanxi, a dispatch policy no longer guar-
antees any quantity or price for new coal power
and gives priority dispatch to renewables.

e On January 1, 2020, China replaced its fixed
benchmark on-grid tariff for coal generation
with a more flexible mechanism with a “float-
ing” tariff component determined through
negotiations between plant operators and elec-
tricity buyers.

These reforms of the power market design,
together with stringent emission standards for local
pollutants and with excess capacity, have further
increased competitive pressure on coal-power gener-
ators, which are already struggling to be profitable
with low-capacity utilization rates. A significant
increase in investments in new coal-fired generation
would add to a capacity glut and further squeeze
operating hours and profits of coal power plants. In
addition, the recent Chinese pledge of carbon neu-
trality by 2060 could result in more aggressive actions
to reduce coal consumption and further reduce coal
capacity utilization and significantly increase grid
penetration by renewables, leading to premature
retirement of the least efficient and most polluting
units, with significant benefits for both air pollution

and climate, but with major legal, financial, social,
and political economy challenges.

The power market reforms and efforts toward car-
bon neutrality will be a stress test for China’s stringent
pollution control regulations. As discussed above,
most grid-connected coal power plants in China are
new, efficient, and fully equipped with expensive air
pollution control facilities. Consequently, coal plants
that remain in the grid may be under financial pres-
sure to use cheaper, poorer-quality coal; further
restrict operating hours; and importantly, turn off pol-
lution control equipment to reduce operating costs to
stay competitive with less carbon-intensive gas or
renewable plants. Operation at partial load conditions
can have an adverse impact on plants’ thermal effi-
ciency as well as on air pollution and greenhouse gas
emission intensity.

This evolving Chinese experience and the US expe-
rience described in box 6.3 are humbling lessons, sug-
gesting that no regulatory and institutional system can
be designed perfectly from the outset and stay
unchanged forever. The alignment between electricity
markets, climate and air pollution polices, and other
social, economic, and environmental objectives is an
ongoing process of gradual adjustment of multiple
instruments to respond to external changes and
increase policy coherence over time.

Sources: Burnard et al. 2014; Hao 2020; Hart, Bassett, and Johnson 2017a, 2017b; Myllyvirta, Zhang, and Shen 2020; Singh 2017;
Thompson 2020; Yan and Wu 2017. Also Xiaodong Wang (World Bank), personal communication, October 2020.

Contract structure in the energy sector can lead to unwanted environmental
effects. In many developing countries coal power plants are built cheap, without
advanced air pollution controls and under long-term (20-30 year) power pur-
chase agreements that guarantee minimum operating hours and offtake prices
and contain “take-or-pay” clauses. For example, only 1 percent of the total coal-
fired power plant capacity in India has FGD units (IEA 2020). Under the prevail-
ing commercial contract structures, national regulators find it challenging to
demand that these plants be retrofitted with pollution controls or to retire the
noncompliant plants early without compensation. Renegotiating the power pur-
chase contracts is possible in principle, but the resulting increase in offtake
prices would need to be shared between the utility, electricity consumers, and
plant operators. Examples in China and South Africa show that it can be done,
and the legal, political economy, and social distributional challenges can be
addressed. The government of India is preparing to face these challenges
through the coal sector commercialization and electricity market reforms
launched in 2020.
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Policy design needs to be realistic about administrative capacity. Developing
countries may not have the resources and institutional capacity to design and
enforce complex policy packages to facilitate fast systemic transformation
involving massive, accelerated asset turnover and behavioral change. In coun-
tries with weaker institutional capacity, policies need to be designed for
easy enforcement. Even OECD countries often face challenges enforcing
low-emission behavior, especially from small, decentralized sources, such as
vehicles and homes. As discussed earlier, several EU countries reported prob-
lems with illegal removal of diesel particulate filters from vehicles. Mexico City
designed enforceable rules to control vehicle pollution by prohibiting the use of
vehicles older than six years in the city. In 2015, however, Mexico’s Supreme
Court ruled that all vehicles that passed smoke inspection tests, even older ones,
must be allowed to operate in town. This triggered a reversal of smog frequency
because drivers found it easy to bribe the workers at inspection stations to get
polluting cars approved. The government responded by modifying vehicle
inspection and maintenance protocols and extending the regulations to
government vehicles and other heavy-duty vehicles to address this and other
enforcement challenges (International Transport Forum 2017).

FISCAL INSTRUMENTS TO ADDRESS AIR POLLUTION AND
CLIMATE CHANGE

Green fiscal instruments send a price signal to reduce emissions but leave firms
and households with flexibility about how to modify polluting behavior.
Environmental taxes set a price on emissions, either downstream per unit of a pol-
lutant emitted or upstream by adjusting fuel or other product taxes according to
the pollutant content. This price signal makes the environmental costs of using
fuels visible to firms and households, hence prompting adjustment of their invest-
ment and behavioral choices. These “technology-neutral” price signals are, above
all, promising efficiency. There are two dimensions of efficiency. Static efficiency
reduces the total cost of emission reduction for all regulated economic agents by
allocating emission abatement efforts to those with the lowest cost until marginal
abatement costs across firms are equal. Dynamic efficiency prompts economic
agents to continuously innovate and find new, low-cost ways to reduce emissions
to avoid paying charges on the marginal unit of emissions. Taxes or charges on air
pollutants come across as a convenient policy instrument for developing countries
with multiple preexisting fiscal and environmental policy distortions.
Environmental taxation is often recommended as part of a broader environmental
regulatory and fiscal reform, especially if a country has weak institutions, rela-
tively few large polluters operating in noncompetitive markets, and a large infor-
mal sector.

The current architecture of energy taxation often includes perverse environ-
mental incentives, encouraging both global and local pollution. OECD (2019)
found that coal and heavy fuel oil, the most carbon-intensive and the most air
polluting fuels, were (in 2018) taxed at the lowest rates of all fuels or are not
taxed at all (see figure 6.4). Energy taxes on diesel are lower than on gasoline in
all countries studied by OECD (2019) except Mexico, Turkey, and the United
States (where fuel taxes are much lower than in the rest of the OECD). Energy
taxes on natural gas are higher than they are on coal.
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FIGURE 6.4
Effective energy tax rates and their carbon benchmarks for 44 OECD and selected partner economies and
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Note: Weighted average by energy category and energy end use (electricity or other). Tax rates applicable on July 1, 2018. The energy use is for
2016 and adapted from IEA 2018 World Energy Statistics and Balances. The energy base does not include electricity and heating imports, for
which the primary energy source is not known. Biofuels are marked with an asterisk since carbon dioxide emissions from the combustion of
biofuels are considered zero in the greenhouse gas inventories reported under the United Nations Framework Convention on Climate Change.
EJ = exajoule; LPG = liquefied petroleum gas; OECD = Organisation for Economic Co-operation and Development.

Many countries provide indirect and implicit subsidies to domestic fuel
use by waiving excise taxes on coal, oil, and gas used by industry (Peszko
et al. 2019). In Western Balkan countries, fuel taxes are often below the min-
imum rates of the EU 2003 Energy Taxation Directive (ETD) and misaligned
with the social costs of fuel use (see table 6.1). For example, coal and natural
gas used for heating purposes in North Macedonia and Serbia are not taxed
at all. Interestingly, diesel in the EU ETD was taxed at a lower rate per liter
than petrol, which translates to even larger tax favor for diesel fuel per unit
of energy, because of the higher energy density of diesel versus petrol. Among
the selected countries listed in table 6.1, only Serbia taxed diesel correctly,
that is, not only above the minimum EU levels, but also above the tax rate for
gasoline, reflecting its much worse impact on air pollution and health. The
legislative proposal for the revised EU Energy Taxation Directive submitted
by the European Commission in 2021 significantly increases the minimum
tax rates and links them more closely to energy content and environmental
impact. Taxation of biomass and biofuels is also introduced, differentiating
between sustainably and unsustainably sourced fuels. This revision proposed
to tax diesel fuel for transport at the same rate as gasoline, €10.57 per
gigajoule, which implies a higher tax rate per liter (€0.41/liter for diesel ver-
sus €0.37/liter for gasoline). However, the explicit carbon and air pollution
components of the energy excise taxes considered by the European
Commission staff (European Commission 2021) did not find its way into the
final legislative proposal, at least so far.
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TABLE 6.1 Excise duty rates in selected Western Balkan and EU countries
2021 EU
NORTH 2003 EU PROPOSAL FOR
BULGARIA MONTENEGRO MACEDONIA  SERBIA SLOVENIA DIRECTIVE UNITS 2023 RATES
Unleaded petrol 0.363 0.549 0.353 0.488 0.547 0.36 €/liter €10.75/GJ
Diesel as a motor fuel 0.33 0.44 0.246 0.502 0.469 0.33 €/liter €10.75/GJ
Diesel heating 0.33 0.207 0.1 0 0.234 0.02 €/liter €0.9/GJ
(nonbusiness)
Natural gas 0.43 0 0 0 3.74 2.6 €/GJ €717/GJ
(motor fuel)
Natural gas heating 0.31 0 0 0 1.85 0.15 €/GJ €0.6/GJ°
(business)
Natural gas 0 0 0 0 1.85 0.3 €/GJ €0.6/GJ°
(nonbusiness)
Coal and coke 0.31 0.3 0 0 2.34 0.15 €/GJ €0.9/GJ
(business)
Coal and coke 0.31 0.3 0 0 2.34 0.3 €/GJ €0.9/GJ

(nonbusiness)

Source: Based on World Bank (2020a) and European Commission (2021).

Note: EU = European Union; GJ = gigajoule.

a. Tax rate for natural gas as motor fuel to reach the same rate as petrol by 2033.
b. Tax rate for natural gas as heating fuel to reach the same rate as coal by 2033

Several countries levy charges or taxes on air pollutants, with SO,, NO_, and
PM being the most common emission tax bases (see table 6.2). Chile (box 6.7),
France, Poland (box 6.8), and several Eastern European countries levy taxes or
charges downstream on emissions measured or estimated in the flue gases at the
end of the stack.

Pigouvian air pollution taxes can be calibrated to the external damage caused
by pollution, to the marginal abatement cost of the desired emission reduction,
or to revenue targets. According to classic literature (Baumol and Oates 1988;
Pigou 1920), pollution tax rates should be linked to marginal damage costs and
therefore should differ not only by pollutant but also by their location and impact
on the exposed population. Simulations using a model of the California electric-
ity sector show that a location-based tax on air pollutants can double the health
benefits related to air quality compared with a carbon tax with similar GHG
reductions (Weber 2021). Only Chile had previously attempted to design such a
close-to-optimal environmental tax, in 2017 (see box 6.7). The Chilean nation-
wide differentiation of air pollution taxes by airshed is an experiment that
involves high transaction costs and requires strong environmental management
institutions. An initial assessment of environmental outcomes looks promising,
but longer-term impacts still need to be studied rigorously to offer lessons
learned for other countries. Nordic countries calibrate their NO, and SO, tax
rates or fees to the estimated marginal cost of targeted emission reduction
(Svenningsen et al. 2019), which may be similar to the marginal cost of damages
done by pollution. Most countries calibrate air pollution tax rates or fees to rev-
enue targets and differentiate rates by the relative average environmental impact,
subject to political and social feasibility. Several countries, such as Australia,
Canada, and Spain, allow subnational entities (provinces) to determine their
own pollution tax rates (OECD 2021).
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TABLE 6.2 Selected environmental taxes and charges

POLLUTANT

TARGETED TAX RATE AND BASE COVERAGE USE OF REVENUES

SO, €3,300/ton of sulfur All fuels entering economy  General budget

content of fuel (sulfur content > 0.05%)

NO, €5,500/ton Stationary combustion Rebated to industry in proportion
plants > 25 MWh of useful  to energy sales (after administra-
energy per year tive cost)

SO, €140/ton Large combustion sources  General budget

SO, and €130 ($143)/ton Combustion sources > Earmarked to off-budgetary

NO, 5MW environmental fund

PM (soot) €357 ($398)/ton Combustion sources > Earmarked to off-budgetary

particles 5MW environmental fund

PM, NO,, $500-$60,000/ton Large combustion sources Not available

SO, depending on location > 50MWt

X

and damage

Source: National statistical offices.

Note: MW = megawatt; MWh = megawatt hours; MWt = megawatts thermal; NO, = nitrogen dioxide; NO, = nitrogen oxides; PM = particulate matter;

SO, = sulfur dioxide; SO, = sulfur oxides.

Direct regulations (if enforced) offer certainty that individual sources and the
industry as a whole are not exceeding critical emission thresholds, whereas
emission charges provide dynamic incentives to continuously seek innovative
and cheaper ways of reducing emissions. In Sweden, for example, NO, feebates
were levied on top of existing emission standards and created dynamic incen-
tives to reduce emissions and increase innovation and efficiency of power plants
at the same time. The Swedish environmental taxes coexist not only with multi-
ple direct regulations under the EU directives but also with energy tax prefer-
ences, arenewable electricity certificate system, and private-public research and
development initiatives. Jointly this mix of instruments has led to the massive
displacement of oil and coal by sustainable biomass in district heating systems.
The comprehensive, integrated, and well-designed regulatory framework
induced innovation breakthroughs in solid and liquid biofuel technologies and
in efficient biomass combustion technologies, not only in district heating but
also in industry (Swedish Forest Agency 2018; Wei et al. 2013). Polish and French
air pollution charges coexist with a suite of direct regulations under the EU
directives, such as the Air Quality Directive and the Industrial Emissions
Directive, that require all sources to meet strict emissions-limit values for the
same pollutants and to apply the Best Available Techniques to control air pollu-
tion. These quasi-fiscal instruments and direct regulations applied to the same
sources are incentive-compatible and complement each other. Emissions prices
also make switching off filters uneconomic when fuel or carbon prices increase
(see box 6.2). Box 6.8 reviews selected examples of air pollution tax design in
Europe.

The combination of environmental taxes, expenditure policies, and com-
plementary policies became known as environmental fiscal reform (by the
OECD) or environmental tax reforms (by the International Monetary Fund
[IMF]) (see figure 6.5). Economists have long debated whether and under what
conditions Environmental Fiscal Reform can yield economic and fiscal bene-
fits even before the direct welfare benefits of avoided pollution are counted
(the so-called double dividend). The available analysis of the fiscal dividend



Downstream air pollution taxes in Chile

Chile faces severe environmental problems related to
both the impacts of climate change and local atmo-
spheric pollution. To help address these challenges
and contribute to climate mitigation efforts, the gov-
ernment of President Bachelet designed a two-pronged
approach implementing environmental taxes that tar-
get local and global pollution simultaneously. In a
General Tax Reform Bill (Law No. 20.780) passed in
September 2014, two pollution taxes were introduced
as of 2017, affecting large stationary sources with boil-
ers or turbines (with an aggregate capacity of 50
megawatts or more).

The taxes target technologies and facilities across
different economic sectors such as food processing,
refineries, and electricity. They include a small flat
carbon tax and a series of local emission taxes (on par-
ticulate matter [PM], nitrogen oxides [NO, ], and sul-
fur dioxide [SO,]), the rates of which vary depending
on location. The PM tax rate can vary from US$500 to
as much as US$60,000 per ton. The rate on carbon
dioxide (CO,) emissions was set at US$5/ton. The tax
on local pollution (PM, NO_, and SO,) is set at a vari-
able rate depending on the estimated environmental
damage that a marginal unit of emissions generates in
a specific locality or municipality. To capture the envi-
ronmental damage, the legislation set a per capita rate
for each contaminant, and calculates the tax rate based
on a formula that depends on the per capita rate times
the number of inhabitants in a local municipality, and
a coefficient for carrying capacity (tax per ton of

Integrated Policies on Air Pollution and Climate Change |

pollutant 7 in municipality j = 0.1 x carrying capacity (1,
1.1, or 1.2) x per capita tax of pollutant i x population of
municipality j). For example, the tax rate, in the case of
PM, can vary from US$500 to US$60,000 per ton,
depending on the air quality in the affected airshed
and number of exposed people.

Although further research is necessary to evaluate
the full impact, the taxes have proved to be extremely
effective. In 2017, 96 facilities were responsible for
raising US$191 million in tax revenues. The CO, tax
covered approximately 40 percent of the country’s
carbon emissions. All electric generation plants pub-
licly declared that they would not implement future
coal-based installations. Moreover, energy companies
signed an agreement with the Energy Ministry to dis-
mantle existing coal plants.® For local contaminants,
evidence indicates that facilities have introduced
abatement equipment that has considerably reduced
their emissions. Although these investments are moti-
vated by companies’ efforts to reduce their tax burden,
they have had a significant environmental impact.

These taxes can and should be improved over time.
The tax bases can be broadened, rates can be raised, or
both. A compensation mechanism or offsetting
scheme can be designed for the CO, tax. However,
what is relevant is that Chile has shown a way forward
for developing and middle-income countries to tackle
their most significant environmental problems—local
and global pollution—in a consistent and coherent
manner with market-based economic instruments.

Source: Contributed by Rodrigo Pizarro, former head of the Division of Environmental Economics, Ministry of Environment of Chile.
a. GOBIERNO Y GENERADORAS ANUNCIAN FIN DE NUEVOS DESARROLLOS DE PLANTAS A CARBON (http://generadoras.cl/media/page
-files/391/180129 % 20Comunicado % 20no % 20mas % 20nuevas % 20plantas % 20a% 20carb % C3%B3n%20-%20ME % 20MMA %20

Generadoras%20de % 20Chile.pdf).

from environmental taxes has so far focused on fuel and carbon taxes.
Bovenberg and van der Ploeg (1994), Bovenberg and Goulder (1996), Bovenberg
and de Mooij (1997), Goulder (1995), and Mooji (1999) argue that when com-
plex tax interactions are considered, the fiscal dividend is questionable, but in
recent literature the World Bank (Pigato 2019) and the IMF (IMF 2019) agree
that carbon taxes, at least, can deliver double dividends under the condition of
preexisting distortions in the economy, which are quite common, especially in
developing countries. In imperfect world growth can be enhanced by taxing
labor, income, and capital less and energy and pollution more. Shifting the tax
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Examples of air pollution tax designs in Europe

NO, feebate in Sweden

In Sweden, nitrogen oxide (NO,) fees are levied on
thermal power and heating plants and large combus-
tion sources in industry per unit of their NO, emis-
sions. Firms pay in proportion to their total annual
NO, emissions. The rate was set at the level of the mar-
ginal cost of pollution abatement to reach the Swedish
policy target. At €5,500 per ton of NO_ it is the highest
fee on NO, pollution in the world (although local NO,,
tax rates in Chile can in principle be higher). Revenues
are rebated back to paying firms in proportion to their
electricity sold to the grid, after deductions for admin-
istrative costs for the system (therefore they are some-
times called feebates). The government forgoes the
revenue, so such feebates are technically not fiscal
instruments, not taxes. In this way some plants make
a net profit while the rest make a net payment within
the system. Firms emitting low volumes of NO, per
unit of energy produced are net beneficiaries of the
scheme. The feebate design creates incentives for each
plant to reduce emissions and at the same time to
increase generation efficiency so as to be dispatched
more often to the grid. Because the fee revenues are
recycled within the sector, the negative impact on
international competitiveness is eliminated and the
operators of the most efficient plants have access to
resources to reduce their NO, emission intensity. The
incentive effect of the feebate was enabled by the com-
petitive design of the Nordic electricity-only market
(Nordpool), which is the most competitive electrici-
ty-only spot market in the world. In 1992, the first year
the tax was applied, total revenues were 612 million
Swedish kroner). In 2011, total tax revenues amounted
to 794 million Swedish kroner even though NO, emis-
sions per unit of energy produced fell by more than 50
percent. This revenue increase was possible because
the tax base increased over time as smaller firms
became subject to the tax (OECD 2013).

Upstream sulfur tax in Sweden

The Swedish sulfur tax is levied on the sulfur content
in multiple fuels upstream when the fuel is sold to
combustion plants. Fuels used for manufacturing
lime, stone, and cement and in soda boilers in the pulp

and paper industry are wholly exempt from the tax.
Diesel and heating oils used for shipping, trams, and
railways, in addition to aviation fuel, are exempt from
the tax. A portion of the tax revenues received by the
government is reimbursed to the payers in proportion
to the sulfur that was removed or fixed in ashes
and therefore not emitted to the atmosphere. By
collecting the tax first and reimbursing later, the
government shifts the burden of abatement proof onto
taxpayers. The administration of pollution taxes
requires interagency coordination. The tax adminis-
tration relies on the environmental administration to
check the polluters’ emission abatement reports,
which increases transaction costs. However, under
the EU Industrial Emissions Directive, all large
combustion plants already must have continuous
emissions monitoring systems in place.

Air pollution charges and environmental
protection funds in Poland

The system of Polish environmental charges and
funds dates to the late 1980s. Charges are levied on
several hundred air and water pollutants and on waste
materials deposited in landfills. More than a hundred
air pollutant and source categories are subject to pay-
ing for emissions. The legal title of the charges is “fees
for the use of environmental services,” and they are
introduced not through the tax code but through envi-
ronmental protection laws. The rates are indexed
every year and enacted through a resolution of the
Council of Ministers. The rates are high by interna-
tional standards except Scandinavia and Chile (see
table 6.2), although their main goal is to raise revenue
for environmental expenditures. The base for these
charges is extremely wide, covering 67 air pollutants
plus special charges for air emissions from small com-
bustion sources (less than 5 megawatts thermal),
internal combustion engines, and reloading of liquid
fuels. There are also special charges for air pollution
from poultry farms, where rates can vary by a factor of
10 depending on the type of farm, type of birds, and
farming practices. In 2019, total revenue from envi-
ronment-related charges and fees amounted to
PLN971 million (about US$262 million), of which air

continued
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Box 6.8, continued

pollution charges alone delivered about US$122 mil-  different levels of government. Polish fees for the use
lion. However, this revenue has been declining for sev-  of environmental services are quasi-fiscal instru-
eral years mainly because of falling emissions and the  ments. Revenues from environmental charges and the
introduction of rate ceilings. All revenues are ear- earnings and expenditures of environmental funds
marked for environmental funds controlled by arereported in annexes to regional and state budgets.

Source: Astrom et al. 2017; OECD 2013; Peszko 1999; SEPA and Swedish Energy Agency 2007; Statistics Poland 2020; Sterner and
Isaksson 2006.

FIGURE 6.5
Environmental fiscal reform and its potential double dividend
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Source: Based on original analysis for this publication.

burden from economic “goods” to economic “bads” and taxing rents rather
than profits can broaden the tax base and improve fiscal efficiency while
reducing tax distortions on entrepreneurship, innovation, and growth.
Carbon and fuel taxes are usually better revenue raisers than air pollution
taxes. Improvement in fiscal efficiency through environmental fiscal reform is
more likely to result from upstream taxes or charges on uniformly mixed pollut-
ants, such as CO,, or just fuel excise taxes. Carbon and fuel taxes can be easier to
administer, easier to collect, and more difficult to evade than direct taxes and
even value added taxes (Liu 2013). As de facto excise taxes, they are a convenient
fiscal revenue source in countries with weak fiscal institutions and a large infor-
mal sector (Pigato 2019). Carbon and fuel taxes can be imposed and collected
upstream in the fuel value chain using existing excise tax administration. Their
incentive impact on GHG emissions is always positive because the only way to
reduce CO, emissions from fuel combustion is to reduce fuel use. The amount of
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carbon embedded in the fuel is directly linked to, and always the same as, the
carbon emitted to the atmosphere during its combustion because there are no
commercially available technologies to remove CO, from flue gases. Therefore,
the carbon tax base can be simply defined as carbon content per ton of fuel used
(or per energy content of fuel). Upstream tax design also does not compromise
environmental effectiveness because the location of GHG emission sources does
not matter for the value of damage.

The revenue from fuel and carbon taxes is predictable and relatively stable.
Finance ministers want tax revenues to be predictable over time, and the tax
base to be either stable or, even better, grow and decline automatically with eco-
nomic cycles (as value added taxes and income taxes do). The base of carbon and
fuel taxes does not erode quickly given that price demand elasticities for most
fuels are low in the short and medium term and the income effect counters the
price effect. GHG postcombustion abatement technologies, such as carbon cap-
ture and storage, are not proven on a commercial scale, so the only way to reduce
GHG emissions is to use less fuel or displace the equipment that uses it.
Decarbonization requires massive upfront investments to replace existing pro-
duced capital stock, massive migration of labor, and fundamental changes
involving behavior and culture. Few cost-competitive substitutes for fossil fuels
are yet available outside of the power sector. Therefore, demand for fuels (espe-
cially oil and its derivatives) is relatively inelastic with respect to price in the
short and medium term. Low price elasticity of demand is one reason that trans-
port fuels are a preferred base for excise taxes in most countries (OECD 2021).
Another reason is that consumption of fuels, especially transport fuels, has been
growing with income, outstripping demand reduction due to price increase.
Such taxes act like automatic stabilizers and allow governments to increase bud-
get revenue without periodically going through the politically difficult process
of raising tax rates to finance increasing expenditure needs.

The revenue base for pollution taxes is expected to erode more quickly than
that for fuel and carbon taxes. This is an intended effect because air pollutants
cause larger, more immediate, and greater local health damage than GHGs. Air
pollution taxes are expected to cut emissions of conventional pollutants much
faster than carbon taxes are expected to cut the use of fossil fuels. Furthermore,
reducing emissions of local pollutants is often easier than reducing emissions of
GHGs. Broad availability of affordable end-of-pipe pollution control technolo-
gies allows significant improvement of air quality without reducing fuel use and
requiring major structural transformation. The more a pollution tax is designed
to reduce emissions rather than raise revenue, the more difficult it is to plan a
balanced budget with it. Figure 6.6 illustrates that in the period 1993-2008, the
revenues from the sulfur tax in Sweden eroded dramatically with the drop in
emissions and remained negligible compared with carbon tax revenues, as a
result of successful mitigation. In contrast, carbon tax revenues initially increased
before stabilizing.

Pollution taxes can still play an important role in tax policy. Ministries of
finance have widely accepted taxation of “sin products,” such as tobacco and
alcohol, where reduction of their consumption, and thus erosion of the tax
base, is expected among the tax policy objectives. Revenues from pollution
taxes can be stabilized either by increasing the rates of existing taxes and fees
or by broadening the tax base to additional air pollutants, water pollutants,
chemicals, nonrecyclable consumer goods, virgin plastic resins, and so on. For
example, in Sweden revenues from the bundle of various pollution taxes and
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fees steeply increased in 2018 as a result of the introduction of a new tax on
polluting chemicals (illustrated in figure 6.6).

The more effective a pollution tax is in reducing population exposure to air
pollution, the more complex tax administration tends to be. In principle, air pol-
lution taxes can also be imposed upstream as part of fuel excises, making tax
administration easier. However, doing so may compromise their environmental
effectiveness depending on circumstances. First, the upstream design does not
differentiate between emission sources, even though the population exposure
and value of damage by pollution is highly dependent on where emissions occur
and on the profiles of individual emission sources. For example, low-stack
sources located upwind of fragile airsheds with common atmospheric inver-
sions, like the Indo-Gangetic plains or several cities in the Western Balkans,
inflict several times more harm to health than emission sources located down-
wind of exposed populations or in well-ventilated areas, such as along the sea-
coasts. Second, the amount of polluting substance contained in the fuel is directly
proportional to the damage caused by pollution only for sulfur (as discussed
above). For the most common air pollutants, such as PM, _ and tropospheric
ozone, a large portion of the ambient concentration originates from secondary
formation of these particles in the atmosphere from emissions of precursor
gases. Tropospheric ozone is entirely formed in the atmosphere from precursor
gases (methane, volatile organic compounds, NO,, and carbon monoxide) in the
presence of sunlight. Typically, between 30 percent and 50 percent of PM,_ in
ambient air consists of secondary particles formed from precursor emissions,
suchas SO,,NO , volatile organic compounds, and ammonia. According to recent
research, these secondary particles, especially those originating from sulfates,
are more harmful to health than primary PM, , particles (World Bank 2021).
Therefore, upstream taxes on the PM, . content of fuels are not directly related
to the external damage caused by individual sources, giving rise to suboptimal
abatement choices. Similarly, NO, emissions from combustion sources partly

FIGURE 6.6
Revenues from environmental taxes in Sweden, 1993-2018
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come from the nitrogen content in the fuel (fuel NO ) and partly from the nitro-
gen contained in the air (thermal NO, and prompt NO,). The share of fuel NO,
is higher for combustion of coal than gas, and the share of thermal NO_can be
high or low depending on the combustion conditions (mainly combustion
temperature). Third, unlike GHGs, air pollutants can be removed before
emissions using multiple cost-competitive abatement measures. This challenge
can, in principle, be rectified by upstream taxes and downstream rebates, but this
design proved complicated for air pollution taxes.

The design and implementation of pollution taxes cannot be done by tax
administration alone. Even in countries where environmental taxes are well
integrated into fiscal policy, such as SO, taxes in France and Sweden and pollu-
tion taxes in Chile, fiscal administration relies on technical support from the line
ministries responsible for environment, usually for design, rate setting, monitor-
ing, and verification. The Indian state of Gujarat implemented one of the world’s
first emissions trading systems for particulate matter (Greenstone et al. 2019).
The upstream design was considered poorly related to emissions and difficult to
implement fairly. Therefore, the price was levied based on independently certi-
fied continuous emissions monitoring of total suspended particles as a proxy for
health damage. Continuous monitoring of PM, _ was not feasible. Measuring
emissions at the end of the stack is a more environmentally effective way of
determining the tax base than taxing fuels used as the inputs to combustion.
Some countries (Poland, for example) determine pollution fees due for smaller
sources based on emission factors that differ by the specific source
characteristics.

Of the conventional pollutants, SO, is the best candidate for upstream design
because the sulfur content in fuel is easy to measure and proportional to end-of-
pipe emissions without any controls. Upstream taxes with downstream rebates,
in principle, can help address the principal-agent problem and reduce the costs
of tax collection by pushing the burden of proof of abatement on polluters when
they claim refunds. The challenge is that for all conventional pollutants (unlike
for CO,) there are plenty of process-oriented or end-of-pipe technologies avail-
able to remove pollutants from fuel before combustion or from flue gases after
combustion. In principle, a portion of tax revenue can be refunded to polluters
upon proof of how much sulfur was removed before emitting to the atmosphere.
So far, only the Nordic countries (Sweden and, in narrower scope, Denmark and
Norway) collect SO, taxes upstream at fuel-distribution choke points—with the
tax base being the sulfur content of the fuel. Tax authorities refund a portion of
tax revenues to payers downstream, after evidence of removal of sulfur from
fuels before emission has been verified. This design has not been replicated else-
where, however, because of legal issues and concerns about transaction costs
and liquidity risks for firms. Poor governance and lack of trust in the government
increases firms’ concerns that refunds may be used for rent extraction by author-
ities. For large and medium combustion sources, improved technology for con-
tinuous emissions monitoring systems dramatically reduced transaction costs
and firms’ information advantage worldwide, often making direct taxation of
emissions administratively easier than managing downstream refunds. However,
this design is still worth considering, among other options, as an economic
instrument for reducing SO, emissions, especially in countries with traditions of
weak enforcement of environmental regulations and large information asymme-
tries between polluters and environmental administration. Upstream taxation is
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an efficient way of internalizing the external costs of products that are polluting
during or after the consumption phase (such as plastics or harmful substances).
Another example of the successful application of upstream emissions pricing
was a trading system for the quotas of lead that could be added to gasoline in the
United States in the 1980s (Ellerman, Joskow, and Harrison 2003; Newell and
Rogers 2003).

Separate taxes on air pollution and carbon emissions should be applied
jointly to mitigate the risk of aggravating one environmental problem while
solving another. As discussed extensively in this report, climate policies,
such as carbon prices, can increase emissions of air pollutants by discourag-
ing the installation and use of air pollution control equipment unless strong
air pollution regulatory controls (and taxes) are in place. Climate policies can
also encourage substitution from “clean” fossil fuels (natural gas, liquefied
petroleum gas, or petrol) to more polluting bioenergy. Power plant and vehi-
cle operators react differently to energy price increases in the presence than
in the absence of air pollution regulations and taxes. For example, in Sweden
CO, and energy taxes have helped high sulfur taxes and direct regulations
reduce both SO, and CO, emissions by shifting consumption from coal and oil
to biofuels. As discussed earlier, climate-motivated energy policies have led
to a temporary worsening of air pollution in the United States, amid low NO,
emission prices. There is widespread, though only anecdotal, evidence that
households in Central and Eastern Europe have been switching from gas and
district heating to coal and biomass and even household waste for residential
heating in individual stoves, when gas and thermal electricity became expen-
sive. Similar concerns are raised for the power sector in Brazil (Portugal-
Pereira et al. 2018). To mitigate such risk, Morocco is maintaining fossil fuel
(butane) subsidies despite a high fiscal burden because authorities are con-
cerned that phasing them out would push poor rural households back to
deforestation and the burning of biomass and waste in household stoves
(Peszko 2019). Some evidence also suggests that switching off filters at night
in stationary plants or removing catalytic converters from vehicles is com-
mon in several countries that either do not have, or do not enforce, air pollu-
tion policies.

In the opposite direction, as also discussed above, air pollution policies in the
absence of climate policies can increase global warming through at least four
different impact channels: (1) the energy penalty associated with equipment for
air pollution control, (2) lower emissions of climate coolants such as SO, and
NO_, (3) switching from bio-energy to natural gas, and (4) extension of the eco-
nomic lifetime of carbon-intensive assets fitted or retrofitted with costly pollu-
tion control equipment. The first three channels usually lead to only slight,
temporary warming and just need to be accepted as a small price to pay for sav-
ing lives and protecting public health from air pollution. The scale of potential
warming declines as new pollution control technologies become more and more
efficient in energy use. Installation of pollution controls is usually accompanied
by the broader overhaul of the whole plant. Therefore, improved energy effi-
ciency of retrofitted installations often outweighs the energy penalty added by
the pollution control equipment. The large-scale risk of locking in carbon-inten-
sive infrastructure can be managed by the policy incentives for new and retrofit-
ting investments in fossil fuel assets that jointly optimizes for the costs of climate
and air pollution mitigation. The economic incentives are coherent when carbon
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prices are jointly levied on the same installations with explicit prices on SO,,
NO,, PM, and other relevant air pollutants to reflect the comprehensive external
costs to society.

CONCLUSION: TOWARD POLICY COHERENCE AND POLICY
INTEGRATION IN APPROACHES TO AIR POLLUTION AND
CLIMATE CHANGE

The integrated air quality and climate change (IAQCC) policy process requires
that targeted climate and air quality regulations be implemented jointly, cali-
brated to harness win-win opportunities when relevant at the airshed level, and
mitigate the risk of aggravating one environmental problem while solving
another. The TAQCC is a dynamic process of learning, reviewing, and adjusting
policy responses to evolving air quality challenges and climate change chal-
lenges. This process focuses on the near-term health impacts of air pollution in
affected airsheds while paving the way for long-term global decarbonization. Its
five key steps are illustrated in figure 6.7.

An integrated approach to developing and implementing an air quality and
climate change policy process has its foundation in the two pillars of policy
coherence and policy integration and consists of five steps:

The first step is to establish a ground-level air quality monitoring system to
determine where indoor air pollution and ambient air pollution (mainly tropo-
spheric ozone and PM, ) reach concentrations that pose a high potential risk to
health.

The second step is to (1) determine the need for action by examining the
exposure of populations, assets, and ecosystems to poor air quality in these

Five steps of integrated air quality and climate change (IAQCC) policy process
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Note: white text denotes actions driven primarily by health considerations. Black text refers to actions that gradually
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AQM = air quality management; CC = climate change; GHGs = greenhouse gases.
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hot spots and (2) estimate the actual impact that such exposure to poor air
quality has on health as well as the other damage that this exposure causes.
Monetary valuation of these impacts can follow, as appropriate. This assess-
ment underpins the choice of air quality improvement targets. Agencies
responsible for attaining the targets need to be identified or established, roles
and responsibilities need to be allocated to competent authorities, and a
broader institutional and governance framework needs to be created to
enable implementation of the subsequent steps.

The third step is to identify the key sources of direct emissions of PM, _ and
emissions of precursor gases that contribute most to the excessive concentra-
tions of secondary pollutants (PM, _ and ozone) in the previously identified hot
spots. This step transcends the traditional policy focus on administrative units
and sectors and adopts an airshed approach to prioritizing emission sources,
abatement measures, and policy instruments.

* Source-apportionment studies use laboratory tests of samples of PM, , parti-
cles suspended in the ambient air together with statistical analyses to identify
the type of emission source the particles came from, such as vehicles, house-
holds, industry, or waste burning, but not necessarily their location. Such
studies include sources of direct emissions of PM, _ and, importantly, emis-
sions of their precursors such as SO,, NO,, volatile organic compounds, or
ammonia.

e Tor the sources that the source-apportionment studies found critical to air
quality, inventories of emission sources need to be established, mapping their
location, capacity, load profile, and type and amount of fuel use, as well as key
source characteristics such as age, stack height, combustion technology, pol-
lution control equipment, and so on.

e Airshed pollution dispersion models trace the transport of pollutants from
their sources to and within the target airshed; these additional studies
capture the formation of secondary pollutants in the airshed (especially
PM, _and ozone). These results then need to be mapped to data on regional
population density so that policy interventions can be targeted at those
sources that contribute most to population exposure. Many such models
are available and have been used for decades (see, for example, Zhou et al.
2006). Such models must consider local geography, topography, atmo-
spheric chemistry, and meteorological conditions to provide useful guid-
ance for achieving agreement on priority abatement measures and the
policies to induce them. Model simulations can be additionally validated
by field sampling and laboratory tests used for source-apportionment
studies.

The fourth step involves assessing the costs and abatement potential of
available technical abatement measures that could reduce the population
exposure to air pollution in the airshed. The impact of such measures on
climate forcing can be estimated at this stage. Synergies and trade-offs
between priority measures to mitigate air pollution and measures to mitigate
climate change are identified. Measures with high climate co-benefits can be
prioritized if they also contribute to health benefits or at least do not deteri-
orate air quality. The assessment of choices should consider the incremental
health effects and premature deaths, incremental costs, and capacity and

]
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financing constraints. Equally important are the social and distributional
impacts of prioritizing air pollution measures with and without climate
co-benefits, including the impact on consumer prices and energy poverty.
Before making decisions on capital-intensive air pollution measures, policy
makers should order an independent assessment of the economic and social
risks of future premature retirement of fossil fuel assets equipped with
expensive end-of-pipe pollution-abatement technologies and associated
contingent fiscal liabilities.

The fifth step is to design, implement, and enforce the integrated pack-
age of coherent policy incentives for firms and households to implement
the abatement measures prioritized earlier. Integrated means that the mix
of policy instruments needs to encourage economic agents to optimize
investment and behavioral decisions, considering both the short-term
health impacts of air pollution and the long-term impacts of climate change.
Integration also means creatively designing comprehensive mixes of direct
regulations (such as emission performance standards, Best Available
Technique requirements, or zoning requirements) along with economic
and fiscal instruments. Such integration should (1) give firms and house-
holds adequate flexibility to achieve air quality objectives at the least cost
and (2) encourage innovation and discovery of new, creative abatement
measures. If air pollution policies have the potential to induce abatement
measures that increase GHG emissions, then additional climate policy
efforts need to be identified. Likewise, strengthening air pollution instru-
ments will be necessary if more-ambitious climate policy instruments (to,
for example, raise carbon prices) risk increasing air pollution and adverse
health impacts. Calibration of the policy mix and the level of ambition of air
pollution and climate policy instruments through a dynamic process of
review and adjustment is an art rather than a science and must be tailored
to the local conditions and political economy dynamics discussed in this
report.

It is essential for firms and households to face incentives to reduce both air
pollution and GHG emissions. Such coherent incentives help society make the
choice between making fossil fuel-based activities cleaner or leapfrogging to
new technologies that are free of fossil fuels. These choices will differ by air-
shed and associated health hazards. Affordability and access to finance are
important factors shaping policy choices, especially in low- and middle-in-
come countries.

The World Bank Independent Evaluation Group’s report (IEG 2017)
called for increased World Bank lending on air pollution because it is respon-
sible for the highest share of deaths caused by any polluting activities. The
Independent Evaluation Group also recommended that air pollution inter-
ventions be integrated systematically with interventions to mitigate climate
change. The present report proposes a practical, science and experi-
ence-based approach to operationalizing thisrecommendation. International
development institutions face a challenge to rethink their financing policies
to help developing countries proactively manage the synergies and trade-
offs between the risks of air pollution and the risks of climate change, rather
than chasing co-benefits and always prioritizing win-win measures, espe-
cially for domestic heating and cooking in lower-income countries and
communities.
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NOTES

1. “CleanAirAct1993” (https://www.legislation.gov.uk/ukpga/1993/11/pdfs/ukpga 19930011
_en.pdf).

2. For the United States, see https://www.epa.gov/mercury/environmental-laws-apply
-mercury#CleanAirAct. The concept of a “technique” in EU law is broader than technology.
It includes both “the technology used and the way in which the installation is designed,
built, maintained, operated and decommissioned.” https://ec.europa.eu/environment
/legal/law/1/module_2_18.htm.

3. Thedifference between emission taxes and emission charges or fees isimportant, especially
in civil code countries. A tax is defined as compulsory, unrequited payments to general
government (OECD 2018). Taxes are unrequited in the sense that benefits provided by
governments to taxpayers are not normally in proportion to the payments made by
taxpayers. A charge or a fee is a compulsory payment for which a payer expects a reciprocal
service from the government, such as a permit to emit a quantity of a specified pollutant, so
it is akin to a payment for service. The revenues from charges and fees often go to the
agency that issues emission permits or to a dedicated fund, which may not be fully inte-
grated into the state budget. Therefore, the Swedish NO, charge is not a tax, and in Eastern
European countries, environmental charges are legally defined as “payments for the use of
the environment.”

4. “After Worst Smog in 11 years, Mexico City Braces for More,” CBS News, March 18, 2016
(https://www.cbsnews.com/news/after-worst-smog-in-11-years-mexico-city-braces-for
-more/).
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