
Clearing the Air
The role of technology adoption in the electricity generation sector⇤

Mehdi Benatiya Andaloussi†

December 2018

Click here for the latest version

Abstract

Between 2005 and 2014, the US electricity generation sector achieved unprecedented re-

ductions in emissions of local air pollutants. This paper seeks to quantitatively uncover

the factors that drove these sharp decreases in emissions and their connections to the

cap-and-trade markets introduced by the Clean Air Interstate Rule. To that end, I as-

semble a comprehensive dataset on power plant operations and costs. In a statistical

decomposition of emission reductions at the power plant level, I find that the adoption

of capital-intensive abatement technologies constituted the primary factor influencing the

emission reductions, accounting for over 50% of the achieved reductions. Switching to

cleaner fuel inputs and retiring dirty units also each contributed approximately 20% of

the observed reductions. I further demonstrate that the costs incurred due to the adoption

of abatement technologies amounted to $45 billion, exceeding ex ante projections. I find

that, despite the high costs incurred by power plants, these emission reductions generated

net benefits to society. I estimate the health impacts of these emission reductions using

novel satellite data to generate spatially continuous pollution measurements that I link to

demographic information. A lower-bound estimate of the corresponding health impacts

suggests that 19,000 premature infant deaths were avoided during the period considered

thanks to the achieved emission reductions. Finally, I estimate the local demand for clean

air by studying the impacts of power plant emission reductions on local housing markets.

Matching micro-level housing transactions from a proprietary dataset to power plant lo-

cations, I find that the emission reductions caused housing prices to increase in cleaned

areas, thereby appreciating house values by $8 billion.
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1 Introduction

Air pollution has severe impacts on human health (Schlenker and Walker, 2015; Currie and

Walker, 2011; Chay and Greenstone, 2003). In recent years, toxic air has become the primary

cause of premature mortality at the global scale, surpassing infectious diseases and tobacco

consumption (World Health Organization, 2016).1 At present, 91% of the global population

is exposed to unhealthy levels of air pollution, leading to 4.2 million premature deaths around

the world annually. Sulfur dioxide (SO2) and nitrogen oxides (NOx) are of particular interest

because they a↵ect health both directly and indirectly through the formation of other toxic air

pollutants (particulate matter and ground-level ozone). In the 2000s, power plants emitted as

much as three-quarters of all SO2 and one-quarter of all NOx. When unregulated, emissions

from the electricity generation sector constitute a critical market failure, because they cause

damages to society that are not accounted for in the costs that power plants face. These

emissions are on the rise worldwide, generating dangerous levels of air toxicity.

The United States is one exception to this trend. Between 2005 and 2014, the US electricity

generation sector reduced SO2 emissions by nearly 80%, and NOx emissions by 60%. These

reductions helped achieve an unprecedented abatement of air pollution, particularly in the

country’s populous eastern states, which had theretofore su↵ered from elevated levels of air

pollution. Understanding the factors that contributed to these reductions is fundamental

for reaching international clean air goals, such as the UNs Sustainable Development goal of

reducing the number of global deaths from air pollution by two-thirds by 2030.2

This paper provides the first quantification of the abatement channels employed at the

power plant level to achieve the record reductions in emissions mentioned above. The study

also provides the first calculation of the costs incurred by power plants to abate emissions and

weighs them against their direct public health benefits and the benefits accrued to housing val-

ues.3 The analysis presented herein assembles and leverages a comprehensive dataset on power

plant operations and costs, containing monthly information on unit-level electricity production,

fuel input quantities and costs, abatement technology adoption4 and associated investments,

and utility revenues. This unique dataset is augmented with data on air pollutants emissions

that are precisely and continuously measured at each fossil fuel power plant throughout the

1In a recent interview, the director general of the World Health Organization declared that “The world has
turned the corner on tobacco. Now it must do the same for the ‘new tobacco’—the toxic air that billions breathe
every day. (...) It is a silent public health emergency.”

2This is the target of the United Nations’ Sustainable Development Goal 11.
3Benefits could include other impacts on the environment, such as improvements in visibility and reductions

in acid rain. Thus, health and housing impacts correspond to an important but lower-bound estimate of the
total benefits achieved.

4These technologies can be installed to filter local pollutants from gases produced by the combustion of fossil
fuels.
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US. Additionally, this research leverages satellite imagery of air pollution and a proprietary

micro-level dataset on housing transactions to estimate the benefits for human health and local

housing markets. Using these datasets, this paper makes four main contributions. First, this

paper quantifies the impacts of the adoption of stringent cap-and-trade markets designed to

curb emissions from power plants. Second, the analysis presented herein quantitatively uncov-

ers the mechanisms employed at the power plant level to achieve these emission reductions:

this is accomplished in a bottom-up approach that makes use of the observation of abatement

technology adoption at the unit level, which also enables the construction of the first estimates

of the associated costs incurred by power plants. Third, this study provides the first ex post

quantitative calculation of the impacts of the emission reductions during this period on human

health. To that end, a set of novel air pollution datasets derived from three satellite imagery

products, which o↵er spatially continuous coverage of the population’s exposure to air pollution

at a monthly frequency is compiled: this paper is the first in the literature to use and validate

these satellite imagery products. By pairing these measures with commonly used estimates of

the health impacts of air pollution, this research performs a fine-resolution calculation of the

health benefits resulting from air quality improvements. Fourth, this paper leverages a propri-

etary dataset containing information on all US housing transactions to estimate the impacts

of power plant emission reductions on local housing markets, thereby providing a lower-bound

estimate of the demand for clean air.

Multiple factors may have contributed to the aforementioned reductions in power plant

emissions. During the period from 2005 to 2014, the electricity generation sector was exposed

to three major shocks, namely, (1) to input markets, (2) to the demand for electricity and

(3) through the enactment of ambitious environmental regulations. First, the fossil fuel mar-

kets were disrupted by the extraction of shale gas, which led to a rapid fall in the price of

natural gas, which is by far the cleanest input for fossil fuel power plants.5 Second, large

shocks to the overall economy and weather may have influenced the demand for electricity:

the financial crisis followed by the Great Recession and warmer-than-normal winters could

have contributed to reductions in the demand for—and thus, the production of—electricity

and associated emissions. Third, to address the consequential externalities that emissions rep-

resent, the US Environmental Protection Agency (EPA) adopted and implemented a suite of

ambitious environmental policies. In 2005, the EPA approved the Clean Air Interstate Rule

(CAIR), which introduced cap-and-trade markets to limit SO2 and NOx emissions from power

plants in twenty-seven states throughout the eastern US. Thereafter, debates escalated over the

costs and benefits of environmental policies targeting power plant emissions.6 In particular,

5Gas units typically emit negligible levels of SO2 and much less NOx than coal units.
6In discussing the legality of the mercury rules introduced by the Obama-era EPA, Justice Antonin Scalia
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fears over their impacts on coal power plants and upstream industries dominated debates on

environmental regulations. To date, no ex post assessments of the costs and benefits of these

ambitious programs have been provided.

This research procures four sets of results. First, this paper evaluates the impacts of

the CAIR markets on power plant emissions. The use of di↵erence-in-di↵erences and triple-

di↵erences empirical strategies enables an estimation of the causal impacts of these regional

cap-and-trade markets on power plant emissions. As the CAIR markets targeted power plant

emissions in only 27 states, these empirical strategies compare the evolution of emissions at

treated plants to that of emissions at untargeted plants after the adoption of the CAIR markets.

Identification relies on the parallel trend assumption. Moreover, the analysis provides evidence

of the validity of this research design, most notably through event-study like graphs.7 Using

data on emissions measured at the electricity generation unit level, this analysis finds that

these cap-and-trade markets led to an average reduction in emissions of 30% at targeted power

plants. These results hold when including controls that account for changes in gas prices,

weather and economic activity.

The second part of this paper demonstrates that most of the achieved emission reductions

were driven by the adoption of abatement technology. To that end, this study constructs a

micro-level dataset of power plants’ operations and costs. To study the abatement mechanisms

at the unit level, the analysis statistically decomposes the emission changes at the power plant

level. This decomposition builds on an engineering model of the production of emission from

the burning of fossil fuels that links those emissions to the physical properties of fuels, the gen-

eration of electricity and the adoption of abatement technology. This environmental accounting

exercise first recovers power plant-level estimates from a regression of the changes in emissions

against the properties of fuel inputs, electricity generation, and abatement technology adoption

at the unit level. The exercise then builds region-wide estimates by aggregating the micro-level

results based on initial power plant emissions in the eastern US. The analysis finds that over

50% of the decreases in SO2 emissions under the CAIR between 2005 and 2014 were achieved

through the adoption of abatement technology at coal units that operated throughout this pe-

riod. During the same period, switching to cleaner types of coal or switching from either oil or

coal to gas accounted for approximately 20% of the aforementioned reductions. Additionally,

approximately one-fifth of the emission reductions were achieved by the retirement of old coal

units, which were replaced by cleaner electricity generation units. Certain types of abatement

determined that “It is not rational, never mind ‘appropriate,’ to impose billions of dollars in economic costs in
return for a few dollars in health or environmental benefits”—New York Times.

7In a paper investigating the distributional impacts of the same cap-and-trade markets, my co-author and I
use a similar identification strategy and extensively document the validity of this approach (Benatiya Andaloussi
and Isaksen, 2017).
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technologies led to a stark reduction of up to 95% of all emissions at the unit level. This paper

is the first to document this large wave of technology adoption at coal units throughout the

eastern US that followed the adoption of the CAIR markets in 2005 and intensified during the

implementation of the policy: over 80% of the region’s coal units that employed SO2 abatement

technologies in 2014 installed them between 2005 and 2014. In addition, this paper constructs

estimates of the costs incurred by utilities due to the installation of abatement technology. Us-

ing micro-level data on investments at the unit level, this study demonstrates that aggregate

costs amounted to $45 billion for the power plants in the CAIR region between 2005 and 2014.

Moreover, a calculation of levelized abatement costs reveals that the adoption of abatement

technology represented an added $3 per megawatt hour (MWh) of electricity produced at units

that installed them—an average of a 2% increase in the costs for electricity generation. These

costs represented 3% of the preinstallation yearly revenue of utilities.

Third, to account for the benefits achieved from decreases in NOx and SO2 emissions, the

analysis presented herein proceeds with a calculation of the health e↵ects. Accordingly, this

paper uses and validates novel air quality data derived from satellite imagery,8 which o↵er

complete and detailed geographic coverage of air pollution throughout the US at a monthly

frequency. Using geographic information system methods, this study matches these datasets

with the geography of population settlements recovered from the Census and the Center for In-

ternational Earth Science Information Network. Using estimates produced by health economics

studies linking air pollution to infant mortality, this analysis finds that nearly 19,000 prema-

ture infant deaths were avoided thanks to the achieved improvements in air quality. Paired

with a conservative measure of the statistical value of life, these benefits would amount to ap-

proximately $152 billion from 2008 to 2014. However, these preliminary back-of-the-envelope

calculations do not account for all the health benefits induced by improvements in the local

air quality. First, they capture the reduction in infant mortality only between 2008 and 2014

and should therefore be treated as a lower-bound estimate, as they do not consider the long-

term positive e↵ects on mortality achieved through permanent reductions in these emissions.

Second, these numbers are limited to infant mortality data. Thus, to produce an exhaustive

assessment of the benefits of these air quality improvements, the analysis would ideally include

estimates of the impacts of pollution on hospitalization, defensive investments, in utero e↵ects

and adult mortality, to name a few examples. Nonetheless, these lower-bound estimates of the

health benefits outweigh the costs incurred by the electricity generation sector.

8Local air concentrations of NOx and SO2 are recovered from images processed by the Ozone Monitoring
Instrument, a satellite launched by NASA in 2004 to take daily footage of pollution around the world. Data on
particulate matter concentrations are derived from a reanalysis product that combines inputs from satellites,
ground-level monitoring stations and chemistry models. This dataset was produced by Aaron van Donkelaar,
Randall Martin, Robert Spurr, and Richard Burnett in van Donkelaar et al. (2015), to whom I am grateful for
sharing these monthly frequency data.
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Fourth, this paper estimates how residents value local improvements in the air quality

around power plants. The causal impact of decreases in emissions on local housing values is

estimated using an empirical di↵erence-in-di↵erences strategy. This approach compares the

evolution of house values in the immediate proximity of power plants to that of residential

units located slightly farther away in response to changes in power plant emissions. In the

atmosphere, SO2 is short lived and does not travel long distances. Accordingly, using satellite

imagery measurements of SO2 concentrations, the analysis demonstrates that power plant

emissions translate into high concentrations of pollutants up to 3 miles away from power

plants and that the pollutant concentrations decline beyond that radius. As SO2 has a strong

smell and (in high concentrations) leads to irritation of the eyes and respiratory system, local

residents would likely notice large changes in the local air pollution observed from space.

The results indicate that the decreases in emissions led to a 2% appreciation in local housing

values over the period considered. These e↵ects were very concentrated—within a radius of

approximately 1 mile around a power plant—and grew stronger for properties closer to the

source. In aggregate, these capitalizations amount to a total benefit of $8 billion. Similar

results are found when using technology adoption on the right-hand side instead of emissions.

Doing so makes it possible to strip away potential cyclical variations in emissions. An ideal

experiment would seek to randomly assign various levels of air pollution to housing units while

holding all other aspects regarding the areas surrounding plants constant. Hence, to generate

variations in exposure to air pollution, papers in the literature have studied the changes in

local air pollution levels generated by the opening and closure of dirty plants, which might

also cause large changes in local neighborhoods and impact the local noise levels, congestion,

and visual architecture, among other things. Therefore, focusing on a balanced panel of plants

that primarily reduced emissions by installing abatement technologies better approximates an

ideal experiment.

This paper contributes to the literature in four ways. This research constitutes the first

study to quantitatively disentangle the channels of abatement mechanisms at the power plant

level. Previous studies have qualitatively discussed the implication of declines in cleaner coal

prices on abatement costs in earlier periods (Schmalensee and Stavins, 2013; Chan et al., 2012;

Stavins, 1998). Recent papers investigated the consequences of the shale gas boom and subse-

quent decline in gas prices for medium- to long-run switching from coal to gas in US electricity

markets (Preonas, 2017; Knittel et al., 2015; Covert et al., 2016). Other papers focused on

power plant compliance choices under cap-and-trade markets and how deregulation in electric-

ity markets (Cicala, 2015; Fowlie, 2010) or the roles of geography and access to markets for

cleaner inputs (Preonas, 2017) can lead to ine�cient outcomes. In contrast, observations of
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fuel inputs, electricity generation and technology adoption at the unit level disentangles these

channels in a systematic manner. Other statistical decompositions of emissions were carried

out for the manufacturing sector to disentangle the e↵ects on emissions of the relocation of dirty

industries, the adoption of abatement technology and that of changes in inputs and outputs

(Shapiro and Walker, 2015).

Second, this paper provides the first ex post estimates of the costs incurred by the industry

to achieve the unprecedented emission reductions over the last decade. The observations of the

actual costs incurred by power plants to reduce emissions allows a direct estimation of those

costs, whereas an entire branch of the literature relies on indirect estimations of abatement

costs (Fowlie et al., 2018; Meng, 2017; Anderson and Sallee, 2011), in other settings. Costs are

important in the context of this paper. Indeed, the stringency of the CAIR was unprecedented

and incurred large capital expenditures, as abatement technologies for SO2 are particularly

costly.

Third, this paper provides the first ex post calculation of the corresponding health benefits.

This part of the analysis builds on seminal papers on the geography of marginal damages (Chan

et al., 2015; Fowlie and Muller, 2013; Muller et al., 2011). Compared with those papers, the

present analysis provides novel measures of the local exposure to air pollution derived from

satellite imagery. Although these data are not without limitations, their coverage improves on

measures from monitoring stations that are widely used in the literature, and they promise to

reduce the uncertainties in air circulation models derived from atmospheric chemistry models

(Grainger and Ruangmas, 2016; Sullivan, 2016b; Chan et al., 2015).

Fourth, this paper provides the first estimate of how recent declines in power plant emissions

impacted local housing markets. Following Rosen’s seminal work on hedonic valuation (Rosen,

1974), a large amount of the literature on environmental economics has sought to empirically

recover estimates of the demand for local environmental amenities.9 These papers have focused

on changes in water pollution (Keiser and Shapiro, 2017), superfund cleaning (Greenstone and

Gallagher, 2008), and toxic plant openings and closures (Currie et al., 2015; Davis, 2010, 2004)

in addition to changes in air pollution in response to either an electricity crisis (Sullivan, 2016b)

or an economic crisis (Chay and Greenstone, 2005).10 Here, the analysis seeks to uncover the

impacts of changes in emissions from power plants that were active throughout the period from

2005 to 2014 on the surrounding housing markets. Those plants reduced emissions primarily

by installing technologies rather than by reducing their power output. The installation of

abatement technologies is likely not observable by residents, which means that the recovered

9Consult Kahn and Walsh (2014) for a recent review of this literature.
10Other papers have used similar empirical strategies to estimate the impacts of crime on real estate, for

instance, the impacts of sex o↵enders moving in to a neighborhood (Linden and Rocko↵, 2008).
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e↵ect likely reflects a valuation of the local air quality.

The remainder of the paper is structured as follows: Section 2 provides background infor-

mation on local air pollution and power plant emissions. Section 3 presents the data used in the

empirical analysis. Section 4 summarizes the results on the impacts of cap-and-trade markets

on emissions. Section 5 outlines the statistical decomposition of power plant emissions and the

calculations of the costs incurred. Section 6 describes the resulting air quality improvements

and proposes back-of-the-envelope calculations of their health benefits. Section 7 outlines the

resulting impacts of emission reductions on local housing markets. Finally, Section 8 concludes

the paper.

2 Local air pollution and power plant emissions

2.1 Local air pollution

Local air pollution is a pervasive issue in most countries that costs the world economy more

than $5 trillion per year in welfare losses (WHO, 2018), mainly due to the burden it imposes on

human health. Children and infants are particularly vulnerable: it is estimated that 600,000

children die prematurely from exposure to air pollution (WHO, 2018). The World Health

Organization (WHO) estimates that 91% of the world’s population lives in areas with pollution

levels detrimental to health. The goal of the WHO is to achieve a two-thirds reduction in global

deaths resulting from air pollution by 2030, which would necessitate drastic measures to reduce

the emissions of local air pollutants.

The US EPA lists six criteria air pollutants that have particularly severe impacts on health:

carbon monoxide (CO), lead, ground-level ozone (O3), particulate matter (PM2.5 and PM10),

SO2, and NOx.11 Among them, SO2 and NOx are of particular importance: they not only

impact health directly but also are involved in chemical reactions responsible for the formation

of ground-level ozone and particulate matter.

Sulfur dioxide can inflame the respiratory system, thereby making it di�cult to breathe,

and can worsen respiratory diseases. Repeated exposure to SO2 at high concentrations can

cause premature death, particularly among children and the elderly. In addition, it can irritate

the eyes, and it is characterized by the distinct and unpleasant odor of rotten eggs. Sulfur diox-

ide leads to the formation of SOx, which reacts with other compounds to form tiny particulate

11The e↵ects of these pollutants include infant mortality, respiratory diseases, hospital admissions, and pro-
ductivity losses. Currie et al. (2014) o↵ers a review of the health economics literature on the impacts of air
pollution on various health outcomes.
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matter, notably PM2.5.12 These tiny particles can penetrate deep into the lungs; consequently,

they can have severe impacts on respiratory diseases and premature mortality. Sulfur dioxide

is short-lived in the atmosphere and thus does not travel far from its point source.13 How-

ever, particulate matter formed through reactions involving SO2 can travel tens of miles away

from emission sources; as a result, SO2 emissions can have far-reaching impacts through the

formation and transport of PM2.5.

Nitrogen oxides are mixtures of odorless and transparent gases that are composed of nitro-

gen and oxygen molecules. Repeated exposure to high levels of NOx can lead to the irritation

of respiratory systems and cause or aggravate respiratory diseases, particularly asthma, leading

to hospital admission. Children and the elderly are particularly sensitive to NOx exposure.

Nitrogen oxides are also responsible for the formation of particulate matter and ground-level

ozone, particularly in hot temperatures, which have severe impacts on health.

Throughout most of the world, air pollution has exhibited an upward trend, reflecting

the relentless growth of industrial and fossil fuel energy production and consumption. One

notable exception has been the US, where local air pollution has been significantly reduced

over the past 30 years, particularly since 2005: between 2004 and 2014, the air concentrations

of SO2, NOx and PM2.5 dropped by more than 75%, approximately 40% and approximately

25%, respectively, relative to their 2004 levels (see Figure I.5 and Figure I.7). The eastern

parts of the US were particularly a↵ected by this unprecedented abatement of air pollution,

as can be observed from the state-of-the-art satellite measurements of NOx, SO2 and PM2.5

concentrations shown in Figure 1.

How were these unprecedented air quality improvements achieved in the eastern US? Un-

derstanding the mechanisms that led to the abatement of air pollution in the US could be

essential in helping the WHO achieve its goal of a two-thirds reduction in air pollution-related

premature deaths worldwide. In 2005, fossil fuel power plants emitted over 75% of all SO2 and

25% of all NOx emissions in the US14 Accordingly, these unprecedented improvements in air

quality were achieved through significant reductions in power plant emissions.

2.2 Emissions from the electricity generation sector

This section describes how power plants emit both NOx and SO2 and how they can limit

these externalities by either switching to cleaner inputs or installing and operating abatement

12Those particles have diameters smaller than 2.5 micrometers, making them 25 times thinner than the
average human hair.

13See Figure A.20, which plots the concentration of SO2 against the distance from coal power plants.
14Other sources of SO2 include heavy industries and volcanoes, and other sources of NOx include transporta-

tion and heavy industries.
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technologies.

2.2.1 Emissions as externalities

Figure A.1 describes the electricity generation process at the coal unit level. This process

consists of burning coal in the boiler, a large chamber bounded by walls lined with steel tubes.

Fuel combustion generates heat that is transmitted to high-pressure demineralized water that

fills the steel tubes. The high-pressure steam released by the boiler (at temperatures exceed-

ing 550�C) drives a turbine in the turbo generator. The metallic generator rotates within a

magnetic field, which produces alternating current by induction following Faraday’s law. The

generated current leaves the generator, after which it is adapted within the transformer and

then transmitted over high-voltage transmission lines.

The burning of fossil fuels in the boiler generates incombustible materials (ash and particu-

late matter), toxic gases (NOx and SO2), greenhouse gases (carbon dioxide) and water vapor.

These byproducts are released into the air through the stack : a large chimney connected to the

boiler. These emissions constitute the main externality of generating electricity through the

combustion of fossil fuels. However, the amounts of NOx and SO2 released into the atmosphere

can be limited by either switching to cleaner fuels (see section 2.2.2) or installing and operating

capital-intensive technologies that can filter out pollutants at the stack level (see section 2.2.3).

Fossil fuel power plants are composed of several electricity generation units that can use

coal-specific, oil-specific or gas-specific boilers. Figure I.1 maps out fossil fuel power plants

according to the type of boiler: certain power plants have only gas-specific boilers, whereas

others have only coal-specific boilers. Nonetheless, some power plants contain oil-specific, gas-

specific and coal-specific boilers and can therefore decide to generate electricity using some or

all units.

2.2.2 Fossil fuels: inputs

In 2005, 70% of all generated electricity was produced by fossil fuel power plants.15 These

power plants are composed of electricity generation units that burn one of three main types

of fossil fuel, namely, coal, gas, and oil, in their boilers, and di↵erent types of fuel cannot

be interchanged within a boiler. Di↵erent varieties of coal, gas and oil are available, and the

quality of each variety can be defined by three measures: the heat content (in MMBtu per unit

of mass) in addition to the ash content and sulfur content (in percentage of mass). The heat

content represents the amount of energy that can be extracted from the burning of a unit of

mass of the fuel in a boiler, whereas the ash and sulfur contents correspond to the quantities

15Coal accounted for 50% of the total electricity generation, while gas accounted for 20%.
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of ash and SO2, respectively, that can be formed from the burning of one unit of mass of fuel.16

Coal is a type of sedimentary rock dominated by combustible organic material that origi-

nated as plants that were deposited in swampy environments, covered by other sediments and

ultimately subjected to high pressures and temperatures for up to 350 million years. Four cate-

gories of coals are used for electricity production: anthracite, bituminous coal, sub-bituminous

coal and lignite. Most power plants use either bituminous or sub-bituminous coals. Bituminous

coals, which are predominantly found in the Appalachian Basin, have high heat contents,17 and

they have historically constituted the dominant source of coal used for electricity generation: in

2000, 60% of electricity generated from coal power plants originated from bituminous coal. In

contrast, sub-bituminous coals from the Powder River Basin were rarely used before the 1970s

due to their low heat content (18 MMBtu per ton on average compared with 24 MMBtu per ton

for bituminous coals) in addition to their high extraction and transport costs at that time.18

In the 1990s, these trends changed as a result of the implementation of the Acid Rain Program,

a cap-and-trade market targeting SO2 emissions from fossil fuel power plants (Goulder, 2013;

Schmalensee and Stavins, 2013). The sulfur content of sub-bituminous coals is 3.5 times lower

than that of bituminous coals (0.063 tons of sulfur per MMBtu of heat content compared with

0.018 tons per MMBtu for bituminous coals). However, the extraction and transport costs of

sub-bituminous coals remained high prior to the 1970s, at which time the rail system became

deregulated, making it cheaper to transport sub-bituminous coals from the Powder River Basin

across the US, and thus, extraction became profitable.19 As a consequence, coal power plants

reduced their SO2 emissions primarily by switching to cleaner sub-bituminous coals, and they

managed to comply with the price regulations of the Acid Rain Program at costs ten times

lower than what had been anticipated. Aided by an unrelated but simultaneous shock to fuel

input markets that allowed power plants to switch to cleaner coals, SO2 emissions dropped

during the implementation of the Acid Rain Program. However, not all coal power plants

could switch to cleaner coals: some power plants were locked into long-term contracts with

bituminous coal mines, while others lacked access to sub-bituminous coal sources because they

were too remote from railroads and rivers that could transport these coals (Preonas, 2017).

Thus, under the Acid Rain Program, it remained cheaper for many coal power plants in the

eastern US to purchase extra emissions permits under the SO2 market instituted by the Acid

Rain Program than to reduce emissions; consequently, the local air pollution emitted from

16Table I.4 describes the heat input, ash and sulfur contents and costs of the coal, gas and oil used in fossil
fuel power plants in the US.

17Give number and refer to table in the appendix
18In 1990, sub-bituminous coals accounted for less than 20% of all electricity generated from coal.
19Figure I.2 provides a map of the coal deposits in the US.
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these plants remained an issue in the densely populated eastern US (Chan et al., 2015).

Oil-fired20 electricity generation units provide small amounts of the electricity capacity and

net electricity generation in the US. Oil units, which are often paired with gas or coal units that

are used as a base for electricity generation, can be used during peak hours when electricity

prices are high. Indeed, oil units are fast and cheap to both start and stop. However, oil is

up to 8 times more expensive than coal (Figure I.4). Moreover, the combustion of oil releases

larger amounts of both SO2 and NOx than does the combustion of either gas or coal (Table I.7).

Gas refers to hydrocarbons composed mostly of methane, ethane and propane.21 Gas deposits

occur naturally and are often mixed with crude oil reservoirs. Prior to recent technological

advances in its extraction and transport, gas was an oil exploration byproduct and had to be

burned o↵ at oil exploration sites (flaring). Improvements in three-dimensional computerized

geophysical exploration, refining methods, horizontal drilling in the 1980s, vertical drilling in

the 1990s, and hydraulic fracturing in the 2000s22 permitted the extraction and transport of

unprecedented amounts of gas throughout the US. The shale gas boom of the 2000s and 2010s

led to a sharp decrease in the price of natural gas relative to coal, a↵ecting the electricity supply

curve merit order,23 that is, electricity production became progressively cheaper with gas than

that with coal. Figure I.4 displays the evolution of the price ratio of a unit of the heat content

contained in gas and oil to a unit of the heat content contained in coal. As a consequence, a

large number of new gas power plants were built in the 2000s (Davis, 2010). Since the burning

of gas in gas boilers releases almost no SO2 and approximately 25% less CO2 per unit of the

heat content, these newly constructed gas power plants and the subsequent retirement of older

coal units contributed to the abatement of pollution within the electricity generation sector in

the US (Knittel et al., 2015).

The vast majority of the coal power plants operating during the 2000s throughout the

eastern US were still young; in addition, a majority of those plants were composed of coal

units only, and thus, switching from coal units to gas units as a mechanism to reduce emissions

was impossible. Furthermore, it was not possible to switch to cleaner coals as a mechanism

to reduce emissions because these plants were either locked into long-term contracts with

bituminous coal mines or too remote to access sub-bituminous coals. In other words, switching

20I use oil and petroleum interchangeably throughout the paper.
21I use gas and natural gas interchangeably throughout the paper.
22This technique forces a mixture of pressurized water, sand and various chemicals into wells drilled horizon-

tally through shale deposits.
23The merit order of coal, oil and gas units within a power plant reflects the order of their short-run marginal

costs of electricity production.
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to cleaner fuel inputs is a low-cost solution to reduce emissions that has not always been

available to all power plants. Nonetheless, another option to reduce emissions from coal boilers

resides in the installation of capital-intensive abatement technologies.

2.2.3 Abatement technologies

Abatement technologies can be installed at the stack level to limit emissions from the burning

of fossil fuels.

For SO2, two main types of control equipment exist for coal units: wet flue gas desulfuriza-

tion (FGD) technologies24 and dry FGD technologies.25 In wet FGD systems, SO2 is filtered

out of the polluted gas stream through contact with a liquid sorbent either by forcing the gas

into a pool of the liquid (in JB systems) or by spraying the sorbent (in SP systems). In dry

systems, SO2 is removed by putting the gas into contact with a semi-dry sorbent through use

of a spray dryer.

Most importantly, dry FGD systems cannot be used in boilers that burn high-sulfur-content

coals, as their e�ciency drops dramatically with the SO2 concentration in the emitted gas. As

a result, dry FGD systems are an option only for coal plants that can burn low-sulfur sub-

bituminous coals. For those units that do not have access to low-sulfur-content coals, the only

option available to reduce the emissions of SO2 is wet FGD, which can remove up to 98% of

SO2 from the gases flowing out of boilers.26

Two main types of abatement technologies exist for NOx:27 selective catalytic reduction

(SCR) technologies and selective non-catalytic reduction (SNCR) technologies. For SNCR

technologies, ammonia vapor is injected into the gases exiting the boiler to react with NOx,

producing acids and water. SCR operates similarly but achieves higher rates of filtering by

using a catalyst bed composed of various metals; as a consequence, SCR systems are more

costly than SNCR technologies.

Compared with the technologies utilized to remove SO2, NOx removal systems are much

less capital intensive (the capital costs for NOx systems are up to fifty times lower than those

24In the dataset used in the analysis and described in section 3, three technologies fall into this category: jet
bubbling reactor (JB) scrubbers, tray-type (TR) scrubbers, and spray-type (SP) scrubbers. These technologies
di↵er with regard to the chemical used to dissolve and capture gaseous SO2.

25Four technological sub-categories are observed for dry FGD technologies in the dataset: venturi-type (VE)
scrubbers, circulating dry (CD) scrubbers, spray dryer-type, semi-dry (SD) FGD, and dry sorbent injection-type
(DSI) scrubbers.

26Cicala (2015) shows that privately owned plants in deregulated markets during the early 2000s were more
likely to switch to cleaner coals, which constituted a less costly option than investments in abatement technolo-
gies, to reduce SO2 emissions. Under the more stringent regulations of the late 2000s that compose the focus
of our analysis, power plants had to install abatement technologies to reach new caps.

27Here, I list post-combustion technologies that remove NOx from the gases produced by combustion. How-
ever, other techniques, including the regulation of the flame characteristics, such as the temperature and fuel-air
mixing characteristics, exist to limit NOx emissions during combustion.
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for SO2 removal technologies).

Most importantly, NOx technologies run on electricity and hence can be switched on and

o↵. This means that plants equipped with such systems can decide not to operate them and

continue to emit NOx. As a consequence, most power plants in the eastern US installed

NOx abatement technologies and operated them in the summer months to comply with the

NOx Budgeting Program28, which imposed a cap-and-trade market on summertime emissions.

These same power plants would switch their abatement technologies o↵ during unregulated

winter months to avoid operational costs. This is an important feature of these technologies,

and it will be discussed in greater detail in section 4.

3 Data

3.1 Data sources

1. Power plant emissions. The EPA installed monitors on every boiler in the country

to precisely measure their emissions of SO2, NOx and CO2 at an hourly frequency. I collected

these SO2 and NOx emissions data from the EPA’s Air Markets Program Database,29 which

contains observations at the electricity generating unit level. The majority of emissions are

monitored using a continuous emissions monitoring system at the stack level, implying that

these data are of particularly high quality.

2. Power plant operations and costs. The US Energy Information Administration

(EIA) collects a large amount of information on the operations and costs of power plants.

Accordingly, I assembled and constructed a detailed dataset at the monthly frequency and

plant level by pulling data from a variety of surveys conducted by the EIA. The database

I assembled includes information acquired monthly on power plants’ generation capacities

according to the type of fuel, their electricity generation (both the net generation and the

gross load), quantity and quality, their costs of fuel inputs, and their adoption of abatement

technologies. I augmented this dataset with information on yearly revenues accrued from

electricity generation at the utility level.

Data regarding power plants’ technical characteristics, including the generator capacity

according to the type of fuel, the initial operation dates and planned retirement dates of the

boiler and generator, and the plant coordinates were retrieved from the EIA. Information

28See section ??.
29See appendix ?? for a complete description of the data sources used and how to access the publicly available

datasets.
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on the boiler type and design, the generator type, design and capacity, the stack design and

height, and the power plant addresses was retrieved from Forms 767 between 2001 and 2005 and

Forms EIA860 from 2006 onward. These forms contain information on all operable, proposed

and retired units within every fossil fuel power plant with a nameplate capacity exceeding 50

MW. These datasets also contain information on the first day of operation and the planned

retirement date (year-month) for every electricity generation unit.

Data were also obtained on the fuel delivered to every power plant at a monthly frequency

containing information regarding the type of fuel (gas, oil, or coal), the type of coal (either

bituminous or sub-bituminous), the fuel heat content, the fuel sulfur content, the fuel cost and

the quantity of fuel delivered. These data were retrieved from EIA Forms 423 and 923.30 As

fuel costs were not available for deregulated, privately owned plants, I also assembled data

on fuel prices from the EIA at a monthly frequency and at the state level. I complemented

these data on fuel costs at the power plant level with data on yearly and state-average fuel

prices faced by the electricity generation sector obtained from EIA State Energy Data System

(SEDS) forms.

Data on the net electricity generation at the generation unit level within each fossil fuel

power plant were further collected at a monthly frequency. These data contain information on

the quantity of electricity produced (in MWh) according to the type, quantity and quality of

fuel input.31

Data on the adoption of abatement technologies and setup costs for NOx and SO2 for each

boiler within every power plant in the US were gathered from the EIA. In particular, the EIA

reports information with a monthly frequency on the installation of di↵erent technologies used

to reduce the emissions of NOx and SO2 and the corresponding costs incurred by power plants.

Furthermore, information on the abatement technology type, manufacturer, installation date

(month-year) and installation costs were retrieved from yearly EIA publications, namely, Form

767 from 2001 to 2005 and from Form 860 from 2006 onward.

Finally, information regarding the owner and operator of each power plant in addition to the

electricity market regulations was retrieved from Form EIA860. Utilities’ electricity generation

revenues were retrieved from EIA Forms 861 and 861S, which are collected annually from both

utilities and independent producers of electricity.

3. Air quality data. Air quality data were derived both from observations at ground-

level monitoring stations installed across the country and from novel satellite imagery. The

30Every year, the EIA uses these forms to collect data on the fuel quality (heat content in addition to sulfur
and ash contents), fuel costs for utility-owned plants, and fuel origin (coal mines). EIA Forms F906, E423, and
F423 were used from 2002 to 2007, and pages 3 and 5 of Form F-923 were used from 2008 to 2015.

31These data are collected by the EIA and published yearly on page 1 of Form F-923 from 2008 onward.
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EPA has installed monitoring stations in population centers across the US. These monitoring

stations measure the concentrations of six criteria air pollutants: NOx, SO2, carbon monoxide,

lead, mercury and particulate matter. These stations precisely measure those pollutants at

a high frequency; however, their geographic coverage is limited. Measurements of NOx and

SO2 were derived from satellite imagery acquired by NASA’s Ozone Monitoring Instrument,

which produces daily measurements of NO2 and SO2 air columns over the US and reports them

with a resolution of 0.25 by 0.25 degrees. I aggregated these daily measurements at a monthly

frequency and at the block group level. I also validated these measurements by estimating the

correlations among the pollutant concentrations derived from both satellite measurements and

monitoring measurements in counties that possess monitors. Finally, I used processed PM2.5

concentration data with a 0.05 by 0.05 degree resolution from (van Donkelaar et al., 2015) that

I describe in greater detail in section I of the supplemental materials.

4. Housing data. Housing data were derived from Corelogic.32 This dataset contains

micro-level data on most housing transactions in the US. In particular, I used the dollar

amounts of sales of residential units that the dataset collected from 2000 to 2016. I used the

transaction date, dollar amount and location (latitude, longitude) of all units sold in the US

during the period of study.

5. Other datasets. I used data from the 2000 and 2010 Censuses and the American

Community Surveys of 2009, 2010, 2011, 2012, 2013, 2014 and 2015. These datasets contain

information on the population age, race, income, and education at the block group level. They

also contain information on the built environment at the block group level: number of housing

units and gross rent.33 I used Geographic Information System techniques that I coded in

Python to create summary statistics in circles around every power plant in the US. I then used

these variables as controls in the housing regressions detailed in section 7.34

Measurements of local temperatures were derived from ground-level monitoring stations

and aggregated at a daily frequency on a 2.5 km by 2.5 km grid across the contiguous US35 I

subsequently calculated measurements of extreme heat and cold using commonly used degree-

day methods and aggregated them at the monthly frequency on every grid cell in the contiguous

US.
32Columbia Business School’s Milstein Center for Real Estate graciously made these data available to me.
33I downloaded data from the National Historical Geographic Information System website. The data produced

by the Census were assembled at the block group level by Steven Manson, Jonathan Schroeder, David Van Riper,
and Steven Ruggles in the Integrated Public Use Microdata Series (IPUMS) National Historical Geographic
Information System: Version 12.0 Minneapolis: University of Minnesota. http://doi.org/10.18128/D050.
V12.0. More information and descriptive statistics are available in the online appendix I.

34Similar data aggregation techniques are used in Benatiya Andaloussi and Isaksen (2017).
35Wolfram Schlenker graciously shared the Parameter-elevation Relationships on Independent Slopes Model

(PRISM) data with me.
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3.2 Merging data sources

I used data on the locations of power plants (longitude, latitude) to merge all of the geographic

datasets. Specifically, I constructed circles of various radii around every power plant and

intersected other datasets using Geographic Information System methods coded in Python. For

gridded datasets (such as the PRISM and satellite data), I averaged the measurements of the

intersections between the circles and grid cells based on area weights. For shapefiles containing

information on the population (from the Census), I constructed circles with measurements

by weighting shape measurements with the population of the intersection. For point-level

data with coordinates (notably for housing transactions), I calculated the distances between

power plants and other point locations and aggregated the information in di↵erent circle radii.

Finally, I merged the data on power plant emissions, operations and costs using the power

plants’ unique identifiers provided by the EIA.

4 Cap-and-trade markets

To curb emissions of SO2 and NOx from fossil fuel power plants in the eastern US, the EPA

introduced cap-and-trade markets. Under these regulations, power plants receive an initial

number of allowances corresponding to the amount of pollutants they can emit with no penalty.

Above that limit, a power plant needs to purchase additional emission permits to continue

emitting pollutants. If a plant finds it less costly to abate emissions and reduces emissions

below its initial cap, it can sell its unused permits. Accordingly, a market is created in which

facilities with a low marginal cost of abatement can sell their unused permits to facilities that

need to emit pollutants over their initial allowances. This system allows the industry to reach

an aggregate cap on emissions fixed at the onset of the policy.

As described in Figure A.2, the EPA adopted the CAIR in 2005. This rule implemented

three separate cap-and-trade markets in 27 eastern states: a summertime market for NOx

emissions, an annual market for NOx emissions and an annual market for SO2 emissions from

2008 to 2014. All three markets targeted every fossil fuel power plant in the region. Figure 2

provides an overview of the states and power plants covered by the new cap-and-trade markets.

4.1 Emission markets for NOx

4.1.1 Summertime emission markets

Under warm temperatures, NOx react to form ground-level ozone, which has severe impacts on

health. Thus, the EPA initially launched a policy in 2003 that operated until 2008 as the NOx

Budgeting Program to reduce summertime emissions of NOx. From 2003 to 2008, the NOx
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Budgeting Program sought to reduce summertime NOx emissions by imposing a cap-and-trade

market on power plants’ summertime NOx emissions.36

Findings indicate that the NOx Budgeting Program led to substantial reductions in sum-

mertime NOx emissions (Deschênes et al., 2017; Fowlie, 2010; Fowlie and Muller, 2013). A

majority of covered power plants installed NOx abatement technologies that could be switched

on during summer months to filter out NOx emissions regulated under the policy. Panel (a) of

Figure 10 shows that a wave of adoption of NOx abatementement technology followed the NOx

Budgeting Program adoption at plants in the eastern US. However, these technologies were

switched o↵ during unregulated winter months, and wintertime emissions of NOx remained

high (Figure 3). As a consequence, the EPA decided to regulate wintertime emissions of NOx

while maintaining a summertime market with a tight cap on emissions. With the CAIR, the

EPA continued the existing cap-and-trade market for summertime emissions of NOx and in-

troduced an annual market with an annual cap for NOx emissions. The annual market thus

constituted a break in policy only during winter months.

4.1.2 Annual emission market

In March 2005, the EPA adopted the CAIR, which was subsequently implemented in 2008.

Under the new rule, the EPA continued the summertime NOx emissions market that was in

place under the NOx Budgeting Program. In addition, it introduced another market with an

annual cap on NOx emissions. Thus, the annual cap-and-trade market for NOx constituted a

break in policy only for wintertime emissions. Figure 5 displays how wintertime NOx emissions

sharply responded to the 2008 implementation of the annual cap on NOx emissions.

Figure 3 displays the average daily NOx emissions across coal power plants in the CAIR

region. It shows that during the NOx Budgeting Program, power plants abated emissions in

the Summer only, from May 1st to September 30th. They used abatement technologies that

could be switched on and o↵. On September 30th, plants switched abatement technologies o↵

and NOx emissions were not controlled outside of the NOx Budgeting Program market period.

This changed with the implementation of the annual market for NOx emissions, which the

CAIR introduced. As depicted in Figure 3, plants continued to abate NOx emissions in newly

regulated months under the CAIR.

4.2 The SO2 market

Another of the three programs implemented under the CAIR was the SO2 market, which

operated from 2009 to 2014 and imposed a cap intended to reduce SO2 emissions by 70% relative

36Under this policy, “summer months” correspond to the period between May 1 and September 30.
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to the levels in 2003. With this market, the CAIR complemented the existing nationwide SO2

market implemented under the Acid Rain Program. Despite the early successes of the Acid

Rain Program, its cap was never reached, and SO2 emissions from power plants in the eastern

US remained high. The CAIR was the most stringent policy designed theretofore to limit SO2

emissions. Because of this stringency and the desire to provide power plants the time to prepare

the required abatement measures, the EPA planned a period of almost four years between the

adoption and implementation of the policy. To encourage early reductions, the EPA allowed

CAIR plants to bank their allowances from the Acid Rain Program for which the vintage year

preceded 2010. Under this incentive, plants could use one Acid Rain Program permit from an

earlier vintage year for one CAIR allowance. This constituted a strong incentive because 70%

fewer allowances would be initially allocated by the EPA under the new market. Consequently,

power plants started installing abatement technologies and reducing their emissions upon the

policy’s adoption.

The stringency of the CAIR came as a surprise to the industry. No one expected that

the EPA would adopt a rule that would limit emissions by two-thirds. The CAIR caused

a large spike in SO2 allowance prices within the acid rain market when the policy was an-

nounced, and the spike was even more pronounced after its adoption: prices rose more than

tenfold (Schmalensee and Stavins, 2013). Under the CAIR, plants were allowed to bank their

Acid Rain Program allowances and use them during the CAIR implementation. This consti-

tuted an incentive for early abatement as one ARP allowance could be exchanged with two

allowances in the CAIR markets. The prospect of the new CAIR market caused the demand

for SO2 allowances to rise, which contributed to the unprecedented spike in allowance prices,

as illustrated in Figure A.3.

Under the expectation that market prices could remain high or volatile, investing in capital-

intensive abatement technologies became a less uncertain and costly compliance method than

relying on the purchase of additional permits on the market. As many plants started to retrofit

their coal units and to install technologies that could drastically reduce emissions, aggregate

SO2 emissions began to decline after the approval of the CAIR in 2005. This accompanied a

decrease in the demand for allowances on the market, and thus a decrease in allowance prices.

By 2012, the SO2 cap imposed by the CAIR on aggregate emissions was met, and allowance

prices dropped to trivial levels.

4.3 Legal challenges and replacement policy

As is common for EPA rules, the CAIR was challenged in court as soon as it was adopted.

States and industry representatives challenged the EPA on the grounds that it did not have the
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authority to regulate interstate matters. This created uncertainties regarding the implemen-

tation of the CAIR. In 2008, the Supreme Court vacated the CAIR, ruling that only Congress

could impose interstate emission markets in which power plants from di↵erent states could

trade.37 Most importantly, however, the Supreme Court did not question the stringency of the

policy and did not prohibit its implementation. Instead, it allowed the EPA to implement the

CAIR and mandated that it revise the policy, the goal of which was to replace the interstate

trading scheme with state-specific policies that would achieve the same cap. In these markets,

power plants would only be allowed to trade allowances with plants within the same state.

In 2011, the EPA announced the set of policies that would replace the CAIR from 2014

onward: the Cross-State Air Pollution Rule. This new rule imposed state-specific cap-and-trade

markets for summertime NOx emissions, annual NOx emissions and annual SO2 emissions.

More importantly, the stringency of these rules was unchanged from the CAIR. If anything, it

became more apparent to the industry that emissions would become more costly. Accordingly,

the prices in the newly created markets rose.

The CAIR and replacement policy sent a clear message to power plants and established

clear expectations:38 emissions would be regulated with unprecedented stringency. Uncertainty

remained on the policy tools that would be used to achieve abatement in the medium-to-long

run. In that context, investment in abatement technologies was a way to comply with the

existing policies and an insurance mechanism against uncertain future policies.

4.4 Causal impact of the markets on emissions

4.4.1 Empirical strategy

To identify the causal impact of the CAIR markets on the emissions of targeted power plants,

the analysis presented herein proceeds with an estimation of the di↵erence-in-di↵erences spec-

ification.39 The aim of this estimation is to compare the evolution of emissions at targeted

37The Commerce Clause in Article I, Section 8 of the US Constitution specifies that Congress has the power
“to regulate commerce with foreign Nations, and among the several States, and with the Indian Tribes.” Since
the Clean Air Act was established in 1970, every major environmental law has relied on this Constitutional
power. In the Clean Air Act, Congress establishes a specific version of that power and grants it to the EPA.
However, there are di↵erent interpretations of the scope of the EPA’s power to rule on environmental matters
without a vote in Congress.

38Similarly, the EPA revised the National Ambient Air Quality Standards, which set limits of air concen-
trations of criteria air pollutants such as PM, SO2, NOx and O3 at the county level. These standards do not
directly regulate emissions. States are responsible to limit emissions so that counties within their boundaries
stay in attainment. If a state fails to do so, the EPA can engage in retaliations, which may eventually lead
to the reduction of federal funds allocated to the state. By setting lower air pollution limits and reducing the
NAAQS, the EPA sent the clear message that it was to target air pollution aggressively. The EPA proposed
the CAIR and replacement policies to help states achieve the NAAQS, and many states in the CAIR only
adopted the markets and did not follow any other policies to target fossil fuel power plant emissions. This
can be systematically checked in the State Implementation Plans, a legal document that lists all environmental
policies related to air pollution at the state level. Figure A.4 displays the evolution of the proportion of CAIR
and non-CAIR counties in attainment to the NAAQS. I am grateful to Nicholas Muller for sharing data on
county attainment status with me.

39This closely follows the procedure implemented in Benatiya Andaloussi and Isaksen (2017), in which we
investigate the distributional impacts of the CAIR markets by evaluating whether the markets led to greater
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plants located in the states involved in the CAIR with the evolution of emissions from power

plants located outside the a↵ected region (see Figure 2 for a map of the treated and control

group plants) before and after treatment.

ej,t = �1CAIRj,t + f(Xj,t) + cj + �t + ✏j,t, (1)

where ej,t are the power plant-level emissions in month t, CAIRj,t is a dummy variable equal

to one during the treatment period for treated plants and zero otherwise, f(Xj,t) is a flexible

set of time-varying controls, cj represents power plant-specific fixed e↵ects, �t denotes time

dummies (month ⇥ year), and ✏j,t is the idiosyncratic error term.

Identification relies on the assumption that absent the adoption and implementation of

the CAIR markets, the evolution of emissions would have been similar at power plants in the

treated and control units—the parallel trends assumption.40

In the case of NOx, the CAIR represented a break in policy for winter months alone. As

explained above, this rule replaced and continued an existing market on summertime NOx

emissions. The NOx Budgeting Program, which was in e↵ect between 2003 and 2008, led to

sharp reductions in summertime emissions. To comply with the CAIR, power plants installed

abatement technologies that could be switched on and o↵ (as described in section 2.2.3). Since

NOx emissions were not regulated during winter months, plants switched their abatement tech-

nologies o↵ during this period. The annual cap-and-trade market on NOx emissions introduced

by the CAIR in 2008 was intended to regulate this externality and force plants to use their

technologies during winter months.

To identify the e↵ect of the annual cap on wintertime emissions, one can estimate the

following triple-di↵erences specification that seeks to evaluate the changes in wintertime emis-

sions relative to summertime emissions from plants within the CAIR region compared with the

control group before and after the annual market was introduced.

ej,t = ↵1CAIRj,t + �1CAIRj,t ⇥ wintert

+ ↵2postt ⇥ wintert + f(Xj,t) + cj + cj ⇥ wintert + �t + ✏j,t.
(2)

emission reductions in wealthier areas.
40As in such settings, there is no direct test for the validity of the parallel trends assumption. However, to test

whether trends di↵ered in the pre-treatment period, one can estimate a di↵erence-in-di↵erences specification in
which the treatment is interacted with time dummies.

ej,t =
MX

m=0

��mCAIRj,t�m +
KX

k=1

�+kCAIRj,t+k + f(Xj,t) + cj + �t + ✏j,t,

The results of this event-study-like specification are presented in Figure 4
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In the case of this triple-di↵erences estimation, identification relies only on the weaker as-

sumption that no wintertime shocks in the treated area confounded the e↵ects of the markets.41

4.4.2 Results

The results of the estimations of the di↵erence-in-di↵erences specification 1 and the triple-

di↵erences specification 6 are presented in Table 1 for a balanced panel of power plants that

operated throughout the policy’s implementation. The estimations employ data acquired by

the EPA with a monthly frequency on power plant emissions of NOx and SO2 for every power

plant in the contiguous US. All regressions include facility-specific fixed e↵ects to control for

time-invariant plant characteristics and a temporal trend to control for country-wide time-

varying shocks. The results indicate that the CAIR led to an average decrease in annual SO2

emissions of 28% for a balanced panel of coal power plants. In the case of NOx, the triple-

di↵erences estimation demonstrates that the CAIR led to a decrease of 60% at CAIR power

plants in the winter compared with the summer. Figures 4 and 5 present event-study-like

graphs and show that trends in emissions were similar at plants in the treatment and control

groups prior to the implementation of the CAIR.42

These results are robust to the inclusion of a battery of time-varying controls. To account

for potential changes in weather conditions that would be correlated with the CAIR treatment

and could drive the demand for electricity, controls for temperatures are derived from the

PRISM dataset described in the data section. These controls include measures of the mini-

mum and maximum temperatures and measures of extreme heat and cold derived for circles

around every power plant. To control for changes in economic activity that could drive changes

in the demand for electricity, controls for economic activity at the state level are also included.

Furthermore, state-specific ratios of the gas price to the coal price at a monthly frequency are

included to account for changes in the relative prices of gas and coal that could be correlated

with the implementation of the CAIR.43

This part of the analysis uses a balanced panel of power plants and reveals that declines

in emissions materialized at power plants that continued to operate throughout the policy

41As in the di↵erence-in-di↵erences case, the parallel trends assumption cannot be tested directly.

ej,t =
MX

m=0

↵�mCAIRj,t�m +
KX

k=1

↵+kCAIRj,t+k

+
MX

m=0

��mCAIRj,t�m ⇥ wintert +
KX

k=1

�+kCAIRj,t+k ⇥ wintert

+ ↵2postt ⇥ wintert + f(Xj,t) + ci + ci,j ⇥ wintert + �t + ✏j,t.

42For SO2, because the EPA created incentives for early emission reductions as explained above, the adoption
of the CAIR constitutes by itself a break in policy.

43Additional robustness checks are developed in Benatiya Andaloussi and Isaksen (2017).
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implementation period. On average, these plants reduced their monthly emissions by 30% in

response to the policy. Aggregate emissions in the CAIR region decreased fourfold for SO2 and

threefold for NOx in only eight years (see Figure 7). To understand why the emissions from

the electricity generation sector declined so dramatically in the CAIR region, the rest of this

paper proceeds with a detailed accounting exercise of the mechanisms employed at the power

plant level to achieve the observed abatement of air pollution. In particular, the analysis

conducted in section 5 distinguishes the roles that the switching of fuels, the retirement of

coal generation units and the adoption of abatement technologies played in the substantial

reduction in emissions.

5 Statistical decomposition of power plant emissions

5.1 Abatement strategy

To reduce emissions, power plants are given three distinct options for boilers that continue to

operate: switch to cleaner inputs, reduce the output—electricity generation—or install capital-

intensive abatement technologies.

At the boiler level, those choices are separable. As discussed in section 2.2.3, lower-cost

abatement technologies (dry scrubbers) can be used with low-sulfur coals only, while high-cost

wet scrubbers function only with the burning of high-sulfur coals. Those technical characteris-

tics imply that power plants will either invest in capital-intensive scrubbers or switch to cleaner

sub-bituminous fuels to reduce emissions.44 In a regression discontinuity-like graph, Figure 6

plots the monthly average boiler emissions before and after the installation of abatement tech-

nologies.45 These findings show that the adoption of abatement technologies has immediate

and long-lasting e↵ects on boiler emissions: up to 98% of emissions are filtered following the

adoption of these technologies.

If changes in the input quantity and quality are systematically correlated with the timing

of technology adoption, it will be di�cult to separate their e↵ects on emissions. It is therefore

useful to reproduce regression discontinuity-like graphs that plot measurements of the elec-

tricity production and fuel pollution intensity against the timing of technology adoption. In

particular, emissions of carbon dioxide are correlated with the type and amount of coal burned

in the boiler.46 Hence, Figure A.7 plots boiler-level emissions of carbon dioxide against the

44A boiler is designed specifically for one type of fuel: it can function with any sort of coal but cannot burn
gas. Switching fuels from coal to gas would lead to the more intensive use of gas-specific units in coal power
plants that are equipped with both coal-specific and gas-specific units.

45Figure A.5 reproduces these graphs according to the type of abatement technology.
46These emissions are not filtered out of the output gases by scrubbers because carbon dioxide does not

dissolve easily and is thus di�cult to capture. For these chemical reasons, abatement technologies for NOx and
SO2 do not a↵ect carbon dioxide emissions.
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timing of technology adoption, demonstrating the lack of significant changes in carbon dioxide

emissions—and hence the type and quantity of coal burned—that would be correlated with

the installation of emission controls.

5.2 Empirical approach

A power plant j is composed of several boilers i. The emissions ei,t from boiler i in month t

can be reduced by decreasing the amount of electricity produced, switching to cleaner fuels to

produce the same amount of electricity, or installing capital-intensive abatement technologies to

filter out pollutants from its air outflows. As discussed above, the emissions of boiler i in month

t can be decomposed into an extensive margin—the generated electricity—Yi,t, an intensive

margin that captures the intensity of emissions from the fuel inputs ⇡i,t, and a technology

channel ✓i,t. The emissions ei,t could thus be written as follows:

ei,t = Y ↵
i,t⇡

�
i,t✓

�
i,t, (3)

where Yi,t is the generated electricity for boiler i in month t (in MWh), ⇡i,t is the emissions

intensity of the fuel inputs (in the sulfur content per MWh) for boiler i in month t, and ✓i,t

represents the abatement technologies installed on boiler i in month t.47

5.3 Estimation

To decompose the emission reduction channels at the power plant level, I estimate three power

boiler-level parameters, namely, ↵i, �i, and �i, in regressions that are run for every boiler that

was operable continuously from 2005 to 2014:48

log(ei,t) = �i✓i,t + �ilog(⇡i,t) + ↵ilog(Yi,t) + ✏i,t, (4)

where ei,t represents the emissions of boiler i in month t, ✓i,t is a dummy variable equal to

one on all dates after the month t of the installation of an abatement technology and a unit

i, ⇡i,t is the pollution intensity of the fuel burned in boiler i in month t, Yi,t is the electricity

generated by unit i, and ✏i,t is the idiosyncratic error term.

47The emissions intensity of the fuel inputs used to produce electricity with boiler i is derived as follows:

⇡i,t = f�1
i ⇥ si,t ⇥ h�1

i,t ,

where si,t is the pollutant content of the fuel inputs (in percentage of mass), and hi,t is the quality of fuel
inputs measured in the heat content of the fuel (in MMBtu per unit mass). The conversion factor fi captures
the e�ciency of the electricity generation unit at transforming the primary energy contained within the fuel
inputs (in MMBtu) into electricity (in MWh): it represents the amount of electricity that can be produced per
unit of heat generated through the burning of the fuel (in MWh per MMBtu). Hence, fi depends on the design
of boiler i and the associated generators and gives an indication of its e�ciency.

48The assumption here is that the adoption of abatement technologies, the switch to cleaner fuels and the
decision to decrease electricity production are separable, as discussed above.
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These regressions enable the recovery of estimates of the share of the reductions in emissions

achieved through technology adoption (�̂i), fuel switching (�̂i), and output reduction (↵̂i) at

the boiler level for a balanced panel of power plants between 2005 and 2014. Estimates of these

parameters are recovered for each of the 1,483 fossil fuel boilers continuously operating in the

CAIR region from 2005 to 2014.

5.4 Results

5.4.1 Technology adoption

As mentioned above, boilers running on high-sulfur bituminous coal can use only capital-

intensive wet scrubbers. Of the 432 boilers running on bituminous coal in 2005, 175 installed

an abatement technology. On average, the installation of a wet scrubber led to a 91% reduction

in SO2 emissions from bituminous coal boilers. Of the 143 boilers running on low-sulfur sub-

bituminous coals, only 35 installed low-cost abatement technologies, which led to an average

reduction of 15% in emissions from those boilers.

Figure 10 displays the timing of the adoption of abatement technologies at the boilers in the

CAIR region. Most NOx abatement technologies were installed at the beginning of the NOx

Budgeting Program implementation period between 2003 and 2005. In addition, a significant

wave of adoption of SO2 abatement technologies followed the announcement of the CAIR; as

a result, more than 85% of all SO2 abatement technologies were installed between 2005 and

2012.

5.4.2 Fuel switching

Within a coal boiler, it is possible only to switch to di↵erent types of coal.49 In regression 4,

the impact of switching from high-sulfur coal to low-sulfur coal at the unit level is captured

by �̂i. Of the 237 bituminous coal boilers operating in 2005 for which abatement technologies

were not installed, 58 switched to low-sulfur sub-bituminous coal, which achieved an average

reduction of 54% in emissions.

5.4.3 Reduction in output

For bituminous boilers that did not switch to cleaner coal and did not install abatement tech-

nologies, reductions in emissions were achieved through a reduction in the electricity output,

which was made possible only for coal boilers in plants that operated both coal and gas units.

In the CAIR region, 87 such plants operated during the period of analysis (see Figure I.1).

As gas prices plunged, gas units became cheaper to operate than coal units in those plants.

49Only 14 coal boilers were retrofitted to switch to gas.
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Hence, power plants used their gas units more intensively to compensate for the diminished

electricity production from coal units. Figure A.18 shows that reductions in the output from

coal units at those plants were compensated by an increase in electricity generation from gas

units.

This alternative could be regarded both as a reduction in output and as a switch from coal

to gas across units within the same plants. As the burning of gas does not emit SO2, the switch

from coal units to gas units at those plants led to reductions in emissions. Similar switching

was observed between oil units and gas units.

5.4.4 Retirement

Between 2005 and 2014, 204 coal boilers and 43 oil boilers were retired, accounting for 17.2%

of the total reduction in SO2 emissions. The vast majority of these boilers were not equipped

with any abatement technologies. The average age of retirement of these boilers was 60 years,

which was the typical retirement age for such boilers. In the same period, 130 new boilers

came into operation across the CAIR region; all of these new boilers burned gas, which emits

almost no SO2.50 Figure A.19 plots the monthly number of coal and gas units that were retired

during the period of study.

5.4.5 Aggregation at the industry level

To recover the industry-level relative importance of these emission reduction channels, the

analysis proceeds with the following aggregation:

A =
X

i2CAIR

�i↵̂i

B =
X

i2CAIR

�i�̂i

C =
X

i2CAIR

�i�̂i,

where �i is the share of emissions that boiler i accounted for in 2005 relative to the total

emissions of power plants throughout the CAIR region in the same year.

This statistical decomposition is informative of the mechanisms employed for a balanced

panel, to which this analysis adds the contribution from the retirement of coal units. Figure 8

summarizes the results obtained at the industry level in the CAIR region. In aggregate, 60%

of the total reduction in SO2 emissions in the CAIR region was achieved through the adoption

50Fifty gas boilers were also retired in the period considered.
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of abatement technologies at units that continuously operated throughout the period. The

retirement of older coal units accounted for approximately 16% of the achieved emissions

reductions, whereas switching from coal-based to gas-based electricity production in power

plants that operated both coal and gas units accounted for 13%, and switching from high- to

low-sulfur coals accounted for only 5% of the observed decline.

5.5 Costs incurred

Retrofitting coal units is a capital-intensive process. Figure 14 displays the average costs of

installation for all types of abatement technologies. Wet scrubbers that can be installed on

bituminous coal boilers are expensive pieces of equipment whose installation can cost up to

$250 million for a large boiler.51 Next, the levelized costs of these technology adoptions are

calculated. The date on which the technology was installed and each unit’s proposed retirement

date are known for all boilers. This enables the calculation of an annualized installation

cost. Reported in the amount of electricity generated, the adoption of abatement technology

represents an additional $3 dollar per MWh of electricity produced at units for which such

technologies were installed—an average increase of 2% in the costs for electricity generation.52

These investments represented a sizable 3% of utilities’ annual revenues.

The aggregate costs across all power plants operating in the CAIR region amounted to $45

billion between 2005 and 2014. This exceeded the ex ante EPA cost prediction by an order of

magnitude. These costs should be compared with the ex post calculation of abatement costs

under the Acid Rain Program, the flagship cap-and-trade market for SO2 emissions imple-

mented in the 1990s and early 2000s across the US. The EPA calculated that the aggregate

costs required to achieve reductions under this program amounted to $3 billion. This is not

surprising because the Acid Rain Program was much less stringent: it imposed a cap three

times higher than that imposed in the CAIR. Moreover, reductions in emissions at plants in

the western US were achieved by switching to cleaner coals, while plants in the east bought

emission permits on the market and continued to emit (Chan et al., 2015). As illustrated in

Figure 10, almost no abatement technology was installed at power plants in the region prior

to the adoption of the CAIR.

The high costs incurred during the adoption of abatement technologies in response to some

of the most stringent environmental policies ever implemented should be compared with the

51The low variance in reported costs from plants owned and operated by di↵erent utilities lends confidence
that reports do not inflate costs. A cross-validation of the costs incurred for a couple of abatement technology
designs confirms that the costs reported in EIA surveys are consistent.

52These costs include only the fixed installation cost. Since scrubbers need large amounts of electricity to
operate, they also incur operating costs that are not accounted for in these calculations.
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benefits of those policies. To date, no ex post cost-benefit analyses of these policies have been

reported. Accordingly, the rest of this paper estimates the health impacts of the air quality

improvements achieved across the US due to these emission reductions as well as the demand

for local air quality in the vicinity of power plants.

6 Air quality and health

The EPA is required by law to produce ex ante projections of the costs and benefits associated

with its rules. How do ex ante projections compare with ex post health benefits? In this

section, I provide the first ex post calculations of the health benefits realized through air

quality improvements.

The goal of the CAIR was to limit emissions that contributed to local air pollution in

neighboring states through the transport of particulate matter. Interestingly, the results from

back-of-the-envelope calculations show that the health impacts of reductions in SO2 emissions

were indeed greater locally.

6.1 Air quality improvements

The EPA projected that most of the benefits achieved through the CAIR would be captured

in improvements to human health, that is, through avoiding 17,000 premature deaths, 22,000

non-fatal heart attacks, 12,300 hospital admissions, 1.7 million lost work days, and 500,000

lost school days (EPA, 2005). According to the EPA, more than 90% of these health benefits

would be captured by avoiding the occurrence of 17,000 premature deaths. To the best of my

knowledge, here, I provide the first ex post estimates of the health benefits achieved through

the air quality improvements resulting from the CAIR.

To do so, I use satellite imagery of NOx, SO2 and PM2.5 air concentrations to augment

commonly used air quality data derived from ground-level monitoring stations. This is the

first paper in the economics literature to use and validate such datasets (see section I.3 for the

results of the validation exercise). The main advantage of air quality measurements derived

from satellite imagery is that they cover the entire contiguous US; consequently, an investi-

gation of the population exposure is possible. In contrast, most analyses employ air quality

measurements derived from ground-level monitoring stations that are sparsely distributed in

space (see FigureI.6) and do not provide complete measurements of the exposure of the US

population to local air pollution.53

53Other studies use dispersion models that build on air circulation models based on atmospheric sciences to
simulate the responses of local air pollution to changes in power plant emissions (Chan et al., 2015). Although
these studies provide complete geographic coverage of air pollution, they do not measure local air pollution
directly, and thus, the uncertainties regarding local exposure remain high.
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6.2 Health impacts

To associate the air quality improvements measured through satellite imagery with the corre-

sponding health outcomes, I employ estimates from the health economics literature. I focus

on infant mortality, which has been found to be the primary source of mortality resulting from

air pollution. This obviously does not capture all of the health impacts, since air pollution

has been shown to have significant consequences for morbidity, medical expenses, and adult

mortality, among others. However, this back-of-the-envelope exercise is useful insomuch that

it provides the first ex post comparison of the costs and benefits of the CAIR. Given the large

costs incurred by the electricity generation sector, it is important to establish whether the

achieved emission reductions translated into net benefits to society.

The results from this exercise, which matches air pollution data with the population, are

summarized in Table 3. Using information on natality and infant mortality at the cell level,

this analysis first determines the exposure of the population to air pollution. Back-of-the-

envelope impacts on infant mortality are produced by using estimates of the impacts of SO2,

NOx and PM2.5 on infant mortality. The estimates used for this calculation are retrieved from

the papers summarized in Table 4.

I find that decreases in the concentrations of SO2, NOx and PM2.5 resulted in 18,976 fewer

premature infant deaths between 2008 and 2014. These lower-bound calculations of health costs

are in the same range as those projected by the EPA in its analysis of the CAIR. Interestingly,

most of the deaths were avoided as a result of lower exposure to SO2 pollution in the vicinity of

power plants. This exercise presents several limitations. In particular, it is not clear whether

estimates from the literature can be used in any setting (external validity).

In future work, I plan to use shocks to emissions introduced by the adoption of abatement

technologies to estimate the impacts of SO2 pollution on various health outcomes. This unique

setting would likely improve the current literature because it provides a shock to emissions

only, which would help identify a causal impact of pollution on health.

How were improvements in the air quality valued by local residents? The next section

investigates the impacts of emission reductions on local housing markets in the vicinity of

power plants.

7 Demand for clean air: impacts on local housing markets

The goal of this section is to investigate the causal impact of the large declines in emissions

from power plants on local housing markets.
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7.1 Local pollution

The demand for local environmental amenities can be recovered through a hedonic estimation

of the impacts of changes in the environment on real estate. Estimating these e↵ects in the case

of air pollution presents several challenges. First, most local air pollutants are not observable

by residents, who may not respond to invisible changes in the local air quality. Second, many

pollutants travel long distances, thereby complicating the definitions of treated and control

areas for an empirical investigation. Third, sharp changes in the local air pollution are rare,

di�cult to observe and often confounded with other changes in economic activity. Recent

papers have focused on the opening and closure of dirty plants, which cause sharp changes in

local air pollution, along with multiple changes in the local economy and architecture. Thus,

isolating the e↵ects of pollution on local outcomes is di�cult.

An ideal experiment would seek to randomly assign various levels of air pollution to houses

while holding all other aspects constant. The analysis presented herein o↵ers a unique setting.

By observing a balanced panel of plants that drastically reduced their emissions through the

adoption of abatement technologies, the setting can better approach that of an ideal experi-

ment. In particular, technology adoption is unlikely to be directly observed by residents, but

it nevertheless leads to sharp and quasi-instant decreases in power plant emissions.

How local is sulfur dioxide pollution? An investigation of satellite imagery of pollutant

concentrations in the US reveals that most SO2 emitted from power plants lies within three

miles of the point source (Figure A.20). At the high concentrations observed in these areas,

SO2 is highly noticeable: it leads to significant irritation of the lungs and eyes and has the

distinct odor of rotten eggs.

7.2 Empirical strategy

7.2.1 Local impacts of emission reductions

The empirical strategy employed herein will exploit the di↵erential impacts of changes in power

plant emissions on the immediate vicinity of each power plant relative to locations slightly

farther away. Within a di↵erence-in-di↵erences setting, I estimate the impacts of changes in

emissions on local outcomes by comparing the evolution of outcomes close to the power plant

to that of outcomes slightly farther away. In practice, I estimate the following:54

54Similar procedures are used in Currie et al. (2015); Davis (2010). These papers estimate the impacts of the
opening and closure of dirty plants (toxic plants or gas power plants) on local housing markets. Plant openings
and closures may lead to numerous changes in local neighborhoods that would be correlated with emissions,
including changes in the landscape, tra�c congestion and noise from the plant’s operation. By using changes in
emissions driven by technology adoption at power plants that continue operating, the current setting permits
a cleaner identification of the e↵ects of changes in local pollution on local housing markets.
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yj,t,d = �0 + �1ej,t

+ �2ej,t ⇥ nearj,d

+ �3nearj,d

+ f(Xj,t)

+ cj + �t + ✏j,t,

(5)

where yj,t,d is the natural logarithm of the mean house value in month t within a circle of

radius d around power plant j, ej,t is the natural logarithm of SO2 emissions from power plant

j in month t, and nearj,d is a dummy variable indicating whether the observation lies within

a circle of radius d centered on plant j that controls for time-invariant characteristics of the

treated areas. I estimate these models using data containing observations within a circle of

radius d around plant j and contained in donuts with a radius from d to d+0.3 miles that serve

as the control group. No theoretical framework is available to define the immediate vicinity of

a power plant. Therefore, I estimate equation 5 using distances varying from 0.3 to 12.5 miles

from power plants.55

Identification assumption. The identification relies on the parallel trends assumption: in

the absence of decreased emissions at the power plant level, the evolution of housing values for

residential units close to the power plant will be similar to the evolution of those for residential

units slightly farther away.

7.2.2 Technology adoption as a shock to emissions

Equation 5 could su↵er from reverse causality. In particular, if house values are correlated with

electricity consumption, local housing prices could drive changes in net generation at the plant

level and hence influence emissions. As discussed in greater detail in section 5.4, a large share

of the reduction in emissions was achieved thanks to the installation of abatement technology

that does not influence the net generation and is likely to be uncorrelated with the evolution

of local housing prices. Hence, I use the installation of abatement technology as a shock to

emissions at the power plant level. This allows me to estimate the following model:

55Figure 16 displays the treated and control areas.
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yj,t,d = �0 + �1✓j,t

+ �2✓j,t ⇥ nearj,d

+ �3nearj,d

+ f(Xj,t)

+ cj + �t + ✏j,t,

(6)

where ✓j,t is a dummy variable equal to one in all years t after the technology is installed in

plant j, ej,t is the natural logarithm of the total emissions from power plant j in year t, and

nearj,d is a dummy variable indicating whether the observation lies within a circle of radius d

from plant j that controls for time-invariant characteristics of the treated areas. All regressions

include power plant fixed e↵ects, state-specific time trends, and time-varying controls for local

demographics recovered from block group-level data from the American Community Survey

(ACS) and summarized over the circles of interest. �2 is the parameter of interest that identifies

the e↵ects of reductions in the emissions from a given power plant on local housing prices.

7.3 Results

Table 2 displays the estimation results of the di↵erence-in-di↵erences specification modeled in

equation 5. Each column corresponds to a regression in which the treatment group corresponds

to a circle with radius d centered on a power plant. The regressions are run separately for

various values of d.

Emission reductions have a small but significant positive e↵ect on local housing values. A

10% decrease in SO2 emissions leads to a 0.3% increase in the prices of houses located within

0.3 miles of a power plant. This e↵ect decays with distance and is significant up to 1.2 miles

away from a plant. For higher values of d, the e↵ect is null and non-significant.

In addition, an 80% reduction in SO2 emissions leads to a 2.4% appreciation in house values

within 0.3 miles of power plants. Given the mean value of housing units in the treated groups,

this corresponds to an appreciation of $1,500 per house. Since there are 6,000 units on average

within this distance of power plants (ACS, 2009) and there are 375 coal power plants in the

sample, the total housing appreciation that resulted from the reductions in emissions amounts

to $3.4 billion.
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8 Conclusion

This paper quantitatively investigates factors that led to the unprecedented reductions in air

pollutants emissions from the electricity generation sector in the eastern US between 2005 and

2014. Using a micro-level dataset on the operations and costs of power plants compiled from

various sources, the study proceeds to a statistical decomposition of the emissions at the plant

level. The results reveal that investments in capital-intensive abatement technologies accounted

for over 50% of the emission reductions achieved during that period, and followed the adoption

of some of the most stringent emissions markets to date. Particularly high numbers of these

retrofits were performed on coal units that were still far from retirement age and could not

switch to cleaner coal. Through calculations using micro-level data on plant expenditures, the

analysis finds that the costs incurred due to the adoption of these capital-intensive emission

controls amounted to an unprecedented $45 billion between 2005 and 2014, corresponding to

a few percentage points of utilities’ revenues.

This paper then compares those costs with the benefits accrued to human health. Using

continuous measures of local air pollution derived from satellite imagery, a calculation reveals

that 19,000 premature infant deaths were avoided during the period considered thanks to the

achieved emission reductions. Using a conservative statistical value of life, saving these lives

amounted to health benefits of $152 billion. Although these health impacts constitute a crude

lower-bound estimate of the obtained benefits, they outweigh the costs incurred by the industry.

Finally, this paper estimates the demand for clean air around power plants using hedonic

methods. The sharp decreases in emissions following the adoption of abatement technologies

provides a unique setting with which to estimate the impacts of air pollution on local housing

markets. Using micro-level data on housing transactions matched to power plants, this paper

concludes that emission reductions caused local housing markets to appreciate by $8 billion.

This paper opens several avenues for future research. First, estimating the direct impacts

of air pollution on health would be useful for informing the benefit calculations of this study.

The sharp decreases in emissions documented in this paper constitute a unique setting with

which to identify the impacts of air pollution on local health outcomes. Indeed, the adoption

of abatement technologies at the plant level led to sharp decreases in emissions that were

likely uncorrelated with other changes in the local economy. Second, the large costs incurred

by power plants due to the adoption of abatement technologies are an interesting topic to

investigate further. In deregulated electricity markets where prices reflect the equilibrium

between the local supply and demand for electricity, the adoption of capital-intensive abatement

technologies could impact mark-ups. Hence, it will be useful to study the e↵ects that these

large investments had on the local competition for electricity generation, as only dirty coal
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units had to install abatement technologies. Finally, more formal work could be conducted on

the impacts of air pollution on housing markets. This paper o↵ers estimates of the demand

for clean air as captured by changes in local housing values resulting from sharp decreases in

power plant emissions that are likely invisible to residents. It would be useful to investigate

how the responses of local housing markets di↵er with the amount of information available on

the local air quality.

More broadly, future research could focus on the urban economics of power generation as

it relates to local disamenities such as air pollution. Understanding how history, regulations,

recent electricity market deregulations and changes in electricity production and distribution

technologies are shaping local plant profits and their location choices represents a fruitful area

of research.
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Figure 1: The geography of local air pollution improvements

(a) 2004 - NO2 (b) 2013 - NO2

(c) 2004 - SO2 (d) 2013 - SO2

(e) 2004 - PM2.5 (f) 2011 - PM2.5

Notes: NOx and SO2 measures are retrieved from images collected by NASA’s Ozone Monitoring Instrument.
Data on daily concentrations were accessed through NASA portals and averaged at the monthly and yearly
frequency. Panel (a) (resp. b) displays monthly frequency averages of NO2 concentrations in 2004 (resp.
2013). PM2.5 concentrations are derived from a reanalysis product developed by van Donkelaar et al. (2015)
that blends satellite imagery, atmospheric chemistry circulation models and ground-level measurements. The
authors made the data available to me at the monthly frequency. Panel (e) (resp. d) presents yearly averages
of PM2.5 concentrations in 2004 (resp. 2011).
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Figure 2: States and facilities targeted by the CAIR

(a) States (b) Facilities

Notes: The figure displays states (left map) and power plants (right map) that are part of the CAIR. Orange
triangles represent facilities that are part of the annual cap-and-trade programs for SO2 and NOx introduced
by the CAIR.
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Figure 3: NOx emissions in Summer and Winter days

Notes: The displays daily NOx emissions from coal electricity generation units in the CAIR region against
days of the year. Thin lines represent daily emissions averaged across coal EGUs, each line representing a year
of emissions from these units. Thick lines represent the daily averages across years. Grey lines correspond to
years preceeding the implementation of the CAIR NOx annual market. During those years (2003 to 2008),
summertime emissions where regulated under the NOx Budgeting Program, which imposed a cap on NOx

emissions between May 1st and September 30th every year. Between 2003 and 2008, winter time emissions
were not regulated. On September 30th every year, power plants switched o↵ their abatement technologies for
NOx. Orange lines correspond to years at which the CAIR markets operated: from 2009 to 2014. The CAIR
continued the Summertime market for NOx emissions and introduced an annual market. Under the CAIR,
wintertime emissions were also regulated, which led power plants to keep their abatement technologies on all
year long.
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Table 1: Treatment e↵ects of the CAIR markets on NOx and SO2 emissions

(1) (2) (3) (4) (5) (6)

Panel A - log SO2 (DiD)

CAIR x postt -0.24⇤⇤ -0.15⇤⇤ -0.15⇤⇤ -0.13⇤ -0.21⇤⇤ -0.22⇤⇤

(0.11) (0.07) (0.07) (0.07) (0.08) (0.10)

Panel B - SO2 (DiD)

CAIR x postt -286.25⇤⇤⇤ -263.96⇤⇤⇤ -261.34⇤⇤⇤ -223.33⇤⇤⇤ -239.53⇤⇤⇤ -247.33⇤⇤⇤

(72.99) (60.24) (59.92) (54.56) (53.83) (62.09)

Panel C - log NOx (DiD)

CAIR x postt -0.29⇤⇤ -0.24⇤ -0.25⇤ -0.27⇤⇤ -0.31⇤⇤⇤ -0.30⇤⇤

(0.13) (0.13) (0.13) (0.12) (0.12) (0.13)

Panel D - NOx (DiD)

CAIR x postt -133.60⇤⇤⇤ -153.80⇤⇤⇤ -149.15⇤⇤⇤ -124.63⇤⇤⇤ -111.70⇤⇤⇤ -102.99⇤⇤⇤

(45.23) (34.07) (34.34) (32.21) (31.63) (37.60)

Panel E - log NOx (DiDiD)

CAIR x postt -0.38⇤ -0.30 -0.30 -0.32 -0.40⇤ -0.36⇤

(0.21) (0.22) (0.22) (0.22) (0.20) (0.20)

CAIR x postt x winter -0.22⇤⇤⇤ -0.22⇤⇤⇤ -0.22⇤⇤⇤ -0.21⇤⇤⇤ -0.21⇤⇤⇤ -0.22⇤⇤⇤

(0.05) (0.05) (0.05) (0.05) (0.05) (0.05)

Panel F - NOx (DiDiD)

CAIR x postt -50.74 -63.20 -62.69 -16.51 -30.58 -16.49

(63.64) (63.87) (64.04) (60.58) (58.21) (56.23)

CAIR x postt x winter -132.78⇤⇤⇤ -132.71⇤⇤⇤ -132.71⇤⇤⇤ -133.12⇤⇤⇤ -132.24⇤⇤⇤ -132.82⇤⇤⇤

(28.31) (28.32) (28.32) (28.57) (28.69) (28.30)

Facility FE X X X X X X

Year FE X X X X X X

Temperatures X X

GDP X X X

Fuel Costs X X X

NAAQS dummies X X X

Notes: This table reports regression coe�cients from 36 separate regressions, 6 per panel. Panels A, B, C, and
D present results from a di↵erence-in-di↵erences specification comparing the evolution of emissions at power
plants targeted by the Clean Air Interstate Rule to power plants in the control group. The dependent variable
is power plant SO2 emissions in panel A (natural logarithm), and panel B (absolute value), and NOx emissions
in panel C (natural logarithm) and panel D (absolute value). In panels C and D, only wintertime emissions
of NOx are included. Panels E and F report results from the triple di↵erences that compares the evolution of
power plant emissions in the winter compared to the summer in the treated area compared to the control group
after implementation of the annual market for NOx. The annual market for NOx introduced by the CAIR
was only a break in policy in the winter months as the CAIR continued an existing cap-and-trade market for
NOx emiisons in the summer. The dependent variable is the natural logarithm of NOx emissions (panel E)
and the absolute value of NOx emissions (panel F). Emissions are measured continuously and summarized
at the monthly frequency and the power plant level. All regressions include facility fixed e↵ects, and year
fixed e↵ects. Columns (4) and (5) include non-linear controls for minimum and maximum temperature, and
measures of extreme heat and cold recovered at the monthly frequency and power plant level (see appendix
for details). Columns (4), (5) and (6) include year and state level controls for GPD. Columns (2), (3), and
(4) include monthly-frequency and state-level measures of fuel costs. These include gas prices, coal prices,
and a ratio of gas-to-coal prices. Finally, columns 4 to 6 include controls for county attainment status to
the National Air Ambient Quality Standards. Those are pollutant-specific, county-level and yearly-frequency
dummies, that are equal to 1 for counties in non-attainment. Standard errors are clustered at the state-year
level.
⇤ p < 0.10, ⇤⇤ p < 0.05, ⇤⇤⇤ p < 0.01.
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Figure 4: E↵ects of the CAIR on coal power plant emissions of SO2 and NOx

(a) NOx (DiD) (b) SO2 (DiD)

Notes: Figures plot the coe�cients �̂�t and �̂t estimated from equation 40 (DiD) or equation 41 (DiDiD).
The dependent variable yj,t is emissions in absolute value. The connected lines depict the estimated yearly
treatment e↵ects, while the gray areas are 95% confidence intervals. In panel (a) the coe�cient for year 2005
is normalized to 0, while in panel (b) the coe�cient for year 2007 is normalized to 0. Standard errors are
clustered at the state level in all regressions. The sample is balanced over the period 2003-2014 and restricted
to coal power plants. Only winter months are included in the DiD estimation for NOx.

Figure 5: E↵ects of the CAIR on coal power plant emissions of NOx—winter

(a) NOx Trends (winter & summer) (b) NOx (DiDiD)

Notes: The left panel plots the raw data. It depicts average NOx emissions from coal power plants in the
CAIR region in orange and in the control group in grey. Dashed lines represent summer emissions (from May
1st to September 30th) and plain lines represent winter emissions (from October 1st to April 30th). The
left panel shows results from the triple-di↵erences specification, where the treatment e↵ect is interacted with
year dummies. From 2004 to 2008, NOx emissions in the summer were regulated under the NOx Budgeting
Program (NBP) for CAIR power plants. The NBP imposed a cap on NOx emissions in the summer only.
Plants installed abatement technologies that could be switched on and o↵. Most importantly, plants switched
abatement technologies o↵ during unregulated winter months between 2004 and 2008 and did not abate NOx

emissions in the winter. In 2008, the CAIR continued the summer cap from the NBP and imposed an annual
cap on NOx emissions. The annual market was thus a break in policy for winter emissions only.
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Figure 6: Impacts of technology adoption on emissions

(a) NOx (b) SO2

Notes: The figure displays the average impact of technology adoption on monthly emissions of NOx (left)
and SO2 (right) across coal boilers. Averages include all boilers in the CAIR region, at which technology was
installed between 2005 and 2014. One boiler typically receives a unique retrofit: only one technology (if any) is
installed by boiler. The left panel depicts the impact of selective catalytic reduction systems adoption on NOx

emissions. The right panel depicts the impact of spray type scrubbers systems adoption on SO2 emissions.
See figures ?? and ?? for impacts of all technologies observed in the dataset.
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Figure 7: Total SO2 and NOx power plant emissions and CAIR caps

(a) NOx emissions (annual) (b) SO2 emissions

Notes: Graphs show total emissions of SO2 and NOx from power plants targeted by the CAIR (solid black
lines), as well as aggregate emission caps (brown dashed lines). Vertical lines indicate the year the CAIR
policy was adopted (2005), and implemented (2008 for NOx, 2009 for SO2).

Figure 8: Statistical decomposition of SO2 emission reductions at coal power plants

(a) SO2

Notes: The figure summarizes the contribution of coal unit retirement, technology adoption, coal-to-gas
switching and bituminous-to-sub-bituminous coals switching at coal power plants in the CAIR region. Plants
included in this analysis were operable in 2004. Between 2004 and 2014, the retirement of coal units accounted
for 15.9% of total SO2 emission reductions. Figures for technology adoption are recovered from the statistical
decomposition conducted at the plant level, in a balanced panel of plants as described in section 5.2. Figures
assigned to coal-to-gas switching and switching to cleaner coals combine estimates on output and fuel pollution
intensity.
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Figure 9: Distribution of the impact of technology adoption on SO2 emissions by type of
technology

(a) JB (b) TR (c) SP

(d) CD (e) DSI (f) SD

Notes: The figure displays the distribution of the estimates of � from boiler-level regressions. I plot here
the exponential of � minus one, which gives the percentage impacts of technology adoption on SO2 emissions.
The top row displays the impact of wet flue gas desulfurization technologies: jet bubbling reactor scrubbers
(JB), tray type scrubbers (TR), spray type scrubbers (SP). The bottom row displays the impact of dry flue
gas desulfurization technologies: circulating dry scrubber (CD), dry sorbent injection type (DSI) and spray
dryer type, semi-dry flue gas desulfurization (SD).
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Figure 10: Timing of technology adoption and cumulative costs—CAIR region

(a) NOx (b) SO2

Notes: The figure displays the timing and costs of technology adoption for NOx (left) and SO2 (right) for
plants in the CAIR region. Technology adoption occured during the NOx Budgetting Program for NOx, yet
power plants could switch o↵ abatement technologie during unregulated month in the winter. The introduction
of the annual market for NOx emissions led power plants to keep technologies switched on throughout the
year, hence leading to the sharp decrease of emissions in the winter. For SO2, most of the technology adoption
occured after the adoption of the CAIR, and during its preparation and its implementation phases. Costs of
SO2 technologies are an order of magnitude more expensive, which may rationalize why power plants did not
install such technologies under less stringent preceeding regulations.

Figure 11: Timing of technology adoption and cumulative costs—non-CAIR region

(a) NOx (b) SO2

Notes: The figure displays the timing and costs of technology adoption for NOx (left) and SO2 (right)
for plants in the states that were not targeted by the CAIR markets. Technology adoption did not pick up
at plants that were not targeted by the CAIR markets. Plants located in States that were not targeted by
the CAIR markets but later included in the CSAPR markets (Oklahoma, Kansas, Nebraska and Minnesota)
accounted for a quarter of the technology adoption which materialized around 2012, possibly in preparation for
the implementation of the state-specific emission markets introduced by the CSAPR. In 2012, other policies
were implemented at the federal level that may have contributed to the adoption of technology (e.g: the
Mercury rules).
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Figure 12: NOx: Present value of permit purchases v. Investment into abatement technology

(a) Low price expectations (b) Medium price expectations (c) High price expectations

Notes: The figure compares the present value of the costs of purchasing permits on the NOx market to
the investments in abatement technologies at the plant level. Each circle corresponds to a power plant in
the CAIR and NBP region. The size of each circle corresponds to the number of years of operations left at
the date of installation of an abatement technology. The number of years left is calculated using the facility
planned retirement date as described in EIA form 860. For each power plant, the present value the purchases
of permits is calculated in three steps. First, initial allowances are recovered from the EPA Clean Air Market
database, and compared with “unabated” emissions at the plant level. Second, the excess yearly emissions
recovered is multiplied with the “expected” price of allowances, derived from observed allowance prices (see
Figure A.3): panel (a) uses a low expected price, corresponding to the lowest price observed during the NBP
market years ($1,000 per ton), panel (b) uses a medium expected price ($2,200 per ton) and panel (c) a high
expected price corresponding to the peak price ($7,000 per ton). Finally, future streams of permit costs are
actualized at 2003 year values. The black doted line represent the break-even points at which the cost of
technology would be equal to the present value of expected permits costs. In all scenarii, power plants faced a
higher costs of buying extra permits compared to the investment realized in technologies. Technology adoption
was the least-cost option to comply with the NBP.

Figure 13: SO2: Present value of permit purchases v. Investment into abatement technology

(a) Low price expectations (b) Medium price expectations (c) High price expectations

Notes: The figure compares the present value of the costs of purchasing permits on the NOx market to
the investments in abatement technologies at the plant level. Each circle corresponds to a power plant in
the CAIR and NBP region. The size of each circle corresponds to the number of years of operations left at
the date of installation of an abatement technology. The number of years left is calculated using the facility
planned retirement date as described in EIA form 860. For each power plant, the present value the purchases
of permits is calculated in three steps. First, initial allowances are recovered from the EPA Clean Air Market
database, and compared with “unabated” emissions at the plant level. Second, the excess yearly emissions
recovered is multiplied with the “expected” price of allowances, derived from observed allowance prices (see
Figure A.3): panel (a) uses a low expected price, corresponding to the historical SO2 price observed during
the ARP market years ($220 per ton), panel (b) uses a medium expected price ($500 per ton) and panel (c) a
high expected price corresponding to the 2006 peak price ($1,500 per ton). Finally, future streams of permit
costs are actualized at 2005 year values. The black doted line represent the break-even points at which the
cost of technology would be equal to the present value of expected permits costs. In all scenarii, power plants
faced a higher costs of buying extra permits compared to the investment realized in technologies. Technology
adoption was the least-cost option for a large part of power plants targeted by the CAIR, under the asumption
that plant managers expected prices to remain at least as high as they had been under the Acid Rain Program,
a market that operated a cap 3 times less stringent. However, under any expectation skims, some power plants
invested in technologies that were more expensive than the present value of not abating. This leads support to
two hypotheses: (1) power plants over invested in abatement technologies to insure themselves against large
policy uncertainties, (2) some plants installed technologies in response to other policies that are unobserved
in the analysis and may have been implemented at the state, or municipality level.
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Figure 14: Average costs incurred to power plants for abatement technology installation

(a) NOx (b) SO2

Notes: The figure displays fixed costs reported by power plants for installing each type of abatement tech-
nology for NOx emissions (left) and SO2 emissions (right). Costs are averaged across power plants. Vertical
bars display standard deviations.
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Figure 15: SO2 concentration around coal power plants

Notes: The figure displays mean SO2 air concentration at rings of varying distances around coal power plants
in the eastern US. Measures are retrieved from satellite imagery collected by NASA’s Ozone Monitoring
Instrument. Values are displayed for annual means in 2005 (orange line) and 2012 (grey line). All values ares
normalized with the mean SO2 concentration on a disk of 0.5 miles centered around coal power plants in year
2005. High concentrations of SO2 are observed close to coal power plants (4 miles).
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Figure 16: Impact on housing: treatment and control groups

Notes: The picture illustrates the empirical strategy of the housing estimations. The circles center on a coal
power plant. The treated area corresponds to housing units in the yellow circle. The control group is composed
of housing units in the ring contained in between the yellow and red circles.
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Table 2: Impact of SO2 Emissions on Local Housing Markets

0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7

emissions near -0.0260⇤⇤⇤ -0.0112⇤⇤⇤ -0.0050 -0.0034 -0.0040 -0.0049⇤⇤ -0.0048⇤⇤⇤ -0.0042⇤⇤ -0.0030

(0.0080) (0.0038) (0.0030) (0.0028) (0.0025) (0.0020) (0.0017) (0.0019) (0.0019)

Observations 5164 7056 8035 8558 8871 9124 9320 9452 9563

Number of Facilities 375 393 411 416 417 420 422 422 425

Number of Years 15 15 15 15 15 15 15 15 15

Number of States 25 25 25 25 25 25 25 25 25

Mean Sale Amount (in 2005) 199248 191346 187002 180850 178029 177668 179218 176460 175727

Notes: The table displays results from ten separate regressions. The estimated parameter of interest is �2

in equation 5. It captures the di↵erence in the evolution of housing prices at housing units located in the
immediate vicinity of a plant and exposed to its pollution and housing units located slightly further away.
Each column corresponds to a regression in which the treatment group is composed of housing units located
within distance d of a power plant, and the control group includes all housing units located in an adjacent ring
within d and d+ 0.3miles of a power plant. Distances d are given in miles on the header of each column. All
regressions include power plant fixed e↵ects, state-specific time trends, as well as time-varying controls of local
demographics recovered from block-group level data from the ACS and summarized over circles of interest.
⇤ p < 0.10, ⇤⇤ p < 0.05, ⇤⇤⇤ p < 0.01.
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Table 3: Health benefits from reductions in air pollution

SO2 NOx PM2.5

% drop 80 37 19

% drop (pop weighted) 62 37 20

Mortality

Avoided Deaths 13,312 3,976 1,688

Dollar Value (Billion USD) 106.4 31.8 13.5

Notes: This table summarizes results from the back-of-the-envelope evaluation of emission reduction benefits
accrued to health. This uses spatially continuous measures of concentrations in SO2, NOx and PM2.5 recovered
from satellite imagery and matched with population. Using information on natality and infant mortality at
the cell level, and estimates of the impacts of these pollutants on infant mortality, the exercise produces the
results above.

Table 4: Literature review: e↵ects of SO2 and NOx pollution on health outcomes

Paper Pollutant Health Impact % drop of pollutant % drop of health issue

Lavaine and Neidell (2017) SO2 Birth Weight 1 µg 5 g

Gestation duration 1 µg 0.18-day

Luechinger (2014) SO2 Infant Mortality 1 % 0.13 %

Deschênes et al. (2017) NOx, O3 Mortality 10% 0.04%

death/100,000 population

Currie and Walker (2011) NO2 Prematurity 6.8% 10.8 %

NO2 Low birth weight 6.8% 11.8 %

Chay and Greenstone (2003) TFP Infant Mortality 1% 0.5%

(PM10, PM2.5)

Knittel et al. (2011) PM10 Infant Mortality 1 unit 18 fewer infant mortality/100,000

Notes: This table summarizes results from a selection of health economics studies linking local air pollutants
to health outcomes — mainly, infant mortality. These estimates are used to calculate the back-of-the-envelope
health e↵ects reported above.
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Appendices

A

Figure A.1: Coal unit within a power plant

Notes: This scheme describes the functioning of a coal unit within a fossil-fuel power plant. Coals are
transported from deposits to the boiler in which they are burnt to produce heat. The heat generated boils
pressurized water that transforms into vapor and liquid water in the condenser. The steam is released to lead
a turbine that rotates a generator in a magnetic fields to produce alternative current by induction following
Faraday’s law. Electricity is then adapted in the transformer to be released in the transmission lines. The
process of burning fuel in the boiler generates incombustible material (ashes, particulate matters), toxic gases
(CO2, NOx, SO2) and water vapor. These by-products are released in the cheminee, also called stack and
constitute the main externality of power generation from fossil fuel burning.
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Figure A.2: Regulations timeline: cap-and-trade markets in the eastern US states

Notes: The EPA implemented the NOx Budgeting Program (NBP) from 2003 to 2008 in eastern US states.
This consisted in a cap-and-trade market targeting power plant emissions of NOx in summer months. In
2005, the EPA adopted the Clean Air Interstate Rule (CAIR) that would implemented three cap-and-trade
markets from 2008 on. The NBP would be continued under the summertime CAIR market for NOx emissions.
In addition, the CAIR implemented an annual market for NOx emissions, to force power plants to reduce
emissions in winter months also. In addition, the CAIR introduced an annual cap-and-trade market to limit
annual emissions of SO2 from the same power plants in the eastern US. The CAIR SO2 market came to
complement the existing federal market for SO2 emissions implemented under the Acid Rain Program since
1995. After several legal actions challenging the adoption of the CAIR for its stringency, the Supreme Court
decided to vacate the CAIR in 2008. It invoked one reason unrelated to the CAIR stringency: the EPA did
not have the authority to implement inter-state trading systems and should revise the CAIR to implement as
stringent caps at the state level. Until the EPA came up with a new policy, the CAIR was allowed to be run.
In 2014, the Cross State Air Pollution Rule (CSAPR) implemented 27 state-specific cap and trade systems
for NOx and SO2.
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Table A.1: Descriptive Statistics on Markets

CAIRNOx CAIROS CAIRSO2

Number of Facilities 929 925 966
Number of Facilities with at least one coal unit 449 458 457
Number of coal units (2005) 968 1,010 961
Number of gas units (2005) 1,598 1,470 1,681
Number of oil units (2005) 356 456 372
Average number of units per facility 4 4 4

Total cap (mill. tons) 1.54 0.63 4.57
Total cap allocated to facilities (mill. tons) 1.39 0.56 3.60
Total cap allocated to facilities with at least one coal unit (mill. tons) 1.23 0.48 3.36
Total cap allocated to facilities with no coal unit (mill. tons) 0.16 0.08 0.24

Correlation initial allocation x population density -0.04 -0.03 -0.04
Correlation initial allocation x median income -0.06 -0.09 -0.05

Average number of transactions per year 4,054 4,570 .
Average quantity of emissions exchanged per year 29.21 25.67 .
Average quantity of emissions realocated per year 0.86 0.38 .

Notes: The table gives summary statistics on cap-and-trade markets implemented under the Clean Air In-
terstate Rule: the annual NOx (CAIRNOx) and SO2 (CAIRSO2) markets and the summertime NOx market
(CAIROS). Data come from EPA’s Air Markets Program Data.
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Figure A.3: Emissions markets prices

(a) NOx prices (b) SO2 prices

Notes: The left panel displays allowance prices for NOx emissions under the NOx Budgeting Program (from
2003 to 2008), the CAIR (from 2008 to 2014), and the CSAPR which replaced the CAIR in 2014. The
orange line represent prices on the summer markets, and the grey line represent prices in the annual markets.
Prices are from the spot markets during implementation of each policy and from forward markets for months
preceeding implementation. The right panel displays prices for SO2 allowances on the Acid Rain Program
(ARP), the CAIR market and the CSAPR markets. Under the ARP, prices were stable for about 10 years
prior to 2004. In 2004, when the EPA announced it was working on the CAIR, prices started to rise. In 2005,
when the CAIR was published and approved, allowance prices on the ARP skyrocketted. Under the CAIR,
the cap for SO2 emissions was divided by two. The spike in prices in the ARP maket can in part be explaine
by the fact that the CAIR allowed plants to bank their ARP allowances and use them during the CAIR
implementation, and that one ARP allowance would be worth two allowances on the CAIR (Schmalensee and
Stavins, 2013). This was meant to be an incentive for early emission reductions. Demand for allowances on
the ARP thus grew in 2005, in response to the CAIR approval, and before the CAIR was implemented. Only
a few companies keep track of spot and forward prices on US NOx and SO2 emissions markets. I collected
manually information on allowance prices for NOx and SO2 markets from annual reports published by the
EPA and from Resources for the Future working papers. The data that are displayed in these documents were
acquired from CantorCO2e Market Price Index, BGC Environmental Brokerage Services Market Price Index,
Bloomberg, and SNL Financial.
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Table A.2: Facilities technical characteristics by region

2002 2014
CAIR Non-CAIR U.S. CAIR Non-CAIR U.S.

Coal only Facilities 220 96 316 195 88 283
Generators 581 259 840 477 209 686
Capacity (GW) 176 57 233 187 63 251
Electricity Gen. (TWh) 969 352 1321 729 327 1056

Gas only Facilities 342 268 610 451 325 776
Generators 1304 789 2093 1968 1080 3048
Capacity (GW) 162 81 243 272 126 398
Electricity Gen. (TWh) 276 154 430 626 271 897

Oil only Facilities 38 52 90 36 52 88
Generators 160 162 322 141 130 271
Capacity (GW) 16 11 27 9 8 17
Electricity Gen. (TWh) 23 9 33 1 1 2

Coal and Gas Facilities 54 23 77 53 23 76
(Gas) Generators 291 (111) 52 (23) 343 (134) 233 (85) 57 (32) 290 (117)

Capacity (GW) 45 (28) 7 (5) 52 (33) 41 (26) 4 (2) 45 (28)
Electricity Gen. (TWh) 178 (154) 28 (26) 206 (180) 112 (88) 10 (8) 121 (96)

Coal and Oil Facilities 33 5 65 32 4 54
(Oil) Generators 332 (181) 51 (35) 383 (216) 158 (79) 15 (9) 104 (29)

Capacity (GW) 56 (48) 7 (6) 63 (54) 35 (31) 3 (2) 38 (33)
Electricity Gen. (TWh) 256 (249) 36 (35) 292 (284) 93 (91) 5 (5) 97 (96)

Gas and Oil Facilities 59 34 93 56 31 87
(Oil) Generators 281 (144) 116 (70) 397 (214) 253 (137) 109 (70) 362 (207)

Capacity (GW) 25 (14) 7 (5) 32 (19) 30 (19) 6 (5) 36 (24)
Electricity Gen. (TWh) 36 (28) 8 (8) 44 (36) 55 (51) 3 (3) 57 (54)

Coal Facilities 33 5 38 32 4 36
(Gas / Oil) Generators 119 (33 / 48) 27 (9 / 9) 146 (42 / 47) 92 (25 / 31) 12 (4 / 5) 104 (29 / 36)

Capacity (GW) 19 (10 / 7) 3 (1.7 / 0.8) 22 (12 /8) 13 (7 / 4) 2 (1 / 1) 15 (8/5)
Electricity Gen. (TWh) 60 (52/7) 14 (10/3) 74 (62/10) 39 (27/7) 6 (4/2) 45 (31/9)

All Fossil Fuels Facilities 779 483 1262 855 527 1382
Generators 3068 1456 4524 3322 1612 4934
Capacity (GW) 500 171 671 586 213 801
Share of Tot. US Cap. (%) 39 33 37 35 22 30
Electricity Gen. (TWh) 1798 601 2399 1654 623 2277

Notes: The table depicts fossil fuel power plants in CAIR region and non-CAIR region before and after the
policy implementation. It seperates plants by type of fuel units. Coal only plants only have coal units (resp.
gas and oil). It describes total number of facilities, total number of generators, total capacity and total net
generation by type of fuels.
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Figure A.4: Percentage of counties in violations of the NAAQS

(a) O3

(b) PM

(c) SO2

Notes: The figure displays the percentage of counties in the CAIR region (plain lines) and the non-CAIR
region (dashed lines) for O3 (a), PM (b) and SO2 (c). The figures show the evolution of the proportion of
counties considered in non-attainment of the NAAQS. The NAAQS were revised in 1979, 1997 and 2008 for
O3, 1987, 1997, and 2006 for PM, and 1971 and 2010 for SO2. The 2006 and 2010 revisions led to more
drastic standards for both PM and SO2. In doing so, the EPA hoped to add another layer of legislation on air
quality, which contributed to signaling that SO2 emissions were going to be controlled more stringently than
ever before. Importantly, shocks to NAAQS were as important in the treated and control areas, and mostly
happened at a later stage of the CAIR, once emissions had already been reduced. I thank Nicholas Z. Muller
for graciously sharing data on county attainment status for all US counties and criteria pollutants, at a yearly
frequency.
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Figure A.5: Impacts of SO2 abatement technology adoption on SO2 emissions

(a) JB (b) TR (c) SP

(d) CD (e) DSI (f) SD

Notes: The figure displays the average impact of technology adoption on monthly emissions of SO2 across
coal boilers. Averages include all boilers in the CAIR region, at which technology was installed between 2005
and 2014. One boiler typically receives a unique retrofit: only one technology (if any) is installed by boiler.
The top row displays the impact of wet flue gas desulfurization technologies: jet bubbling reactor scrubbers
(JB), tray type scrubbers (TR), spray type scrubbers (SP). The bottom row displays the impact of dry flue
gas desulfurization technologies: circulating dry scrubber (CD), dry sorbent injection type (DSI) and spray
dryer type, semi-dry flue gas desulfurization (SD).

Figure A.6: Impacts of NOx abatement technology adoption on NOx emissions

(a) SNCR (b) SCR

Notes: The figure displays the average impact of technology adoption on monthly emissions of NOx across
all boilers. Averages include all boilers in the CAIR region, at which technology was installed between 2005
and 2014. One boiler typically receives a unique retrofit: only one technology (if any) is installed by boiler.
Impacts are displayed for selective non-catalytic reduction systems (left) and selective catalytic reduction
systems (right).
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Figure A.7: Impacts of SO2 abatement technology adoption on CO2 emissions

(a) JB (b) TR (c) SP

(d) CD (e) DSI (f) SD

Notes: The figure displays the average impact of technology adoption on monthly emissions of CO2 across
coal boilers. Averages include all boilers in the CAIR region, at which technology was installed between 2005
and 2014. One boiler typically receives a unique retrofit: only one technology (if any) is installed by boiler.
The top row displays the impact of wet flue gas desulfurization technologies: jet bubbling reactor scrubbers
(JB), tray type scrubbers (TR), spray type scrubbers (SP). The bottom row displays the impact of dry flue gas
desulfurization technologies: circulating dry scrubber (CD), dry sorbent injection type (DSI) and spray dryer
type, semi-dry flue gas desulfurization (SD). Technology adoption does not seem to CO2 emissions, which
are correlated with the type and amount of coal burned in boilers. This suggests that the composition and
quantity of coals burned at boilers is not simultaneously changed when abatement technology is adopted.

Figure A.8: Impacts of NOx abatement technology adoption on CO2 emissions

(a) SNCR (b) SCR

Notes: The figure displays the average impact of technology adoption on monthly emissions of CO2 across
all boilers. Averages include all boilers in the CAIR region, at which technology was installed between 2005
and 2014. One boiler typically receives a unique retrofit: only one technology (if any) is installed by boiler.
Impacts are displayed for selective non-catalytic reduction systems (left) and selective catalytic reduction
systems (right).
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Figure A.9: Operating time of coal units before and after abatement technology

(a) JB (b) TR (c) SP

(d) CD (e) DSI (f) SD

Notes: The figure displays the average impact of technology adoption on monthly operating time across coal boilers. Averages include all boilers in the CAIR region, at which technology
was installed between 2005 and 2014. The top row displays the impact of wet flue gas desulfurization technologies: jet bubbling reactor scrubbers (JB), tray type scrubbers (TR), spray
type scrubbers (SP). The bottom row displays the impact of dry flue gas desulfurization technologies: circulating dry scrubber (CD), dry sorbent injection type (DSI) and spray dryer
type, semi-dry flue gas desulfurization (SD). Technology adoption does not seem to impact operating time of coal boilers. Operating time is not simultaneously changed when abatement
technology is adopted.
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Figure A.10: Average gross load of coal units before and after abatement technology

(a) JB (b) TR (c) SP

(d) CD (e) DSI (f) SD

Notes: The figure displays the average impact of technology adoption on monthly average gross load across coal boilers. Averages include all boilers in the CAIR region, at which technology
was installed between 2005 and 2014. The top row displays the impact of wet flue gas desulfurization technologies: jet bubbling reactor scrubbers (JB), tray type scrubbers (TR), spray
type scrubbers (SP). The bottom row displays the impact of dry flue gas desulfurization technologies: circulating dry scrubber (CD), dry sorbent injection type (DSI) and spray dryer type,
semi-dry flue gas desulfurization (SD). Technology adoption does not seem to impact average gross load of coal boilers. Average gross load is not simultaneously changed when abatement
technology is adopted.
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Figure A.11: Sulfur intensity of fuels (⇡) before and after abatement technology

(a) JB (b) TR (c) SP

(d) CD (e) DSI (f) SD

Notes: The figure displays the average impact of technology adoption on monthly average sulfur intensity of fuels (⇡) across coal boilers. Averages include all boilers in the CAIR region,
at which technology was installed between 2005 and 2014. The top row displays the impact of wet flue gas desulfurization technologies: jet bubbling reactor scrubbers (JB), tray type
scrubbers (TR), spray type scrubbers (SP). The bottom row displays the impact of dry flue gas desulfurization technologies: circulating dry scrubber (CD), dry sorbent injection type (DSI)
and spray dryer type, semi-dry flue gas desulfurization (SD). Technology adoption does not seem to impact the sulfur intensity of fuels (⇡) of coal boilers. Sulfur intensity of fuels (⇡) is not
simultaneously changed when abatement technology is adopted.
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Figure A.12: Sulfur content of coals before and after abatement technology

(a) JB (b) TR (c) SP

(d) CD (e) DSI (f) SD

Notes: The figure displays the average impact of technology adoption on monthly average sulfur intensity of fuels (⇡) across coal boilers. Averages include all boilers in the CAIR region,
at which technology was installed between 2005 and 2014. The top row displays the impact of wet flue gas desulfurization technologies: jet bubbling reactor scrubbers (JB), tray type
scrubbers (TR), spray type scrubbers (SP). The bottom row displays the impact of dry flue gas desulfurization technologies: circulating dry scrubber (CD), dry sorbent injection type (DSI)
and spray dryer type, semi-dry flue gas desulfurization (SD). Technology adoption does not seem to impact the sulfur intensity of fuels (⇡) of coal boilers. Sulfur intensity of fuels (⇡) is not
simultaneously changed when abatement technology is adopted.
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Figure A.13: Heat content of coals before and after abatement technology

(a) JB (b) TR (c) SP

(d) CD (e) DSI (f) SD

Notes: The figure displays the average impact of technology adoption on monthly average heat content of coal across coal boilers. Averages include all boilers in the CAIR region, at which
technology was installed between 2005 and 2014. The top row displays the impact of wet flue gas desulfurization technologies: jet bubbling reactor scrubbers (JB), tray type scrubbers
(TR), spray type scrubbers (SP). The bottom row displays the impact of dry flue gas desulfurization technologies: circulating dry scrubber (CD), dry sorbent injection type (DSI) and spray
dryer type, semi-dry flue gas desulfurization (SD). Technology adoption does not seem to impact the heat content of coal of coal boilers. The heat content of coal is not simultaneously
changed when abatement technology is adopted.
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Figure A.14: Quantity of coal burned before and after abatement technology

(a) JB (b) TR (c) SP

(d) CD (e) DSI (f) SD

Notes: The figure displays the average impact of technology adoption on monthly average quantity of coal burned across coal boilers. Averages include all boilers in the CAIR region,
at which technology was installed between 2005 and 2014. The top row displays the impact of wet flue gas desulfurization technologies: jet bubbling reactor scrubbers (JB), tray type
scrubbers (TR), spray type scrubbers (SP). The bottom row displays the impact of dry flue gas desulfurization technologies: circulating dry scrubber (CD), dry sorbent injection type (DSI)
and spray dryer type, semi-dry flue gas desulfurization (SD). Technology adoption does not seem to impact the quantity of coal burned of coal boilers. The quantity of coal burned is not
simultaneously changed when abatement technology is adopted.
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Figure A.15: Timing of SO2 technology adoption by technology type

(a) JB (b) TR (c) SP

(d) CD (e) DSI (f) SD

Notes: The figure displays the timing and costs of technology adoption for SO2 abatement at CAIR coal
boilers. The top row displays the impact of wet flue gas desulfurization technologies: jet bubbling reactor
scrubbers (JB), tray type scrubbers (TR), spray type scrubbers (SP). The bottom row displays the impact of
dry flue gas desulfurization technologies: circulating dry scrubber (CD), dry sorbent injection type (DSI) and
spray dryer type, semi-dry flue gas desulfurization (SD).

Figure A.16: Timing of NOx technology adoption by technology type

(a) SNCR (b) SCR

Notes: The figure displays the timing and costs of technology adoption for SO2 abatement at all CAIR boilers.
These include all boilers in the CAIR region, at which technology was installed between 2005 and 2014. One
boiler typically receives a unique retrofit: only one technology (if any) is installed by boiler. Impacts are
displayed for selective non-catalytic reduction systems (left) and selective catalytic reduction systems (right).
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Figure A.17: Emission reductions at coal boilers with and with no abatement technology

(a) NOx (b) SO2

Notes: The figure displays the total emissions of NOx (left) and SO2 (right) from coal boilers that install
abatement technology between 2004 and 2014 and boilers with no new installation.

Figure A.18: Switching from coal to gas units for electricity generation

(a) Operating Time (b) Net Generation

Notes: Figure (a) depicts the evolution of the monthly number of hours that coal and gas units operated at
plants in the CAIR region that were composed of both coal-specific and gas-specific boilers. These include
a balanced panel of units that did not shut down. For the same plants, figure (b) describes the evolution
of net generation at coal and gas units within the same plants. Both panels show that gas units were used
more intensively at plants that had both coal and gas units. Total electricity production at these plants was
unchanged during the period of study.
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Figure A.19: Retirement of coal and gas units

(a) Retiring Coal Boilers (b) Retiring Gas Boilers

Notes: The figure displays the timing and number of coal (left) and gas (right) units shut-downs in the CAIR
region. Most shut downs happened after emissions had dropped to the level of the CAIR cap. In 2012, the
EPA’s Mercury rule was signed and is thought to have pushed dirtiest units out of operation, although no
paper in the literature investigates the question. In our sample, most units that shut down had been operating
for more than 60 years and had hence reached retirement age.

Table A.3: Air pollution concentrations around coal power plants

SO2 NOx PM2.5 % of U.S. Area
Disk of ray 1 miles 3 2 2 0
Disk of ray 2 miles 10 7 5 1
Disk of ray 3 miles 18 14 10 1
Disk of ray 5 miles 37 30 22 3
Disk of ray 10 miles 72 63 50 10
Disk of ray 20 miles 94 86 77 29
Disk of ray 50 miles 99 97 95 69
Disk of ray 100 miles 100 99 99 92

Notes: The table displays the total amount of pollution that is contained within circles of varying distances
from coal power plants (column 1 to 3). Numbers correspond to the percentage of pollution that is detected
from satellites and lies within circles of varying distances from power plants as compared with the total
pollution detected from space across the US. The last column displays the percentage of the US surface that
those circles represent.
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Figure A.20: Air pollution concentration around coal power plants

(a) SO2 (b) Ratio Pollution/Area

(c) NOx (d) Ratio Pollution/Area

(e) PM2.5 (f) Ratio Pollution/Area

Notes: These figures represent the concentration of pollutants around all coal power plants in the US. The left
column depicts air concentrations of SO2, NOx and PM2.5 in 2004. The right graphs plot the total amount
of pollution that is contained within circles of varying distances from coal power plants. The black lines
represent the ratio of total air pollution on total surface of these circles. It shows that pollution from SO2 is
concentrated within 3 miles of coal power plants. For NOx and PM2.5, pollution is more di↵used. Although
concentration of these two pollutants is higher in the vicinity of power plants, levels of pollution away from
plants is high. For NOx, this is because coal power plants only account for a quarter of total emissions. Other
sources include cars, hence NOx concentrations are high in city centers. In the case of PM2.5, SO2 transforms
into compounds that can travel dozens of miles and become PM.2.5 far away from power plants.
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I Data and descriptives

I.1 Data sources

I.1.1 Power plants’ operations and costs

From 2002 to 2007: EIA-423 Survey form EIA-423 collect monthly non-utility fuel re-
ceipts and fuel quality files on plants with a fossil-fueled nameplate generating capacity of 50
or more megawatts. We use forms from 2002 to 2007 to collect monthly-frequency data on
type of fuels

Form E-243 for non-utility plants: Detailed data are provided on monthly deliveries of fossil
fuels to nonutility generating facilities are included at the specific energy source, quantity of
fuel delivered, the Btu content, sulfur content, ash content, coal mine state and county (or
country) of origin, coal mine type (surface/underground), as well as the supplier of the fuel.
Fuel cost data collected on this survey is not be made available to the public because it is
protected.

Form F-243 for utility plants: Survey form FERC-423 collected monthly utility fuel receipts
and fuel quality data prior to 2008. Data files include information on type of fuel purchase,
fuel cost, fuel type, fuel origin, fuel quantity and fuel quality.

From 2007 to 2015: EIA-923 The Form EIA-923, Power Plant Operations Report, is used
to collect plant-level data on generation, fuel consumption, stocks, and fuel heat content from
utility and non-utility power plants and for combined heat and power plants, beginning with
the monthly 2008 data and annual 2007 data collections. Page 5 contains information on fuel
receipts and costs at the plant level and monthly frequency.

Table I.1: Data sources on fuel quality

Variable Description E-243 F-243 F-923
Average Ash Content ash value of fuel received (percent weight) X X X
Average Heat Content BTU content: Btu value of fuel received. X X X

Coal = MMBtu per ton Oil = MMBtu per barrel
Gas = MMBtu per Mcf

Average Sulfur Content sulfur value of fuel received X X X
numeric (percent weight)

CoalMine County County location of mine X X X
CoalMine State State location of mine X X X
CoalMine Type Surface (S) or underground (U) X X X
Contract Exp Date Month and Year of contract Expiration. X X X
Contract Type Coal (Contract or Spot) X X X

Oil (Contract or Spot)
Gas (Firm, Interruptible, Spot)

County County of the Facility X X
Energy Source Specific fuel received X X X
Fuel Group AER fuel group X X X
Fuel Cost Costs of fuel receipt) X X
Month Reporting Month X X X
PlantID Facility Identification X X X
PlantName Facility Name X X X
Quantity Volume of fuel received (tons, barrels, Mcf) X X X
State State location of facility X X X
Supplier Fuel Supplier X X X
Survey EIA Survey of data collection X X X
Year Reporting Year X X X
Regulated REG = utility and UNR = non-utility X X X
Transport Mode Primary Primary Transport Mode, only in F923 X
Transport Mode Secondary Secondary Transport Mode, only in F923 X
Transport Mode NatGaz Natural Gas Transport Mode, only in F923 X
CoalMine MSHA ID Coal Mine ID, only in F923 X
OperatorID Operator ID, only in F923 X
OperatorName Operator Name, only in F923 X

Notes: This summarizes the main EIA surveys used to retrieve information on fuel delivery to power
plants.
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Table I.2: Descriptives: technology adoption

2002 2014 Drop Share of Drop Number of Boilers Total Costs
so2 emissions 9.90 2.86 7.04 100.0 1483 59
Bituminous Boilers 5.86 1.62 4.24 60.2 412 46
Bituminous Boilers - installed tech 3.83 0.34 3.49 49.6 175 46
Bituminous Boilers - did not install tech 2.03 1.28 0.75 10.7 237 0
Sub-Bituminous Boilers 1.22 0.62 0.60 8.5 143 6
Sub-Bituminous Boilers - tech 0.49 0.07 0.42 6.0 35 6
Sub-Bituminous Boilers - no tech 0.73 0.55 0.18 2.6 108 0
Bituminous to Sub-Bituminous switchers 0.57 0.21 0.36 5.1 58 2
Bituminous to Sub-Bituminous switchers - tech 0.19 0.01 0.18 2.6 14 2
Bituminous to Sub-Bituminous switchers - no tech 0.37 0.20 0.17 2.4 44 0
Other Coals Boilers 0.35 0.26 0.09 1.3 20 0
Other Coals Boilers - installed tech . . . . . .
Other Coals Boilers - did not install tech 0.35 0.26 0.09 1.3 20 0
Retiring Coal Boilers 1.21 0.00 1.21 17.2 204 0
Retiring Coal Boilers - tech 0.09 0.00 0.09 1.3 6 0
Retiring Coal Boilers - no tech 1.12 0.00 1.12 15.9 198 0
Oil Boilers 0.09 0.00 0.09 1.3 21 0
Oil Boilers - tech . . . . . .
Oil Boilers - no tech 0.09 0.00 0.09 1.3 21 0
Retiring Oil Boilers 0.07 0.00 0.07 1.0 43 0
Retiring Oil Boilers - Tech . . . . . .
Retiring Oil Boilers - no tech 0.07 0.00 0.07 1.0 43 0
Switch coal-to-gas Boilers 0.06 0.00 0.06 0.9 14 0
Switch coal-to-gas Boilers - Tech 0.01 0.00 0.01 0.1 2 0
Switch coal-to-gas Boilers - no tech 0.05 0.00 0.05 0.7 12 0
Switch oil-to-gas Boilers 0.06 0.00 0.06 0.9 14 0
Switch oil-to-gas Boilers - Tech 0.01 0.00 0.01 0.1 2 0
Switch oil-to-gas Boilers - no tech 0.05 0.00 0.05 0.7 12 0
Gas Boilers 0.05 0.00 0.05 0.7 134 0
Gas Boilers - tech . . . . . .
Gas Boilers - no tech 0.05 0.00 0.05 0.7 134 0
Sub-Bituminous to Bituminous switchers 0.06 0.02 0.04 0.6 8 2
Sub-Bituminous to Bituminous switchers -tech 0.06 0.02 0.04 0.6 8 2
Sub-Bituminous to Bituminous switchers - no tech . . . . . .
New Boilers 0.00 0.04 -0.04 -0.6 130 1
New Boilers - tech 0.00 0.04 -0.04 -0.6 26 1
New Boilers - no tech 0.00 0.00 0.00 0.0 104 0

Notes: The tables gives summary statistics on technology adoption and type of boilers operating between
2005 and 2014
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I.2 Additional data descriptives

I.2.1 Demographic data

Table I.3: ACS: 2012 - 2016

Count Mean (S.D.)

Education: no university 219,189 0.38 0.18

Education: some university 219,189 0.62 0.18

Race: hispanic 219,227 0.83 0.24

Race: not-hispanic 219,227 0.17 0.24

Race: white 219,227 0.72 0.27

Race: black 219,227 0.13 0.22

Race: Indian 219,227 0.01 0.05

Race: Asian 219,227 0.04 0.09

Race: other minorities 219,227 0.10 0.12

Total Population per block group 220,333 1,461.82 929.28

Median Household Income in the Past 12 Months 213,496 60,346.47 33,408.93

Per Capita Income in the Past 12 Months 219,129 29,570.78 17,230.41

Below Poverty rate in the Past 12 Months 218,850 0.16 0.15

Above Poverty rate in the Past 12 Months 218,850 0.84 0.15

Median Contract Rent (Dollars) 179,108 858.21 458.54

Median Gross Rent (Dollars) 180,422 1,018.33 467.34

Tenure: % of owners 218,785 0.64 0.26

Tenure: % of renters 218,785 0.36 0.26

Housing Units 220,333 615.55 362.23

Median Value (Dollars) 206,903 233,342.19 219,405.16

Median Year Structure Built 217,397 1,970.21 18.01

Transport by car 218,982 0.89 0.15

Transport by public 218,982 0.06 0.13

Transport by walking 218,982 0.02 0.04

Work from home 218,982 0.02 0.03

Less than 5 min from work 218,967 0.03 0.06

Between 5 and 30 min from work 218,967 0.61 0.18

Between 30 and 60 min from work 218,967 0.27 0.15

More than 60 min from work 218,967 0.09 0.09

Notes: This gives summary statistics of the block-group level data from the American Community Survey
(ACS). Demographic variables from all existing ACS (yearly since 2009) are used as time-varying controls
in the housing regressions.

I.2.2 Type of power plants
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Figure I.1: Composition of fossil-fuel power plants

(a) Gas plants vs other fuels

(b) Composition of coal/oil plants

Notes: Fossil fuel power plants are composed of several fuel-specific units — four units per power plant on
average. Panel (a) plots the location of gas-only power plants (in blue) and power plants that have at least
one unit burning coal or oil. Panel (b) plots the location of these latter units and distinguishes power plants
that only have coal units (black), that have both coal and gas units (white), that have coal, gas and oil units
(orange) or gas and oil units (blue).
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Figure I.2: Coal deposits in the US

(a)

Notes: The map above represents coal deposits in the United States Three regions account for the vast majority
of US coal extraction: the Powder River Basin of Wyoming and Montana and the Appalachian Basin and
the Illinois Basin. The Powder River Basin provides 40% of coal in the US, mostly sub-bituminous coal. The
Appalachian Basin accounted for the larger share of coal productions in the US until the 2000s. It declined
since, and represents a quarter of coal extractions in the US in 2014. Appalachian coals are bituminous.
The Illinois Basin contains bituminous coal and account for 8% of US coal production in 2008. The map is
retrieved from the USGS geologic map tool available on the following link: https://www.usgs.gov/products/
maps/geologic-maps.

Figure I.3: Shale gas reserves in the US

(a)

Notes: The map above represents The map is retrieved from the USGS geologic map tool available on the
following link: https://www.usgs.gov/products/maps/geologic-maps.
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I.2.3 Fuels quality, quantity and costs

Table I.4: Summary Statistics on Fuels Received in 2005

count mean sd min max sum

Quantity of Gas (Mcf) 1,406 4,544,498 (9,693,613) 0 102,608,626 6389564554

Quantity of Oil (Barrels) 1,406 53,602 (389,820) 0 7,310,855 75,364,814

Quantity of Coal (tons) 1,406 702,985 (1,705,916) 0 14,464,625 988,396,341

Quantity of Bituminous Coal (tons) 1,406 305,374 (964,938) 0 8,657,200 429,356,184

Quantity of Sub-Bituminous Coal (tons) 1,406 319,265 (1,227,900) 0 13,617,400 448,885,971

Quantity of Other Coal (tons) 1,406 78,346 (619,485) 0 12,897,227 110,154,186

Cost of Gas (USD/Mcf) 306 902 (485) 104 7,933 276,123

Cost of Oil (USD/Barrel) 19 352 (574) 43 1,807 6,689

Cost of Coal (USD/Ton) 313 166 (61) 46 439 52,087

Cost of Bituminuous Coal (USD/Ton) 215 202 (59) 81 439 43,451

Cost of Sub-Bituminuous Coal (USD/Ton) 155 128 (45) 46 345 19,891

Cost of Other Coal (USD/Ton) 22 131 (49) 62 203 2,889

Ash Content of Gas (percent weight) 472 0 (0) 0 0 0

Ash Content of Oil (percent weight) 213 0 (0) 0 2 27

Ash Content of Coal (percent weight) 474 10 (6) 1 51 4,594

Ash Content of Bituminuous Coal (percent weight) 335 10 (3) 5 29 3,386

Ash Content of Sub-Bituminuous Coal (percent weight) 204 6 (3) 1 29 1,197

Ash Content of Other Coal (percent weight) 60 19 (13) 7 51 1,127

Sulfur Content of Gas (percent weight) 478 0 (0) 0 0 0

Sulfur Content of Oil (percent weight) 250 1 (2) 0 6 240

Sulfur Content of Coal (percent weight) 474 1 (1) 0 4 525

Sulfur Content of Bituminuous Coal (percent weight) 335 1 (1) 0 4 493

Sulfur Content of Sub-Bituminuous Coal (percent weight) 204 0 (0) 0 2 71

Sulfur Content of Other Coal (percent weight) 60 1 (1) 0 4 86

Heat content in Gas (MMBtu/Mcf) 912 1 (0) 1 1 934

Heat content in Oil (MMBtu/Barrel) 281 8 (7) 4 29 2,348

Heat content in Coal (MMBtu/ton) 474 22 (4) 10 27 10,195

Heat content in Bituminous Coal (MMBtu/ton) 335 24 (2) 19 27 8,088

Heat content in Sub-Bituminous Coal (MMBtu/ton) 204 18 (1) 16 22 3,628

Heat content in Other Coal (MMBtu/ton) 60 18 (6) 10 27 1,079

Notes: Table shows statistics of characteristics of fuel received by power plants for the year 2005. Unit-level fuel
shares and technology stock are averaged over facility to arrive at facility-level data. All facility-level data is then
collapsed by year. Quantity refers to quantity received at the monthly level by facility, summed up across month in
2005 at the facility level. Costs, sulfur, ash and heat content are averages of monthly values meaned across month in
2005 at the facility level.
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Table I.5: Quantity of Fuels received, by CAIR and non-CAIR

CAIR non-CAIR Di↵

mean (sd) mean (sd) mean (se)

Quantity of Gas (Mcf) 4,433,589 (9,889,399) 5,004,791 (8,836,919) -571,201 (610,219)

Quantity of Oil (Barrels) 52,097 (364,258) 59,848 (482,380) -7,751 (31,136)

Quantity of Coal (tons) 662,057 (1,633,672) 872,840 (1,972,055) -210,783 (128,845)

Quantity of Bituminous Coal (tons) 340,745 (998,724) 158,581 (794,718) 182,164 (56,514)⇤⇤⇤

Quantity of Sub-Bituminous Coal (tons) 245,538 (1,073,343) 625,244 (1,696,141) -379,706 (107,494)⇤⇤⇤

Quantity of Other Coal (tons) 75,775 (604,661) 89,016 (678,639) -13,241 (44,830)

Notes: Table shows the means and standard deviations of plant characteristics for the year 2005, by CAIR and
non-CAIR facilities. Unit-level fuel shares and technology stock are averaged over facility to arrive at facility-level
data. All facility-level data is then collapsed by year. ⇤ p < 0.10, ⇤⇤ p < 0.05, ⇤⇤⇤ p < 0.01.

Table I.6: Costs of Fuels received, by CAIR and non-CAIR

CAIR non-CAIR Di↵

mean (sd) mean (sd) mean (se)

Cost of Gas (USD/Mcf) 938.61 (557.03) 803.35 (139.43) 135.26 (40.28)⇤⇤⇤

Cost of Oil (USD/Barrel) 384.57 (600.16) 75.64 (46.23) 308.93 (149.19)⇤

Cost of Coal (USD/Ton) 181.68 (57.30) 118.81 (46.75) 62.86 (6.53)⇤⇤⇤

Cost of Bituminuous Coal (USD/Ton) 207.05 (56.17) 156.32 (62.00) 50.73 (14.12)⇤⇤⇤

Cost of Sub-Bituminuous Coal (USD/Ton) 136.19 (44.55) 116.54 (44.16) 19.65 (7.27)⇤⇤⇤

Cost of Other Coal (USD/Ton) 164.39 (34.29) 83.51 (15.29) 80.88 (10.79)⇤⇤⇤

Number of units

Number of facilities

Number of states 24 21 3

Notes: Table shows the means and standard deviations of plant characteristics for the year 2005, by CAIR
and non-CAIR facilities. Unit-level fuel shares and technology stock are averaged over facility to arrive at
facility-level data. All facility-level data is then collapsed by year. ⇤ p < 0.10, ⇤⇤ p < 0.05, ⇤⇤⇤ p < 0.01.
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Table I.7: Quality of fuels received, by CAIR and non-CAIR

CAIR non-CAIR Di↵

mean (sd) mean (sd) mean (se)

Ash Content of Gas (percent weight) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

Ash Content of Oil (percent weight) 0.14 (0.33) 0.06 (0.11) 0.08 (0.03)⇤⇤

Ash Content of Coal (percent weight) 10.10 (6.45) 7.71 (3.95) 2.40 (0.55)⇤⇤⇤

Ash Content of Bituminuous Coal (percent weight) 10.04 (2.87) 11.08 (3.52) -1.04 (0.77)

Ash Content of Sub-Bituminuous Coal (percent weight) 5.42 (2.37) 6.79 (3.87) -1.37 (0.51)⇤⇤⇤

Ash Content of Other Coal (percent weight) 20.44 (13.44) 9.38 (1.33) 11.06 (1.93)⇤⇤⇤

Sulfur Content of Gas (percent weight) 0.00 (0.01) 0.00 (0.00) 0.00 (0.00)

Sulfur Content of Oil (percent weight) 0.98 (1.68) 0.76 (1.51) 0.23 (0.33)

Sulfur Content of Coal (percent weight) 1.24 (0.89) 0.49 (0.25) 0.75 (0.05)⇤⇤⇤

Sulfur Content of Bituminuous Coal (percent weight) 1.52 (0.88) 0.77 (0.69) 0.75 (0.16)⇤⇤⇤

Sulfur Content of Sub-Bituminuous Coal (percent weight) 0.32 (0.18) 0.41 (0.18) -0.08 (0.03)⇤⇤⇤

Sulfur Content of Other Coal (percent weight) 1.56 (0.92) 0.67 (0.18) 0.89 (0.14)⇤⇤⇤

Heat content in Gas (MMBtu/Mcf) 1.02 (0.04) 1.02 (0.03) 0.00 (0.00)

Heat content in Oil (MMBtu/Barrel) 8.42 (6.93) 7.68 (6.24) 0.74 (1.32)

Heat content in Coal (MMBtu/ton) 22.13 (3.61) 18.48 (2.74) 3.65 (0.35)⇤⇤⇤

Heat content in Bituminous Coal (MMBtu/ton) 24.25 (1.51) 22.62 (1.61) 1.63 (0.35)⇤⇤⇤

Heat content in Sub-Bituminous Coal (MMBtu/ton) 17.72 (0.90) 17.91 (1.27) -0.19 (0.17)

Heat content in Other Coal (MMBtu/ton) 18.38 (5.70) 15.73 (4.38) 2.65 (1.66)

Number of units

Number of facilities

Number of states 24 21 3

Notes: Table shows the means and standard deviations of plant characteristics for the year 2005, by CAIR and
non-CAIR facilities. Unit-level fuel shares and technology stock are averaged over facility to arrive at facility-level
data. All facility-level data is then collapsed by year. ⇤ p < 0.10, ⇤⇤ p < 0.05, ⇤⇤⇤ p < 0.01.
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I.2.4 Fuel costs

Figure I.4: Ratio Fuel price to coal (price/mmBtu) by CAIR

(a) All fuels (b) Gas to Coal

Notes: The figures plot the ratio of oil, gas and petroleum costs (per unit of heat content) on the average costs of
coals (per unit of heat content). Data are retrieved from the EIA monthly-frequency and state-level dataset on fuel
prices delivered at fossil fuel power plants. Plain lines correspond to these ratios in states covered by the CAIR, and
the dotted lines correspond to data in non-CAIR states.

I.3 Validation of satellite’s air pollution data

Figure I.5: Evolution of concentration of major pollutants — satellites

(a) NO2 (b) SO2 (c) PM2.5

Notes: The graphs display changes in local air concentrations of NO2, SO2 and PM2.5. Values are recovered
from satellite imagery derived from the Ozone Monitoring Instrument and from van Donkelaar et al. (2015).
Measures are weighted by population using Census and CIESIN geographic information on population in the
US. Values from 2004 are normalized to 100.
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Figure I.6: Ground-level monitoring stations

(a) NOx (b) SO2

(c) PM10 (d) PM2.5

Notes: The maps display the location of ground-level monitoring stations installed by the EPA to continuously
collect information on local concentrations of NO2, SO2, PM2.5, and PM10.

Figure I.7: Evolution of concentration of major pollutants - ground-level stations

(a) All Pollutants

Notes: The graph displays changes in local air concentrations of NO2, SO2, PM2.5, and PM10. Values are
recovered from information collected by ground-level monitoring stations installed by the EPA.

Validating satellite imagery with ground-level monitoring stations data
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Table I.8: Correlation between monitoring stations and satellite measures of NOx pollution

Year Correlation Number of County

2005 0.70 253

2006 0.70 252

2007 0.68 252

2008 0.69 247

2009 0.67 240

2010 0.65 242

2011 0.65 232

2012 0.62 236

2013 0.58 243

2014 0.61 255

2015 0.64 250

Overall 0.68 2702

Notes: The table displays correlation between monthly measures of NOx concentrations from ground-level
stations and measures derived from satellite imagery obtained from NASA’s Ozone Monitoring Instrument.
All measures are aggregated at the monthly frequency and county level. Correlations are estimated for every
year.

Table I.9: Correlation between monitoring stations and satellite measures of SO2 pollution

Year Correlation Number of County

2005 0.64 326

2006 0.60 326

2007 0.54 327

2008 0.55 312

2009 0.36 300

2010 0.27 298

2011 0.31 293

2012 0.23 303

2013 0.11 311

2014 -0.02 312

2015 0.06 315

Overall 0.52 3423

Notes: The table displays correlation between monthly measures of SO2 concentrations from ground-level
stations and measures derived from satellite imagery obtained from NASA’s Ozone Monitoring Instrument. All
measures are aggregated at the monthly frequency and county level. Correlations are estimated for every year.
Initial years display high correlation between satellite data and monitoring stations. As air concentrations of
SO2 dropped after 2008, they were less precisely measured from space. Low concentrations of SO2 are di�cult
to detect from space.

Table I.10: Correlation between monitoring stations and satellite measures of PM pollution

Year Correlation (2.5) Number of County (2.5) Correlation (10) Number of County (10)

2004 0.84 641 0.28 481

2005 0.82 638 0.35 466

2006 0.82 603 0.24 442

2007 0.82 595 0.31 416

2008 0.79 585 0.15 395

2009 0.77 589 0.13 384

2010 0.80 594 0.29 378

2011 0.78 548 0.17 371

2012 0.70 552 0.16 369

Overall 0.82 5345 0.27 3702

Notes: The table displays correlation between monthly measures of PM2.5 concentrations derived from the
reanalysis product provided by van Donkelaar et al. (2015) and ground-level measures of PM2.5 and PM10. All
measures are aggregated at the monthly frequency and county level. Correlations are estimated for every year.
Not suprisingly, the reanalysis data for PM2.5 correlates well with ground-level measures of the pollutant. It
is interesting to observe that correlation with PM10, a visible pollutant similar to smog is low. The invisibility
of PM2.5 makes it one of the most dangerous pollutants as it often goes unoticed.
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