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Executive Summary

The health benefits of reducing fine particulate matter 

(PM2.5) anchor Environmental Protection Agency 

(EPA) air quality regulations and underpin the 

justification for a broad range of federal policies. Estimates of 

reduced adult mortality, in particular, drive these regulations, 

as seen in the Biden administration’s recent lowering of the 

National Ambient Air Quality Standard for PM2.5. Yet the link 

between PM2.5 and mortality remains uncertain and is subject 

to statistical weaknesses. The EPA’s cost-benefit analyses 

for PM2.5 standards tout large benefits against modest costs 

but overlook deeper ambiguities and geographic disparities. 

The EPA’s process for setting air quality standards should 

address all forms of uncertainty and explicitly weigh the costs 

involved. Devolving responsibility for air quality regulation to 

the states may offer opportunities to reduce complexity, tailor 

policies to local needs, and motivate innovative approaches, 

while a federal focus on interstate pollution could better 

reconcile health and economic considerations.

DAVID KEMP is a policy analyst at the Cato Institute. PETER VAN DOREN is a senior fellow at the Cato Institute and 
editor of Regulation.
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Introduction

When reading through federal regulatory 

notices and cost-benefit analyses, a common 

thread emerges: The health benefits 

of reducing emissions of particulate matter—small 

particles and droplets suspended in air—play a pivotal 

role in justifying many regulations, especially those 

from the Environmental Protection Agency (EPA) and 

the Department of Energy. In the last year of the Biden 

administration, several major regulatory actions, from 

limiting vehicle emissions to imposing energy efficiency 

standards on refrigerators and washing machines, were at 

least partly substantiated on the assumed health benefits of 

reductions in particulate pollution.1

Viewed collectively, these benefits make up a significant 

part of the justification for the entire regulatory state. 

From 2006 to 2016, the Office of Management and Budget 

reported that EPA regulations accounted for at least 

71 percent of the total monetized benefits and 55 percent of 

the total monetized costs of all major federal regulations. 

Air quality rules specifically made up 95 percent of the 

total benefits of EPA regulations.2 Most of these benefits 

stem from estimated reductions in mortality caused by 

lowering emissions of fine particulate matter (particulates 

measuring less than 2.5 micrometers in diameter, or about 

30 times smaller than a human hair, which are known as 

PM2.5).3 In some cases, such as the Mercury and Air Toxics 

Standards, more than 99 percent of the stated benefits 

came from the “cobenefit” of PM2.5 reductions, even though 

these were secondary to the regulation’s primary aim.4

PM2.5 is a regulatory category that refers to a mix of 

chemicals and substances emitted by a range of man-made 

and natural sources, including vehicles, restaurants, factories, 

power plants, wildfires, windblown dust, and vegetation. 

These particulates are thought to penetrate deep into the 

lungs and bloodstream, potentially causing significant 

health issues. In the short term, they may aggravate asthma, 

decrease lung function, and cause difficulty breathing. In the 

long term, they may create chronic health problems.

As a result, particulate matter, including PM2.5, is 

regulated as one of six “criteria” air pollutants under 

the Clean Air Act (CAA), with the National Ambient 

Air Quality Standards (NAAQS) setting a permissible 

exposure level across the United States. Most recently, the 

Biden administration lowered the PM2.5 standard from 

12 to 9 micrograms per cubic meter of air (μg/m3). As with 

earlier reductions in the PM2.5 NAAQS, and the use of PM2.5 

benefits in other air quality regulations, this decision was 

based on scientific evidence suggesting a link between 

PM2.5 exposure and mortality.

However, since particulate matter was first monitored 

and regulated there has been considerable disagreement 

about its actual health effects. While the EPA and many 

epidemiologists consider the issue resolved, others question 

the scientific evidence.

After decades of contentious and highly politicized debate, 

PM2.5’s health effects remain a divisive issue. The root of the 

dispute lies in the structure of the NAAQS itself and the role 

that science plays in the policy process.

We propose reforming the NAAQS with three key goals in 

mind:

1.	 Incorporating all sources of uncertainty, including 

unanswered questions about the causal relationship 

between particulate matter and long-term mortality 

and the form of that relationship.

2.	 Requiring consideration of regulatory costs. The 

EPA is currently precluded from considering any 

factors beyond health risks when determining the 

permissible level of PM2.5. This has created a policy 

process that obscures the tradeoffs involved and 

excludes additional normative questions, including 

the economic consequences of tightening PM2.5 

emissions standards.

3.	 Transferring responsibility for deciding permissible 

PM2.5 exposure levels to the states. While the federal 

government can play a legitimate role in regulating 
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interstate pollution, shifting the responsibility for 

determining ambient air quality to state governments 

will create opportunities to decrease administrative 

complexity and encourage more localized, flexible 

approaches.

For some people, particularly those who experienced the air 

pollution of the 1950s and 1960s, federal leadership in air 

quality regulation may be viewed as a necessity. The CAA 

and national air quality standards are often seen as a natural 

response to an environmental crisis. But after half a century 

of improving air quality, the context is now very differ-

ent from when federal involvement in pollution regulation 

began. It is important to reassess whether the measures that 

once seemed essential continue to serve the best interests of 

public health and economic efficiency.
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The Clean Air Act and the National 
Ambient Air Quality Standards

Today it is hard to fathom the extreme level of air 

pollution in the United States that set the stage for 

the CAA. In the late 19th and early 20th centuries, 

American cities experienced soot, dust, acidic particles, 

and gas emissions that were sometimes so severe that 

they blocked sunlight.5 In Pittsburgh, streetlights were 

at times kept on past 10 a.m.6 The intense pollution from 

coal burning and steel production earned Pittsburgh the 

nickname the “Smoky City.”7

Initially, problems with air pollution were addressed 

through private litigation under nuisance and trespass 

laws.8 By the late 1800s, local governments had enacted 

measures to control pollution. Municipal ordinances 

and a shift from coal to electrification and natural gas had 

mixed success in reducing pollution.9

Major events in the 1940s and 1950s drew attention to 

air pollution and its potential health effects. Los Angeles 

experienced its first smog event in 1943. Without a known 

source, many assumed that the noxious fog blanketing 

the city, burning residents’ eyes and reducing visibility, 

was a Japanese gas attack.10 It wasn’t until the early 1950s 

that scientists learned the smog was caused by refinery 

and automobile emissions trapped in the Los Angeles Basin 

and irradiated by the California sun, thus creating high 

levels of ozone.

In 1948, Donora, Pennsylvania, a small town about 

20 miles outside of Pittsburgh, experienced a tragic 

pollution event. A temperature inversion—a meteorological 

phenomenon where cold air is trapped at the ground 

beneath a layer of warm air—created a multiple-day buildup 

of sulfurous emissions from the town’s steel and zinc 

smelters. The extreme level of pollution sickened nearly 6,000 

people (about half the town’s working population), and 20 

people died.11 Similar disasters occurred in London during the 

1950s, most notably the infamous “Great Smog of 1952,” when 

4,000 people died over four days from extreme pollution.12

These disasters heightened public concern and, in 1955, 

President Dwight D. Eisenhower signed the Air Pollution 

Control Act, which funded federal research on air pollution 

and provided technical assistance to the states.13 However, 

public unease over air pollution continued to grow, 

especially after the publication of conservationist Rachel 

Carson’s book Silent Spring, and pressure for stronger federal 

action increased.14 The Clean Air Act of 1963 created federal 

grants to help develop state and local pollution-control 

programs and established a procedure to address problems 

of interstate pollution, but it still left most authority with 

state and local governments.15

Those governments demonstrated little interest in 

utilizing the processes established by the new law. By the 

end of 1967, the Department of Health, Education, and 

Welfare (HEW) had no requests for help with addressing 

pollution within the states and only three requests for help 

with interstate pollution.16 In Congress, though, there was 

still support for a federal response to air pollution, which led 

to the Air Quality Act of 1967.

Debates arose over the merits of two approaches to air 

pollution control: emissions standards and ambient air 

quality standards. Emissions standards set limits on how 

much pollution a source can emit, based on the assumption 

that a practical degree of control is achievable.17 In contrast, 

ambient air quality standards, or “risk-based standards,” 

directly consider the health risks associated with differing 

levels of outdoor air pollution. These standards define 

the acceptable amount of pollution based on minimizing 

health risks, and areas exceeding these levels must enact 

pollution-reduction strategies.

The benefit of emissions standards is that they are 

relatively easy to implement and enforce; the downside is 

that they can be inflexible and costly.18 In contrast, ambient 

air quality standards are complex and require knowledge of 

the health effects of pollution to determine an appropriate 
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permissible level of emissions. Once established, however, 

they allow different jurisdictions to determine the most 

effective methods of emissions reduction.

Another important question was whether these standards 

should be applied nationally or tailored to regional 

conditions. Advocates for national standards argued 

that without uniformity, industries in areas with weaker 

regulations would have an unfair competitive advantage 

over those in stricter regions.19 Critics argued that local 

conditions vary, and a one-size-fits-all approach would 

result in overregulation in some areas and underregulation 

in others.20

Ultimately, the 1967 act avoided setting national 

standards. It required HEW to establish air quality control 

regions and develop criteria about the health risks of air 

pollution and the costs and effectiveness of different control 

technologies. States were then required to develop plans 

to establish air quality standards and implement control 

strategies, which would be approved by HEW.21 Progress in 

addressing pollution was slow and HEW’s delayed creation 

of air quality control regions and promulgation of the 

criteria for setting pollution standards meant that by 1970 

only 23 states had submitted implementation plans, and 

none had received federal approval.22

In the meantime, environmentalism became an important 

part of President Richard Nixon’s political agenda.23 In his 

1970 State of the Union Address, to position himself ahead 

of potential rivals in the 1972 election, he promised an 

expansive environmental program that would “be the most 

comprehensive and costly program in this field in America’s 

history.”24 The result was the Clean Air Amendments of 1970, 

which created national emissions standards for new major 

stationary sources of pollution, directed the newly formed 

EPA to set national ambient air quality standards, and 

mandated lower automobile emissions.

Initially, the NAAQS were applied to five “criteria” air 

pollutants, including sulfur oxides, nitrogen oxides, and 

particulate matter (at that time this referred to suspended 

particles up to 100 micrometers, measured as total 

suspended particulates [TSP]). The EPA was tasked with 

developing “air quality criteria” that would “reflect the latest 

scientific knowledge useful in indicating the kind and extent 

of all identifiable effects on public health or welfare which 

may be expected from the presence of such pollutant in the 

ambient air, in varying quantities.”25 The EPA would then 

set two types of standards, a primary standard to “protect 

the public health” and a secondary standard to “protect 

the public welfare,” such as against damage to agriculture 

or reduced visibility.26 States then had to submit plans for 

achieving these standards.

Since 1970, the CAA and NAAQS have been revised several 

times, most notably through extensive amendments in 1977 

and 1990. In the mid-1980s, the measurement of particulate 

matter was changed from the broader category of TSPs to 

particulates less than 10 micrometers in diameter (PM10). In 

1997, separate standards for PM2.5 were added, including an 

annual standard and a 24-hour standard.

During this time, the CAA and NAAQS faced numerous 

legal challenges. One significant 2001 Supreme Court case 

(Whitman v. American Trucking Associations, Inc.) addressed, 

among other issues, whether the EPA could consider 

the costs of reducing pollution when setting NAAQS. 

Then-EPA administrator Carol Browner argued that the CAA 

specifically does not allow the EPA to account for costs when 

determining air quality standards, instead requiring that 

“pollution limits be based solely on health, risk, exposure 

and damage to the environment, as determined by the best 

available science.”27 The Supreme Court ruled unanimously 

in favor of the EPA, affirming that the Clean Air Act does not 

allow cost considerations in setting air quality standards.28

Over the past century, air quality in the United States has 

improved substantially, though it is still debated whether 

the credit goes to the CAA and NAAQS or to preexisting 

downward trends.29 In 1960, for example, the annual average 

TSP concentration in both Los Angeles and Pittsburgh was 

143 μg/m3.30 By 1986, the final year before PM10 became the 

standard, TSP levels had fallen to 101 μg/m3 in Los Angeles 

and 55 μg/m3 in Pittsburgh—declines of 29 and 62 percent, 

respectively.31 Since 1990, national annual average PM10 

levels have declined by 29 percent, and since 2000, average 

PM2.5 levels have declined by 37 percent.32

In the context of the high day-to-day levels of pollution 

experienced in cities across the United States, and with 

the concern generated by pollution disasters such as the 
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London Great Smog of 1952, where daily levels of TSPs 

were at times more than 1,600 μg/m3, the first federal 

interventions in air pollution in the 1950s and 1960s may 

have been warranted.33 The question today, after decades 

of improving air quality, is whether further efforts at 

nationwide incremental improvements are worthwhile. 

Given that cost considerations are precluded from the 

NAAQS process, the calculation of the appropriate level 

of ambient pollution is based entirely on “scientific 

knowledge.” This has created a highly politicized process 

and a contentious debate over the scientific evidence of the 

health effects of particulate matter.
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The Limits of “Scientific Knowledge”

The fundamental problem in the debate about 

the effects of particulate matter on health is the 

difficulty in proving that long-term exposure 

to PM2.5 causes mortality. The ideal scientific method to 

establish a causal relationship between PM2.5 exposure and 

health outcomes would be a randomized controlled trial 

in which participants are randomly assigned to different 

exposure levels. Random assignment ensures that all other 

potential causes of health outcomes, such as age, preexisting 

health conditions, or smoking history, are not correlated 

with exposure to particulates in the air. If the number of 

participants is sufficiently large, researchers would be 

confident that any differences in health outcomes between 

the exposed and unexposed groups are caused by the 

differences in PM2.5 exposure.

Substantial obstacles make such a trial impractical.34 

Instead, epidemiology uses statistical methods to analyze 

nonexperimental observations of people’s natural exposure 

to air pollution and their health outcomes, attempting 

to mimic the conditions of a trial. However, all statistical 

analyses imperfectly replicate experiments.

This statistical imperfection, combined with the legal 

requirement that the standard-setting process consider the 

latest scientific knowledge, has resulted in a decades-long 

debate about the results of observational studies. Many 

epidemiologists—and the EPA—contend that the weight of 

the evidence shows a correlation between PM2.5 and mortality; 

thus, particulate matter causes deaths.35 Other scholars 

argue that epidemiological findings of correlation provide 

insufficient evidence that the relationship is causal.36

H I S T O R I C A L  S T U D I E S  O N 
P M 2 . 5  A N D  M O R T A L I T Y

Historically, the EPA has relied on the Harvard Six 

Cities Study (SCS) and the American Cancer Society study 

(ACS) for its estimates of mortality effects of particulate 

matter. First published in 1993, the SCS examined about 

8,111 people living in six American cities that were 

chosen to represent a range of pollution levels.37 The ACS 

study, initially published in 1994, followed more than 

550,000 people in 151 US metropolitan areas.38 Both studies 

found an association between PM2.5 and mortality, and both 

have had follow-up studies supporting their results.

They have also faced considerable scrutiny. Critics 

question whether these studies adequately controlled 

for alternative factors (called “confounding variables” 

by epidemiologists) that, if included, would eliminate or 

severely attenuate the effect of PM2.5 exposure on mortality. 

In statistical terms, exclusion of such factors may introduce 

bias: systematic errors that cause the estimates to deviate 

from the true value. Sedentary lifestyles or smoking, for 

example, rather than PM2.5 exposure, might explain the SCS 

and ACS findings.39 Failing to account for these factors could 

lead to biased results, overestimating or falsely suggesting 

an association between PM2.5 and mortality.

The Health Effects Institute, a reputable independent 

organization jointly funded by the worldwide automotive 

industry and by the EPA, conducted a reanalysis of the 

studies, finding biologically puzzling results.40 The SCS 

found increased mortality in men but not in women.41 The 

ACS found increased mortality for moderate exercisers but 

no effect for those who did not exercise or who were heavy 

exercisers.42 And both studies found increased mortality in 

people with less than a high school education but not more.43

Those results suggest some factor other than PM2.5 

may be responsible. For example, suppose that whether 

someone completed high school is linked to another 

factor influencing both exposure to particulate matter and 

mortality: socioeconomic status. Socioeconomic status 

affects the likelihood of living in areas with higher pollution 

levels and access to health care. The observed association 

between particulate matter and mortality might be 

explained by differences in socioeconomic status. However, 

in the absence of measures of socioeconomic status, the 

empirical analysis attributes increased mortality to PM2.5 
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exposure. Including educational attainment, for example, 

partially controls for socioeconomic status and may reduce 

the observed effect of PM2.5.

The Health Effects Institute also considered the effects of 

migration. After adjusting for population change in the ACS, 

the reanalysis found that PM2.5 had no effect on mortality. 

Around 18.5 percent of the SCS subjects moved from their 

original city, and they were, on average, younger and more 

highly educated than the subjects who didn’t move.44 The 

reanalysis concluded that the SCS mover group had a lower 

relative risk than nonmovers and that the estimates of 

the PM2.5 effects on their mortality were not statistically 

different from zero.45

These results suggest the existence of selection effects in 

the data. Cities with population declines in the 1980s were 

Rust Belt cities with higher particulate matter levels. As 

younger, better educated people moved away, the remaining 

population may have had relatively higher mortality rates. 

It is possible that if the migrants had stayed, the observed 

PM2.5 effect would have been attenuated.

Unmeasured confounding and selection effects have led 

some critics to conclude that the statistical association 

the SCS and ACS identify between particulate matter and 

mortality is not sufficient to prove that PM2.5 causes death. 

In a 2008 survey of a dozen experts, including three authors 

of the ACS and SCS, respondents were asked whether 

the relationship between PM2.5 and mortality was causal. 

Four experts assigned a 10 to 65 percent probability to the 

relationship not being causal, three said there is a 5 percent 

probability, and five said there is a 0 to 2 percent probability. 

Applying a typical 95 percent confidence standard implies 

that seven of the experts would not reject the hypothesis 

that PM2.5 does not cause mortality.46

R E C E N T  P A R T I C U L A T E 
M A T T E R  E P I D E M I O L O G Y

New research attempts to address the concerns that 

traditional statistical methods do not establish a causal 

relationship. In a 2020 paper, Xiao Wu and colleagues studied 

Medicare enrollees, using two traditional approaches and 

three generalized propensity score models to assess the 

relationship between PM2.5 and mortality. Based largely on 

their generalized propensity score methods, the authors argue 

that their study “provides the most robust . . . evidence to 

date on the causal link between PM2.5 . . . and mortality among 

Medicare enrollees.”47

Generalized propensity score methods attempt to 

duplicate the randomization of a controlled trial. They do 

this by ensuring that measured confounding variables, 

such as smoking, are identical across different levels of 

PM2.5 exposure. By comparing cases with similar values of 

control variables but differing exposure to PM2.5, a study can 

estimate the effect of PM2.5 on mortality while controlling for 

other factors. However, questions about Wu’s methodology 

and reasons to be skeptical of their findings of a causal 

relationship remain.

Measurement Issues
Empirical work is only as good as the data that are 

used. And data are often less than ideal. Researchers make 

methodological choices to deal with imperfect data, and 

these decisions affect their results.

In general, the larger the number of data points 

in a statistical analysis, the smaller the confidence levels that 

surround the results and the greater the likelihood that the 

results are “real” and “different from zero.” Wu stresses that 

their analysis uses “the largest air pollution study cohort to 

date . . . more than 68.5 million Medicare enrollees (65 years 

of age or older) from 2000 to 2016, including demographic 

information on age, sex, race/ethnicity, date of death, and 

residential ZIP code.”48

The emphasis on the number of Medicare enrollees, 

however, is misleading. Their analysis aggregates annual 

deaths at the zip code level, estimating mortality effects based 

on zip code exposure levels and demographic variables. The 

number of zip codes included is large, and thus their sample 

size is still large, but it is not 68.5 million—it is only 532,729 

(i.e., 31,337 zip codes over 17 years).

In addition, the analysis uses zip-code aggregates rather 

than the individual-level data. And using aggregate data to 

make inferences about individuals is so problematic that 

it has its own term in the literature: ecological fallacy.49 
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The propensity scores estimated in Wu’s analysis are 

not propensity scores for individuals, but instead, they 

are the propensities for a zip code. The study does not 

measure individual exposure to PM2.5, nor does it include 

information about individual health, behavioral, or 

socioeconomic factors.

Excluding meteorological variables, the control 

variables are obtained from two sources. Demographic 

and economic information (which includes, for each zip 

code, the population density, percent below poverty level, 

percent Hispanic, percent black, percent below high school 

education, percent owner-occupied housing, median 

household income, and median home value) come from the 

Census Bureau’s American Community Survey five-year 

estimates. Smoking rate and mean body mass index (BMI) 

are county-level estimates from the Centers for Disease 

Control and Prevention’s Behavioral Risk Factor Surveillance 

Survey (BRFSS). The survey’s data for smoking and BMI 

are only available at the county level. Wu applies the 

county-level estimate to all the zip codes in that county. This 

exacerbates the ecological issues of using zip code data to 

represent individuals.

Both the census and BRFSS data have measurement 

error because they are surveys. This survey measurement 

error is not incorporated into Wu’s analysis, thus reducing 

the precision of estimates and potentially introducing 

bias if the survey errors are correlated with exposure and 

mortality. A study of survey measurement error of the 

American Community Survey found that methods that 

ignore the error were biased, and they underestimated the 

uncertainty of the estimates.50

Wu not only uses aggregate data to make inferences 

about individuals, they also use rolling averages as if 

they were individual year estimates. Against the specific 

recommendations of the Census Bureau, they use 

overlapping data from the American Community Survey. 

At smaller geographic levels, such as zip codes, single-year 

point estimates are not available.51 Instead, the census 

releases five-year rolling estimates. For example, the 

2007–2011 five-year estimate of median household income 

for a zip code includes estimates from all five years that 

are pooled, weighted, and processed to calculate a single 

estimate. But this estimate does not represent the median 

income for a single year, but rather for all five years. 

Comparing estimates from 2007–2011 and 2008–2012 

means that four of the five years of data are overlapping, 

and “the Census Bureau strongly recommends against 

comparing estimates in overlapping five-year periods 

since much of the data in each estimate are the same.”52 

Wu , however, uses the five-year estimates to compare data 

between subsequent years (with 2007–2011 data used for 

2011, 2008–2012 data used for 2012, and so on to 2016).

This use of the pooled estimates smooths the data 

relative to its true variability. Thus, the confidence interval 

surrounding the estimated effect of PM2.5 is larger than 

estimated, increasing the risk of a false positive result.53

Finally, a large portion of the data used by Wu is imputed. 

Many zip codes lack data for multiple years. The American 

Community Survey data at the zip code level starts in 2011 

(i.e., five-year estimates for 2007–2011). Wu uses decennial 

census data for 2000 and interpolates for 2001–2010. The 

BRFSS data end in 2012, with missing data for many counties 

before that. The authors extrapolate for 2013–2016 and 

interpolate missing data for earlier years, when necessary, 

and they use a moving average to interpolate their data so 

that each imputed data point is based on the most recent 

existing data. This reduces the variability of the data and 

creates a false sense of precision in the statistical estimates.54

If the missing data are correlated with particulate matter 

levels and mortality, imputation results in biased estimates.55 

For example, the number of years of missing BRFSS data is 

correlated with the population density of a zip code. The 

roughly 53 percent of zip codes with only four years of missing 

data (the minimum amount, since there is no BRFSS data for 

2013–2016) have a median population density of 1,048 people 

per square mile, whereas zip codes with five or more years of 

missing data have a median population density of 58 people 

per square mile.56 Thus, the data for rural zip codes is more 

likely to have higher levels of interpolation.

Questions about imputed missing values or measurement 

error are common in statistical analyses. However, the scale 

of these questions in Wu’s analysis is noteworthy, as most 

of the control variables used are largely imputed. All told, 

only 2 years (2011 and 2012) have nearly complete data. The 
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other 15 years used in the analysis rely on either imputed 

census data (interpolated based on misused five-year 

estimates) or BRFSS data (with county-level data assigned 

to each zip code) or both.

Thus, the authors’ statistical tests, which purportedly 

rely on 17 years’ worth of data to demonstrate a causal 

relationship between PM2.5 and mortality, actually depend 

on far fewer years of problematic data for many key factors.

Unmeasured Confounding
Econometric analysis of the effect of particulate matter 

on mortality must control for factors that are correlated 

with both exposure and mortality. Failure to include these 

factors, referred to as confounders in the epidemiological 

literature, results in biased estimates of the effect of PM2.5 

on mortality. Some of these, such as age and sex, are easily 

measured and included.

Other factors are measured with less precision. For 

example, in Wu’s analysis the smoking rate variable is the 

percentage of people in a county who have ever smoked. This 

omits information that affects mortality, including smoking 

intensity, duration of smoking, and time since cessation. 

Including a coarse variable like “ever smoked” versus “never 

smoked” may account for some of the smoking-related 

confounding. But residual confounding may remain if the 

smoking risk factors that were omitted differ between high 

and low PM2.5 areas.57

The generalized propensity score methods used by Wu do 

not require assumptions about the form of the relationships 

between PM2.5 and the control variables. By balancing the 

measured confounders across propensities to be exposed to 

PM2.5 they can isolate the mortality effects of PM2.5 from the 

effects of the included alternatives. However, generalized 

propensity score methods still rely on the assumption that 

there is no unmeasured confounding. A randomized controlled 

trial can demonstrate a causal link because by randomly 

assigning subjects to exposure and nonexposure groups it 

ensures that, on average, both measured and unmeasured 

confounding variables are evenly distributed. An observational 

study using generalized propensity score can only ensure that 

measured confounders are evenly distributed.58

Past research has explored various potential 

unmeasured confounders, such as occupational history, 

health care quality and access, preexisting health 

conditions, physical activity, diet, noise pollution, and 

stress levels.59 If these or other confounders are correlated 

with PM2.5 exposure and mortality, their exclusion 

suggests that the estimated effect of PM2.5 on mortality 

is too large or, if the omitted confounding relationship is 

strong enough, nonexistent.

Previous evidence does suggest that unmeasured 

confounding exists in assessments of PM2.5 and 

mortality. A notable example is demonstrated in a 2011 

study by Sonja Greven and colleagues that separates trends 

in PM2.5 into two parts: a “global” trend that measures 

changes in PM2.5 on a national level and a “local” trend that 

measures PM2.5 at a local level.60 If a relationship between 

declining PM2.5 and improving life expectancy is observed 

on a national scale, the same should be observed at a local 

level. Cities with sharper declines in particulate matter 

should see larger increases in life expectancy. Greven, 

however, finds that while there is a national association 

between PM2.5 and life expectancy, there is no such 

relationship on a local level.

This result could indicate the presence of a national 

confounder that is biasing the global analysis. Although 

alternative explanations have been proposed, economists 

Wonjun Chang and colleagues use simulations in their 

study to show that the likely reason is a time-varying, 

unmeasured, confounding variable that is associated with 

long-term trends in both PM2.5 levels and mortality.61 If 

this is correct, it would mean that there is no real causal 

relationship between PM2.5 and mortality.

Selection Effects
Selection effects arise if the “choice” to be exposed to low 

or high levels of PM2.5 is not random. Selection creates bias 

in causal estimates if the “choice” to be exposed is correlated 

with other causes of mortality.

 One important critique of previous air pollution 

epidemiology was that the ACS and SCS studies did not 

account for migration. If people who moved away from cities 
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with high PM2.5 levels (generally those who were younger 

and better educated) had not moved, the observed effect of 

particulate matter may have been smaller.

Wu’s study also does not consider the effects of migration, 

and thus relies on the assumption that people living in 

areas with high and low levels of PM2.5 are, on average, 

identical after controlling for the area-level covariates. But 

if people select into high- and low-pollution areas based 

on characteristics that are related to mortality, then this 

assumption is incorrect.

Census Bureau migration data do indicate that, 

on average, people aged 65 and over move from high 

PM2.5 to low PM2.5 areas. To illustrate this, we link 

American Community Survey 2011–2015 estimates of 

county-to-county migration flows to Wu’s estimates of 

PM2.5 levels in 2015.62 On average, annually about 17 people 

aged 65 and over moved from a county above the median 

level of PM2.5 (roughly 7.8 μg/m3), while about 19 people 

aged 65 and older moved to a county below the median 

level. Expanding the analysis to people aged 55 and over 

finds a per county annual flow of about 35 people from 

high to low PM2.5 counties.

In percentage terms, this flow is small: on net, high 

PM2.5 counties each lost about 0.1 percent and low PM2.5 

counties each gained about 0.16 percent of people aged 65 

and over annually. However, these are annual estimates. 

Assuming the 2011–2015 trend is true for the entire 16-year 

period of Wu’s, the cumulative number of movers is more 

substantial. And this type of migration bias can have 

substantial effects even when the number of people who 

move is small.63

Additionally, the localized effects in areas with extreme 

high or low levels of PM2.5 may be much higher. In 

Los Angeles County, which has high levels of particulate 

matter, for example, on net more than 6,000 people aged 

65 and over (and nearly 15,000 people aged 55 and over) 

moved away annually. That is 0.51 percent of the total 

65 and over population (and 0.65 percent of the 55 and 

over population). If this estimate is accurate for the full 

2000–2016 period, this would mean that almost 9 percent 

of the 65-and-over population of the county moved 

elsewhere during Wu’s analysis.

Furthermore, because American Community Survey 

migration data is only available at the county-to-county 

level, this ignores people who move from high to low 

PM2.5 areas within a county. A more in-depth analysis that 

accounts for zip code to zip code migration might find an 

additional correlation between migration and PM2.5 levels.

The effects of migration only matter if the people who 

move and the people who remain are different. For example, 

if people who move to places with less air pollution live 

healthier lifestyles, are more active, have fewer preexisting 

health conditions, or are wealthier, then the difference 

in mortality rates between high and low PM2.5 areas may 

reflect these underlying differences rather than a causal 

relationship between particulate matter and mortality.

E-Value
Wu’s primary measure of the robustness of their findings 

is their calculation of an “E-value.” They define it as:

The E-value for the [relative risk] . . . can be defined 

as the minimal strength of an association . . . that an 

unmeasured confounder would need to have with 

both the exposure and outcome, conditional on the 

covariates already included in the model, to fully 

explain the observed association under the null.64

In other words, the E-value measures the relationship that 

an unmeasured confounder would need to have with both 

PM2.5 levels and mortality for the analysis actually to be esti-

mating the effects of that confounder, implying that the true 

relationship between PM2.5 and mortality is zero. Wu finds 

an E-value of 1.32, meaning that an unmeasured confounder 

must be both associated with a 32 percent higher likelihood 

of being exposed to 10 μg/m3 more of PM2.5 and a mortality 

rate 32 percent higher than the baseline for the confounder 

to fully explain away the effects of PM2.5.

At first, this estimated E-value seems like strong evidence 

that there is unlikely to be an unmeasured confounder 

of the magnitude necessary to justify rejection of Wu’s 

findings. A few key caveats, however, suggest that some 

skepticism is still warranted.65
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First, the estimated E-value assumes that the unmeasured 

confounder nullifies the effect of PM2.5. If the true effect of 

particulate matter is less than they measure, but not zero, 

the necessary strength of the relationship of the confounder 

between exposure and outcome is smaller.

Second, the E-value, as they describe it, suggests the 

necessity of a single strong confounding variable that 

alone explains away their entire findings. The E-value 

simply measures the strength of association necessary for 

the estimated relationship between PM2.5 and mortality 

to be spurious, but it does not tell us whether one strong 

unmeasured variable is responsible for all of that bias 

or whether the bias stems from the combined effects of 

multiple weaker confounders.66

Third, the E-value is the minimum strength of 

association between the unmeasured confounders 

and both exposure and outcome, assuming that 

the relationships with exposure and outcome are 

equal. A confounder with a stronger relationship to PM2.5 

exposure but a weaker relationship with mortality (or 

vice versa) could still imply that the estimated PM2.5 effect 

is false.67 For example, if an unmeasured confounder is 

associated with a 100 percent higher likelihood of being 

exposed to 10 μg/m3 more PM2.5 (i.e., a person is twice 

as likely to be exposed to 10 μg/m³ more PM2.5, or 2.00 

on a relative risk scale), it would only need to be associated 

with a 13 percent increase in mortality to nullify the 

observed effects (i.e., a relative risk of 1.13).

Finally, Wu reports their E-value in terms of a 10 μg/

m3 increase in PM2.5 exposure. While this is standard in 

PM2.5 epidemiology, it minimizes how large a difference 

10 μg/m³ really is. Based on their PM2.5 data, 10 μg/m³ 

is larger than the range of particulate matter measured 

for the majority of zip codes. For example, in 2016, this 

difference corresponds to the range between the 0.02 and 

99.98 percentiles of zip codes.68 The E-value for a 1 μg/m³ 

increase is 1.08.69

Thus, while the E-value does help quantify the residual 

bias necessary to suggest that the estimated effect of 

particulate matter on mortality is false, a more complete 

view of the E-value qualifies Wu’s claims.

Simply viewing the E-value as the strength of 

association necessary for one unmeasured confounder to 

nullify the results implies a much more difficult threshold 

to meet than when you consider the collective effect of 

many weaker confounders. This is illustrated by reviewing 

the results of a recent study on the effect of PM2.5 on 

cardiovascular health.70 As shown in Table 1, a model 

that includes only age, sex, and race and ethnicity as 

covariates finds a relative risk of cardiovascular disease 

mortality of 1.30 for a 10 μg/m3 increase in exposure. The 

E-value of such a large relative risk is also large, 1.92, 

meaning that a single unmeasured confounding variable 

would need to be associated with a 92 percent higher 

likelihood of both being exposed to 10 μg/m3 and dying 

from cardiovascular disease. However, as additional 

confounders are included in the model, the relative risk 

and, therefore, the E-value, quickly decrease. The full 

model, which additionally includes socioeconomic status, 

smoking, BMI, and baseline comorbidities and medication 

use, finds a relative risk of 1.08 and a much lower E-value 

of 1.37. How might both the relative risk and the E-value 

change if further variables were added, such as data on 

physical activity, nutrition, or more detailed smoking 

information?

The uncertainty of the Wu findings can be summarized 

with one question: Do unmeasured factors associated with 

both higher PM2.5 and higher mortality rates attenuate or 

eliminate the observed relationship between particulate 

matter exposure and mortality?

There are many unmeasured disparities between zip codes 

with large differences in PM2.5 levels. For example, zip code 

90018 in the heart of Los Angeles, with a PM2.5 level of nearly 

12 μg/m3 in 2016, was home to 50,000 people who lived 

in 3 square miles, as compared to zip code 98827 in northern 

Washington State with a PM2.5 level less than 2 μg/m3, 

where about 270 people were living in 320 square miles.71 

We believe there is a strong possibility that some of the 

unmeasured differences between these areas account for 

variations in mortality.

Given that the propensity score methods used by Wu rely 

on imputed and misused data at the area level and cannot 

overcome unmeasured confounding variables or selection 

bias, their analysis does not resolve the PM2.5 debate.
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B E Y O N D  E P I D E M I O L O G Y : 
Q U A S I - E X P E R I M E N T A L  A P P R O A C H E S 
I N  E N V I R O N M E N T A L  E C O N O M I C S

Economists also have examined the health effects 

of air pollution. These studies often use “natural” 

experiments—real-world events that create conditions 

similar to random assignment. In a 2009 paper, 

economists Michael Greenstone and Ted Gayer critique 

earlier nonexperimental studies, arguing that both the 

economic and health research on air pollution may suffer 

from biased results. They emphasize the importance of 

using quasi-experimental methods to draw more reliable 

conclusions. The propensity score methods used by 

Wu are also considered quasi-experimental but rely on 

observational characteristics to mimic randomization. 

In contrast, economists have utilized external sources of 

variation, such as policy changes, natural cut-offs, or events 

that create clear differences between treatment and control 

groups. In theory, such research designs yield unbiased 

estimates of the effects of pollution on health.

Short-Term Studies
Some studies use changes in wind direction as the 

equivalent of an experiment. Those who are downwind are 

more exposed to pollutants, while those who are upwind 

are less exposed. Changes in wind direction, by themselves, 

are assumed not to affect mortality. Thus, any change 

in mortality associated with changes in wind direction 

is a result of increased pollution exposure. Because wind 

changes are not long-term, such studies examine short- 

rather than long-term exposure effects on health.

In a 2019 paper, for example, Tatyana Deryugina and 

colleagues investigate the effects of PM2.5 changes on 

mortality.72 They estimate that a 1 μg/m3 increase in PM2.5 

causes a 0.18 percent increase in three-day mortality rates for 

adults aged 65 or older. This is substantially smaller than Wu’s 

results, whose estimate that long-term exposure to 1 μg/m3 

more PM2.5 increases elderly mortality by 0.64 percent.73

Some portion of the acute mortality effect is the result 

of “mortality displacement”—deaths among already frail 

people with short life expectancies. Deryugina argues 

that their results are not driven by mortality displacement 

because their estimated mortality effects increase over 

time—but the increase stops after only 14 days.74

In a 2023 analysis, Tatyana Deryugina and Julian Reif 

use similar estimates of the acute effects of air pollution 

to model long-term mortality.75 However, instead of 

PM2.5 they study the effects of sulfur dioxide exposure. 

They find that a 10 percent increase in sulfur dioxide 

causes a 0.33 percent increase in mortality for all ages. They 

then use a model of long-term human health to infer chronic 

effects based on the observed short-term effect. The model 

finds that a permanent decrease of 10 percent of sulfur dioxide 

pollution would increase life expectancy by 1.18 to 1.32 years. 

These long-term estimates are seven to eight times larger 

than the projections suggested by simple linear extrapolation 

of the short-term effects. Based on the amount of PM2.5 

Age, sex, race, and ethnicity 1.30 1.92

Age, sex, race, ethnicity, and socioeconomic status 1.18 1.64

Age, sex, race, ethnicity, socioeconomic status, smoking, and body mass index (BMI) 1.17 1.62

Age, sex, race, ethnicity, socioeconomic status, smoking, body mass index (BMI), baseline comorbidities,

and baseline medication use

1.08 1.37

Covariates included

Estimated

relative

ris�

E-

value

Table 1

Estimated relative ris� of cardiovascular disease mortality and E-value for a 10 μg/m

3

 increase in PM

2.5

Source: Relative risks estimates are from Stacey E. Alexeeff et al., “Association of Long-term Exposure to Particulate Air Pollution With Cardiovascular 

Events in California,” JAMA Network Open 6, no. 2 (February 2023); E-values are authors’ calculations based on Tyler J. VanderWeele and Peng Ding, 

“Sensitivity Analysis in Observational Research: Introducing the E-Value,” Annals of Internal Medicine 167, no. 4 (2017): 268–74.
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that is cotransported with sulfur dioxide, and the extreme 

assumption that all of the estimated health effects are caused 

by the cotransported PM2.5, Deryugina and Reif’s estimates 

would imply that a permanent 1 μg/m3 decrease in PM2.5 

would increase life expectancy by 0.47 to 0.57 years.76

We believe that the chronic effects estimated by Deryugina 

and Reif should be viewed cautiously. Their model of 

long-term health is carefully calibrated and validated against 

real-world data, which suggests that it may be more accurate 

than simple linear extrapolation. But it is still a projection 

based on observations of mortality in a one-month window 

following one day of elevated exposure. The cumulative 

mortality effects of a one-day increase in exposure level 

off after only 35 days.77 And their estimates are based on 

observations of sulfur dioxide exposure, not PM2.5.

Long-Term Studies
In a 2020 study, Michael Anderson attempts to analyze the 

long-term mortality effects of pollution, although again, not 

specifically PM2.5 exposure.78 Anderson compares mortality 

differences between those people who are chronically upwind 

and downwind of major highways in Los Angeles, where 

winds flow from west to east off the ocean. He estimates 

that a doubling of time spent downwind increases mortality 

rates for people aged 75 or older by 3.8 to 6.5 percent. 

However, because PM2.5 concentrations decay to background 

levels within a relatively short distance of highways, these 

effects arise from exposure to ultrafine particles (particles 

with a diameter of 0.1 micrometer or less), nitric oxide, and 

carbon monoxide, rather than PM2.5.

Alan Barreca and colleagues exploit a difference in 

pollution controls on coal-burning power plants to evaluate 

how a change in sulfur dioxide affects long-term mortality.79 

In the 1990s, the Acid Rain Program required only certain 

power plants to limit emissions, which created a permanent 

decrease in sulfur dioxide pollution. By comparing mortality 

before and after control technologies were installed in areas 

near the power plants, and then contrasting this trend with 

mortality rates in areas far from the regulated power plants 

that did not experience the same drop in pollution, Barreca 

isolates the mortality effects of sulfur dioxide. They find that 

the sulfur controls caused a statistically significant drop 

in cardiorespiratory-related deaths and that the effect was 

cumulative. While no reduction in mortality was detected 

immediately after the controls were implemented, the effect 

was detected 10 years later.

However, there are some puzzling results. When 

differentiating by age group, the authors found no effect for 

people under 35, the largest effect for people between 35 and 

64, and a significant, but much smaller effect for people aged 

65 and over. In 2005, for example, they estimated a 1.6 percent 

decrease in cardiorespiratory mortality for the middle-aged 

group and only 0.2 percent for the elderly group. Why is the 

estimated effect on people aged 65 and over so much smaller 

when elderly people are typically believed to be more sensitive 

to chronic air pollution exposure?

Barreca attempts a rough conversion of their sulfur 

dioxide estimates to PM2.5 mortality effects by modeling 

the relationship between PM2.5 levels and controls on 

sulfur emissions. Their approximate result is that a 1 μg/m3 

decrease in PM2.5 causes a 1.1 percent decrease in the 

cardiorespiratory mortality rate for people aged 35–64.

China Coal-Use Studies
A series of studies exploits a policy discontinuity in China 

to estimate the effects of particulate pollution. From 1950 to 

1980, the Chinese government provided free coal for winter 

heating in homes and offices in North China, demarcated 

by a boundary line formed by the Huai River and Qin 

Mountains, leading to a coal-burning heating infrastructure 

that does not exist in the south. As a result, pollution levels, 

as measured by total suspended particles (a category that 

includes PM2.5 and larger particles) and PM10 (which includes 

PM2.5 and particles up to 10 micrometers in diameter), 

remain much higher north of the Huai River than south of it. 

Assuming that the populations directly north and south of 

the river are otherwise similar, this discontinuity provides 

an opportunity to estimate the effect of particulate matter 

on mortality.

In a 2013 study by Yuyu Chen and colleagues, they find 

that, from 1981 to 2000, average TSP levels north of the river 

were approximately 552 μg/m3 compared to 355 μg/m3 south 
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of the boundary.80 They estimate that a 100 μg/m3 increase 

in TSP reduced life expectancy at birth by about three years. 

In 2017, Avraham Ebenstein and colleagues analyzed PM10 

levels from 2004 to 2012 and found average levels of about 

120 μg/m3 north of the river and 91 μg/m3 south of the 

river.81 A 10 μg/m3 increase in PM10 was estimated to reduce 

life expectancy by 0.64 years.

How applicable are these findings to the United States, 

where pollution levels are much lower? The TSP levels 

discussed by Chen are six to nine times higher than levels 

were in the United States during the same time period.82 

Using their results to make conclusions about the effects of 

TSPs in the United States therefore requires the assumption 

that the marginal effects of pollution are the same at high 

and low levels. Furthermore, because the studies do not 

directly consider PM2.5 there are questions about what 

determinations can be drawn from the estimated effects of 

the broader measures of TSP and PM10.83

In a 2024 study by Alberto Salvo and colleagues, they use 

data on PM10 and PM2.5 levels and mortality from 2013 to 

2018 to estimate the mortality effects.84 Using an alternative 

but similar boundary line, they estimate a mortality 

effect of PM10 about half the magnitude of that estimated 

by Ebenstein. A 1 μg/m3 increase in PM2.5 is found to 

cause a statistically significant 1 percent increase in 

mortality from 2013 to 2015, but a nonsignificant 0.7 percent 

increase from 2016 to 2018.

The three studies claim to corroborate one another’s 

findings, but a closer examination reveals some 

contradictions. For example, in Chen’s 2013 study, they 

find a statistically significant effect at the Huai River when 

using a cubic function. However, when Ebenstein applied 

this methodology to PM10 data from 2004 to 2012, their 

findings are less robust, with statistical significance at only 

the 90 percent level (implying a higher chance of a false 

positive).85 However, their main results use a different 

methodology, known as local linear regression, and are 

significant at the 95 percent level.

Similarly, Salvo, using the same local linear regression 

methodology in the period immediately following 

Ebenstein , found that PM10 and PM2.5 had no significant 

effect on respiratory and cardiovascular mortality at the 

original Qin–Huai boundary. However, at their alternative 

boundary, they observed significant effects from 2013 to 

2015, but not from 2016 to 2018.86

Thus, the results are inconsistent across the studies. This 

raises important questions about which models, and which 

underlying assumptions, are the most reliable. Notably, 

Salvo’s study, which has the largest sample size and the only 

direct measurement of the effect of PM2.5, finds a significant 

mortality effect only during part of the period studied.

Salvo suggests that their 2016–2018 results are statistically 

indistinguishable from zero because of a declining difference 

in mortality caused by the diminishing air pollution gap north 

and south of the boundary line. However, they still find a large 

difference in PM2.5 at the boundary line from both 2013–2015 

(16 μg/m3) and 2016–2018 (7 μg/m3). In fact, 7 μg/m3 is larger 

than the range between the 2.5 and 97.5 percentile of zip 

codes used in Wu’s analysis in the United States.87 Can the 

findings of no effect in China and large effects in the United 

States both be true?

Comparing Results Across Studies
How should one compare results across studies? As 

reprinted in Table 2, Michael Anderson contrasts the 

result of his research with findings from other studies. He 

calculates that the estimated change in life expectancy at 

birth for people aged 75 and over caused by a 10 percent 

change in traffic pollution is a decrease in life-expectancy 

of 0.05 years.88 His similar calculations using the results of 

epidemiological research on PM2.5 are substantially higher: 

The SCS implies a change in life expectancy of 0.22 years, 

while a separate epidemiological paper finds a change of 

0.12 years.89 And the effects of TSP in China, as estimated 

by Chen, convert to one year in reduced life expectancy 

for a 10 percent increase in pollution. Deryugina and Reif find 

that a 10 percent increase in sulfur dioxide exposure reduces 

life expectancy for people aged 75 and over by 0.09 years.90

Thus, with the exception of Chen’s results, which are 

based on observations of much higher levels of pollution, 

the findings of quasi-experimental studies in the economic 

literature seem to be lower than the effects found by 

epidemiologists.
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Pope, Ezzati, and Dockery (2009)

PM

2.5

0.12 years

Dockery et al. (1993) (Harvard Six Cities Study)

PM

2.5

0.22 years

Chen et al. (2013) Total suspended particulates 1 year

Anderson (2019) Traf�c pollution 0.05 years

Deryugina and Reif (2023) Sulfur dioxide 0.09 years

Study Pollutant Effect of 10 percent increase

Table 2

Estimates of reduction in life expectancy associated with 10 percent increase in pollution

Source: Michael L. Anderson, “As the Wind Blows: The Effects of Long-Term Exposure to Air Pollution on Mortality,” Journal of the European Economic 

Association 18, no. 4 (2019): 35; and Tatyana Deryugina and Julian Reif, “The Long-Run Effect of Air Pollution on Survival,” NBER Working Paper no. 

31858, November 2023, p. 36.
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Regulating PM2.5: Calculating Costs and 
Benefits amid Scientific Uncertainty

Despite what we believe to be considerable 

uncertainty with estimates of the mortality effects 

of chronic PM2.5 exposure, the EPA has largely 

treated the matter as settled. While the ways in which the 

EPA sets and enforces standards has faced a good deal of 

criticism, little has changed since PM2.5 was first regulated in 

1997. In fact, the processes are highly predictable.

Under the NAAQS process, the PM2.5 standards are 

reassessed every five years. When Republicans are in office, 

regulators determine that the most recent science does not 

support a lowering of the acceptable level of particulate 

matter, and so the status quo stands. When Democrats are 

in office, regulators determine that the science—sometimes 

the exact same research—is sufficient to justify tightening 

the standard. The potential benefits of a proposed change 

to the permissible level of PM2.5, as well as a few alternative 

changes, are assessed. While the benefits of the lowest 

proposed level are always the largest, the standard has 

always been set at a level that is slightly below the average 

level of exposure evaluated in the scientific studies used to 

justify the health benefits.

In 1997, the Bill Clinton EPA first began regulating 

PM2.5, setting the annual average standard at 15 μg/m3, 

about 1 μg/m3 below the mean of short- and long-term studies 

used to justify regulation of PM2.5.
91 Under the George W. 

Bush administration, in 2006 the EPA elected to maintain 

the annual standard at 15 μg/m3, citing scientific uncertainty 

in the health effects of PM2.5 levels below those seen in the 

available evidence (the Bush EPA did lower the 24-hour 

standard from 65 μg/m3 to 35 μg/m3 based on available studies 

on the short-term health effects of particulate matter). In 2013, 

the Barack Obama administration lowered the standard to 

12 μg/m3, again slightly lower than the mean concentration in 

the most recent long-term epidemiological studies.

In 2020, under the first Donald Trump administration, the 

EPA determined that the scientific evidence did not justify 

lowering the standard.92 Under President Joe Biden, the 

EPA reconsidered the 2020 decision and began the process 

to lower the standard, finalizing a rule that lowered the 

standard to 9 μg/m3 in February 2024.93

While the NAAQS does not allow for the consideration of 

costs, federal agencies are required to conduct a cost-benefit 

analysis for any “economically significant” regulation. 

Thus, the EPA conducts a regulatory impact analysis (RIA) 

of changing the PM2.5 standards, even though the findings 

are technically not going to have an effect on the ultimate 

decisionmaking process. A close reading of the RIA’s 

findings, and the assumptions involved, illustrate the many 

uncertainties of determining the costs and benefits of major 

regulations, as well as how federal agencies obscure these 

uncertainties.

The RIA for lowering the annual average standard for PM2.5 

to 9 μg/m3 assesses the health benefits and control costs of the 

change and alternatives of 10 or 8 μg/m3, along with lowering 

the 24-hour standard from 35 to 30 μg/m3. It finds that the 

benefits of reducing PM to any level dwarf the estimated costs. 

Both avoided mortality and morbidity are considered, but 

the majority of benefits (over 98 percent) stem from avoided 

deaths.94 The mortality estimates are based on two sources. 

One is the 2020 paper by Wu, which estimates the mortality 

effects among the elderly population with a hazard ratio 

of 1.066 per 10 μg/m3 increase in PM2.5 exposure. The other 

is a 2019 study by C. Arden Pope III and colleagues that uses 

traditional methods to estimate a hazard ratio of 1.12 among 

the entire adult population.95 Depending on which estimate 

of avoided mortality is used and the discount rate, the health 

benefits of changing the standard to 9 μg/m3 are estimated to 

range from $20 to $46 billion per year (in 2017 dollars).

To estimate costs, the EPA determines which counties 

will need to reduce PM2.5 levels and identifies “illustrative” 

control strategies. Ultimately, the control strategies will be 

determined by states and counties, not the EPA. According 



18

Rethinking Air Quality Regulation

to the EPA estimates, the costs of the identified control 

strategies would be about $594 million per year, and the 

benefits of the new standard are about 70 to 165 times larger 

than the costs.

Of course, the RIA, like any ex ante analysis of costs 

and benefits, requires assumptions to be made and must 

incorporate some level of uncertainty. The EPA acknowledges 

some sources of ambiguity. Estimates of future PM2.5 levels 

and the costs of control strategies are ultimately guesses 

based on current trends and available technologies. The 

benefits must incorporate the statistical uncertainties of the 

assumed health effects and economic valuation of deaths.

The EPA does not appropriately confront all forms of 

uncertainty when determining and evaluating NAAQS. 

Economists Anne E. Smith and Will Gans note that, while 

the EPA may appropriately incorporate reported statistical 

uncertainties, there are additional ambiguities that are 

omitted.96 These include questions about whether the 

damages of particulate matter are attenuated at lower 

concentrations and whether distinct components of PM2.5 

have different levels of toxicity.

Furthermore, the EPA makes assumptions about the 

ability of states and counties to comply with the standards. 

Whenever the NAAQS is changed there are counties that 

fail to comply with the lower standard, including a group 

of counties with a sizeable population that has been in 

“nonattainment” with the PM2.5 standards since the outset. 

The EPA falls short of assuming that all counties will manage 

to achieve the new PM2.5. But its analysis does assume PM2.5 

reductions, which should not be taken as given.

Altogether, these uncertainties, along with the continuing 

debate over the health effects of PM2.5, suggest a less clear 

cost-benefit ratio than the EPA implies.

T H E  C O N C E N T R A T I O N - R E S P O N S E 
R E L A T I O N S H I P

The NAAQS and RIA rely on the assumption that the 

relationship between mortality and PM2.5 is linear and 

exists even at low levels of PM2.5. Levels of particulate 

matter in the United States are already lower than they 

were during the periods in which the epidemiological 

research used to estimate health benefits was conducted. 

Thus, even ignoring any potential flaws in those studies, 

justification of lowering the standards requires us to 

suppose that the observed health benefits will continue at 

levels lower than have been observed.

To support its estimated health benefits, the EPA assumes 

that the relationship between the concentration of PM2.5 

that people are exposed to and the response (in this case 

mortality) is linear and has no threshold. As demonstrated 

in Figure 1, this type of concentration-response relationship 

(C-R relationship) has a constant slope from high levels 

of PM2.5 exposure down to zero. In other words, the health 

benefits used assume that a 10 μg/m3 decrease in PM2.5 

concentration has the same effect whether the change is 

from 50 μg/m3 to 40 μg/m3 or from 15 μg/m3 to 5 μg/m3. 

Moreover, the EPA assumes that there is no threshold below 

which particulate matter ceases to affect human mortality. 

The EPA contends that results of studies using a variety 

of statistical methods support the theory of a linear, 

no-threshold C-R function for PM2.5. 97

This assumption has long been criticized.98 It is possible 

that the threshold is lower than the levels of exposure 

in observational studies to date and therefore has so far 

been difficult to detect. This would imply that, as PM2.5 

concentrations continue to decline, we will at some 

point begin to detect a threshold. More importantly, 

though, measurement error (the difference between 

“observed” and “true” PM2.5 exposure) makes it difficult 

to detect a threshold, even if that threshold is already well 

within the range of observed concentrations. In a 2022 

analysis, Garrett Glasgow, Bharat Ramkrishnan, and Anne E. 

Smith used simulations to demonstrate how measurement 

error can obscure a threshold.99

The existence or nonexistence of a threshold is crucial to 

evaluating the benefits of lowering PM2.5 standards. A linear, 

no-threshold C-R relationship, as illustrated in Figure 1, 

would mean continued benefits as PM2.5 levels are further 

reduced. If the threshold function represents the true C-R 

relationship, and the threshold is somewhere within the 

current range of PM2.5 concentrations in the United States, 

then the real benefits of lowering the standard are less 

than the EPA estimates. If PM2.5 levels are already below 
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the threshold, the actual benefits of reducing the standard 

would be zero.

Epidemiologists have also recently asked whether 

the C-R relationship is, in fact, “supralinear”—that is, it 

has a steeper slope at lower concentrations than at higher 

concentrations. Extrapolation of the estimated mortality 

effects of PM2.5 from developed Western countries with low 

concentrations (e.g., annual averages of 5 to 30 μg/m3), 

where the health effects were observed, meant implausibly 

high levels of mortality in countries such as China and India 

that have much higher levels of particulate matter (annual 

averages can be more than 100 μg/m3).100

In 2015, for example, average annual PM2.5 level in New York 

City ranged from 7.2 μg/m3 to 12.3 μg/m3 by neighborhood.101 

The average annual concentration in Delhi was 112.1 μg/

m3.102 Linear extrapolation of the health benefits used by 

the EPA implies that a 100 μg/m3 difference in PM2.5 means 

the all-cause mortality rate would be nearly 90 percent 

higher among the elderly population (i.e., aged 65 and over) 

and more than 200 percent higher among all adults.103 

In 2015, the crude death rate for all ages in New York City 

was 6.3 per 1,000 people compared to 6.8 per 1,000 in 

Delhi—an 8 percent difference.104 If the effects of PM2.5 

exposure are assumed to be linear, then it is surprising that 

the mortality impacts are not more immediately obvious.

Faced with the disconnect between observed mortality 

and PM2.5 exposure rates, epidemiologists have argued that 

the marginal effects of exposure at lower concentrations may 

actually be larger, as demonstrated by the supralinear C-R 

function in Figure 1: The health effects are large at relatively 

low levels of exposure but plateau at higher levels.105

Whether the C-R function is supralinear is important 

for estimates of the benefits of reducing air pollution. If 

this relationship is correct, it implies that there are still 

substantial benefits to be achieved in countries such as the 

United States, which have already low concentrations of 

PM2.5.106 The supralinearity of the C-R function has been 

supported by some recent research. For example, Wu’s 

2020 paper assesses overall elderly mortality caused by 

PM2.5 and the mortality caused only among the population 

that was consistently exposed to PM2.5 less than 12 μg/m3.107 

They find that the relative risk of the low-exposure group is 

higher than that of the full population. Additional research 

has focused on populations in Canada and Europe exposed 

to low-levels of particulate matter and found evidence of 

supralinearity.108

However, the credibility of a supralinear C-R relationship 

has been questioned.109 Additional research by Glasgow and 

colleagues again uses simulations to illustrate conditions in 

which statistical analyses may observe a false supralinear 

C-R function.110 Their analysis finds that differences in the 

composition of ambient PM2.5, the presence of unmeasured 

confounding variables correlated with PM2.5, or certain types 

of measurement error could all lead to the incorrect finding 

of a supralinear relationship.

Without conclusive evidence of the form of the C-R 

relationship, the EPA has assumed that it is linear. This may 

underestimate (in the case of a true supralinear relationship) 

or overestimate (if there is a threshold) the benefits of 

further PM2.5 regulation. Given the potential for current 

statistical methods to falsely identify a supralinear function 

and the methods’ difficulty in detecting a threshold, 

questions about the mortality effects of PM2.5 will likely 

persist. The EPA’s decision to ignore these questions means 

it understates the true uncertainty of the estimated benefits 

of PM2.5 reductions.

Figure 1
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D I F F E R E N C E S  I N  T H E  C O N S T I T U E N T S 
A N D  S O U R C E S  O F  P M 2 . 5

Unlike other air pollutants regulated by the CAA, 

particulate matter does not refer to a specific chemical but 

instead refers to a variety of components with different 

attributes. Evidence suggests that different components of 

PM2.5 have differing levels of toxicity, and emissions from 

different types of sources are transported different relative 

distances. Uncertainty about which sources and types of 

particulates have higher or lower levels of toxicity, and the 

local nature of the way in which the EPA currently regulates 

particulate matter, implies the existence of substantial 

inefficiencies in PM2.5 regulation.

PM2.5 is a regulatory category based on particle size 

(particles and droplets with a diameter of 2.5 micrometers 

or less) rather than on chemical or physical composition 

or source. The range of constituents that fit within this 

classification runs a wide gamut of organic and inorganic 

substances from both human (anthropogenic) and natural 

(biogenic) sources. It comprises emissions from fuel 

combustion, such as from coal-burning power plants; 

transportation, including from on-road vehicles such as 

cars and trucks and off-road vehicles such as trains and 

airplanes; industrial activities; dust from agriculture, 

construction, and paved and unpaved roads; and from 

natural sources such as wildfires, dust storms, and sea salt.

Particles that are directly emitted by a source into the 

air are considered primary PM2.5. Secondary PM2.5 are 

particulates formed by chemical reactions between gases 

in the atmosphere.111 Two of the most important secondary 

particulates are sulfates and nitrates. Historically, the largest 

source of the precursor gases that create sulfates has been 

power plants, especially coal-burning power plants. The 

largest source of the precursors of nitrates is transportation, 

including both on- and off-road vehicles.112

Composition of particulate matter differs by location 

and has changed over time. Particulate matter from traffic 

and soil is found across the United States, while PM2.5 

from specific industries (e.g., metals processing) is found 

in more industrialized areas.113 Historically, sulfates made 

up a large proportion of particulate matter in the eastern 

United States, where coal combustion was prominent. In 

the western United States, on the other hand, nitrates have 

made up a larger relative portion.114 However, a large part of 

the decrease in PM2.5 over the past couple of decades is the 

decline in both sulfates and nitrates, driven by reductions 

in emissions from power plants (especially diminishing 

sulfates from coal-burning power plants) and mobile 

sources (on- and off-road vehicles).115

Grouping all substances of a certain size into one 

regulatory category assumes that different chemicals and 

sources have the same levels of toxicity or require the same 

national-level intervention. If there are differences in how 

dangerous the different components of particulate matter 

are, or if there are ways in which PM2.5 can be dealt with 

more locally, it is possible that the current regulations 

are overestimating the benefits or regulating PM2.5 

inefficiently.

Toxicity
To date, toxicological and epidemiological research 

suggests that different components of particulate matter 

cause differing levels of health damage, but attempts to 

resolve which constituents can be considered more or less 

dangerous have been inconclusive.116 Confounding factors 

and correlations between different components of PM2.5 

make it difficult to draw definitive conclusions. The EPA has 

so far determined that there “is not sufficient evidence to 

differentiate the components or sources more closely related 

to health outcomes when compared with PM2.5 mass.”117

The evidence does seem to support the notion that different 

components and sources do have different effects. For 

example, an evaluation of the toxicity of various sources found 

that diesel and gasoline exhaust particles, biomass burning, 

coal combustion, and paved road dust were the most toxic.118 

Meanwhile, the analysis found that natural dust, while still 

demonstrating some toxicity, was less harmful.

An important distinction is between road dust and 

natural dust, as well as between dust from paved versus 

unpaved roads. Road dust from paved roads consists 

largely of particles from brake, tire, and road wear.119 

This dust can be resuspended in the air by the movement 

of vehicles on the road. Natural dust largely consists of 
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crustal materials (i.e., soil) and is often resuspended by 

wind. Road dust from unpaved roads is also mostly soil.120 

More dust is emitted from vehicles traveling over unpaved 

than paved roads.121 However, it likely has health effects 

similar to natural dust.

Epidemiological evidence on the long-term health effects 

of components of particulate matter are subject to the same 

concerns of confounding, measurement error, and migration 

effects. And research that attempts to assign different 

components of PM2.5 to particular sources are additionally 

subject to any uncertainties or bias that arises from the 

apportionment process.

However, analyses of the long-term mortality associated 

with different components and sources have generally 

found larger effects of particulate matter from fossil fuel and 

biomass combustion (which are the sources of substances 

including black carbon, organic matter, sulfates, and 

nitrates) and smaller effects for soil.122 A review of studies 

on the short-term health effects of particulate matter 

components found that emissions from traffic, coal-burning 

power plants, and diesel exhaust were consistently 

associated with a variety of cardiovascular and respiratory 

health outcomes, including mortality, while wood smoke 

had mixed results and soil was consistently found not to 

have a statistically significant effect.123

A study in the United States found that PM2.5 exposure 

from coal combustion and diesel exhaust were associated 

with ischemic heart disease mortality, while biomass 

burning and wind-blown soil had no effect.124 Similarly, 

research on cardiovascular mortality in China found that 

particulate matter constituents from fossil fuel combustion 

had higher relative risks while soil dust had no risk.125

An initiative by the Health Effects Institute combined 

epidemiological and toxicological attempts to differentiate 

between the health effects of differing components.126 

It found that PM2.5 from coal and oil combustion, and 

to a lesser extent traffic, were associated with adverse health 

outcomes. However, the institute determined that it could 

not rule out adverse effects of other components or sources.

The research seems to indicate that coal combustion and 

traffic emissions are found to consistently have adverse 

health effects. But in the EPA’s assessment of the regulatory 

impact of changing the NAAQS it does not consider 

any control measures that would limit emissions from 

coal-burning power plants or vehicle tailpipes. This is in 

part because the agency’s baseline projections for future 

PM2.5 include substantial declines in emissions from these 

sources, partly stemming from existing regulations.127 If the 

health effects of total PM2.5 are disproportionately caused 

by coal and automobile emissions, and the RIA does not 

predict that changing the NAAQS will cause any reduction 

in these emissions, then the total benefits of the RIA are 

overestimated.

On the flip side, one of the most substantial control 

strategies identified by the EPA in the RIA is the paving of 

unpaved roads and unpaved road shoulders. It accounts for 

roughly 16 percent of the reduction in PM2.5 and 64 percent 

of the estimated control costs.128 To the extent that existing 

epidemiology is correct that soil is generally less harmful 

than other PM constituents, and that dust from unpaved 

roads and road shoulders is largely soil, then the benefits are 

again overestimated.

Overall, regulating based on a physical characteristic 

(particle size) that does not match up exactly with the 

toxicity of the particles is inefficient. This is especially true 

if the relative toxicity of emissions from different sources 

does not align with the relative control costs. If the most 

toxic source also happens to be the easiest to directly 

address, as may have happened with coal-burning power 

plants, then regulating based on total PM2.5 mass may be 

effective. However, any health benefits are coincidental. 

If the easiest control strategies address the least-harmful 

or nonharmful sources, as may be the case with paving 

unpaved roads, then the targeted PM2.5 reductions may 

be achieved, but without the coincidental health benefits. 

As long as regulation of PM2.5 is based on total mass, 

instead of identifying and addressing the most harmful 

sources, there will be uncertainty in the effectiveness of the 

government intervention.129

Transport
The location and source of PM2.5 emissions significantly 

affect health outcomes. The distance PM2.5 is transported 
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and the overlap of emissions with the population determine 

the amount of pollution that is inhaled and, ultimately, the 

health effects experienced. PM2.5 can be a regional problem, 

with sizable damages occurring in areas outside of where 

the pollution is emitted. However, the RIA and the NAAQS 

deal with PM2.5 on a county level. While this suggests that 

PM2.5 pollution is becoming a more localized issue, the EPA is 

still ignoring within-county variation in emissions that may 

affect the effectiveness of the control strategies.

Under certain conditions and from specific sources, 

PM2.5 can travel long distances. For example, wildfires in 

the western United States can affect air quality in the east, 

and dust storms in the Sahara can transport particulates 

to the southern United States.130 A small amount of the 

particulate matter in the United States is emitted by 

industrial sources in China.131

Emissions from elevated smokestacks can travel hundreds 

of miles, whereas ground-level sources disperse within 

shorter distances.132 Because sulfates and nitrates form in 

the atmosphere from chemical reactions of precursor gases 

such as sulfur dioxide and nitrogen oxides, they can have 

much longer ranges. Primary PM2.5 has a shorter range. 

For example, mobile sources cause PM2.5 concentrations 

to sharply increase near roads, but these spikes dissipate 

within a few hundred meters.133

The effect of these varying transport distances is that 

there is a relatively uniform level of background PM2.5 

across a region, with higher concentrations in urban 

areas that are close to PM2.5 sources.134 The anthropogenic 

share of the background level is largely sulfates and 

nitrates—secondary PM2.5 formed from gases that were 

likely emitted by relatively distant sources and dispersed 

over a wide region.135

 In rural areas with fewer local sources of pollution, 

PM2.5 is mostly the background concentration. For 

example, research found that PM2.5 in the rural midwestern 

United States is mainly sulfates and nitrates (i.e., secondary 

PM2.5) and dust with some particulates from local sources 

such as vehicle emissions.136

As illustrated by Figure 2, cities and more densely 

populated areas have higher concentrations of PM2.5 

compared to rural regions, an increase known as the 

“urban increment.” This increment, on top of background 

PM2.5, is created by primary emissions from local sources, 

which are more concentrated in urban areas. The range of 

primary PM2.5 is typically much smaller than secondary 

PM2.5, meaning that differences in PM2.5 can be highly 

localized, with research showing that there are substantial 

intra-urban variations down to the one-kilometer (km) 

level (about 0.62 miles).137

The health damage caused by a source depends on 

how the spatial extent of its pollution overlaps with the 

population.138 Although elevated emissions travel farther, 

ground-level local emissions may be more damaging 

because they are more likely to be inhaled by people.139

The RIA does not explicitly consider transport of 

particulate matter or the spatial extent of emissions when 

identifying potential control strategies. It focuses on the 

county level and on methods to reduce primary PM2.5. 

The EPA argues that its “approach is consistent with the 

exceedances generally being driven by the urban PM2.5 

increment, the relatively high responsiveness of PM2.5 

concentrations to primary PM2.5 emission reductions, 

and the reductions in regional PM2.5 concentrations from 

the large SO2 [sulfur dioxide] and NOx [nitrogen oxides] 

emission reductions in recent decades and in the 2032 

projection.”140

However, this ignores the fact that primary PM2.5 

emissions can be highly localized and it assumes 

that reductions in emissions will be felt uniformly 

across a county. In actuality, the health benefits will 

be only realized as far as the control strategies address 

emission sources that the county’s population is actually 

exposed to. Because the spatial extent of emissions sources 

is ignored, as in the questions of source toxicity, any 

realized benefits are coincidental.

In urban areas, for example, much of the spatial 

difference in PM2.5 is caused by emissions from mobile 

sources and commercial cooking.141 A sizable portion 

(about 24 percent) of the reduction in PM2.5 estimated in 

the RIA stems from envisioned controls on commercial 

cooking emissions.142 Although restaurant emissions 

have a small spatial extent (several hundred meters), 

evidence suggests that restaurant density is correlated 
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Figure 2

Source: X. Wu et al., “Evaluating the Impact of Long-Term Exposure to Fine Particulate Matter on Mortality Among the Elderly,” Science Advances 6, no. 29 

(July 2020).
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with population density.143 As long as emissions from 

commercial cooking are assumed to be as toxic as other 

emissions, reducing cooking emissions may have sizeable 

health benefits.

On the other hand, paving dirt roads may be effective 

at reducing the average ambient PM2.5 level of a county, 

but if dust emitted from dirt roads has a relatively small 

range, and dirt roads are expected to be in areas with lower 

population density, then the actual reduction in particulates 

inhaled by people, and thus the estimated health benefits, 

may be overstated.

Excluding the variation in PM2.5 transport and the spatial 

impact of sources reduces the efficiency of PM2.5 regulation 

as well as the estimated benefits.

D U B I O U S  C O S T  A N D 
B E N E F I T  A S S U M P T I O N S

The accuracy of the projected benefits and costs in the RIA 

relies heavily on assumptions about counties’ abilities to 

control PM2.5 emissions. The RIA acknowledges that some 

counties have historically been unable to achieve the NAAQS 

and are classified as nonattainment areas. However, the 

RIA may overestimate these counties’ capacity to partially 

comply with the new standard, while also failing to account 

for the costs associated with nonattainment.

The EPA designates nonattainment status based 

on a county’s design value (DV), a three-year average of 

annual PM2.5 concentrations.144 The RIA forecasts county 

annual DVs to 2032.145 In counties with projected levels 

above 12 μg/m3—those that are still in nonattainment with 

the 2012 NAAQS—the EPA identifies control strategies 

to reduce PM2.5 concentrations to 12 μg/m3. The benefits 

and costs of these reductions are excluded from the RIA’s 

final estimates. After establishing a 12 μg/m3 baseline, the 

EPA then outlines which counties are projected to have 

PM2.5 levels above the new 9 μg/m3 standard and assesses 

available control strategies.

According to the RIA, only a small number of counties 

will be affected by the lower PM2.5 standard.146 Out of 

3,108 counties in the contiguous United States, only 52 

are projected to exceed 9 μg/m3. In the northeast and 

southeast, where counties tend to be smaller, the EPA also 

includes emissions reductions in 19 neighboring counties 

to help improve air quality in an adjacent core county. 

Figure 3 displays the small number of counties affected by 

the new standard.

While the EPA acknowledges that some counties may 

struggle to meet the new 9 μg/m3 limit, it projects that 25 

of the 52 core counties will require reductions beyond the 

available control strategies. This includes Riverside and 

Plumas counties in California, where the EPA is unable to 

identify any strategies for reducing emissions below 12 μg/m3.

In a sense, then, the RIA is incomplete. According to the 

letter of the CAA, these 25 counties would still be obligated 

to achieve reductions to meet the new standard, implying 

additional costs and benefits not accounted for in the RIA. 

The costs of achieving these reductions are likely to be high, 

as most easily identifiable control strategies have already 

been utilized.

However, the EPA’s prediction that many counties will 

be noncompliant reflects the historical reality. As of August 

2024, 15 counties were wholly or partially in nonattainment 

with the 2012 NAAQS, corresponding to a population of 

nearly 21 million people.147 Notably, 13 of these counties have 

been designated nonattainment areas since the first PM2.5 

standard was established in 1997. This pattern has been 

called “institutionalized nonattainment.”148

Although it is appropriate to project that some counties 

remain in nonattainment, the EPA makes questionable 

assumptions about PM2.5 reductions in areas with a history 

of nonattainment. The RIA additionally only includes the 

costs of control strategies, ignoring costs associated with 

nonattainment status.

Costs of Nonattainment Status
Polluting industries in nonattainment areas face strict 

regulations that increase the cost of building or expanding 

facilities. Most importantly, major new emissions sources 

and major modifications to existing sources are required 

to meet the most stringent emissions limitation under 

the CAA’s lowest achievable emissions rate without any 

consideration of the costs involved.149 Furthermore, any new 
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emissions must be offset by equivalent or greater emissions 

reductions elsewhere in the county.

These regulations can impose substantial costs on 

industries. For example, economist Randy Becker studies 

air pollution abatement costs for manufacturing plants 

from 1979 to 1987.150 He finds that, on average, plants in 

areas in nonattainment with any CAA criteria pollutant 

experienced abatement costs hundreds of thousands of 

dollars more than plants in attainment areas (in 1987 

dollars). In an analysis of ozone nonattainment between 

1972 and 1992, Becker and Vernon Henderson find that the 

average total costs of plants in nonattainment areas were 

roughly 4 to 18 percent higher than in attainment areas, 

depending on the industry and plant age.151

Economic research has also determined that 

nonattainment reduces both output and employment, 

and it ultimately causes industries to change behavior 

in economically inefficient ways. In a separate study, 

Becker and Henderson analyze plant data from 1963 to 

1992 and find that nonattainment with the ozone NAAQS 

led polluting industries to relocate to less polluted places 

and to open smaller plants to avoid the more stringent 

regulations.152 Since these shifts were toward less-productive 

areas and required industries to operate at less-efficient 

scales, they created welfare losses that, at least partly, offset 

any benefit of the air quality regulation.

Similarly, Michael Greenstone finds that, in the first 

15 years the CAA was in effect (1972 to 1987), counties in 

nonattainment with four criteria air pollutants (carbon 

monoxide, ozone, sulfur dioxide, and total suspended 

particulates) lost about 590,000 jobs, $37 billion in capital 

stock, and $75 billion in output (both in 1987 dollars).153 

He mentions that, from a national level perspective, these 

are likely overestimates because some portion of industrial 

Core Neighboring
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activity in nonattainment counties will have shifted to 

attainment counties.154 But the costs of these adjustments 

can be substantial and persistent. What matters 

from a nonattainment county’s perspective, though, is the 

absolute loss in jobs and output.

Additional research by Greenstone, John A. List, and 

Chad Syverson estimates that, from 1972 to 1993, total 

factor productivity decreased by 4.8 percent in counties 

in nonattainment with the same four criteria pollutants, 

translating to an annual loss of $21 billion (in 2010 dollars).155 

Looking at the labor effects of the 1990 CAA amendments, 

W. Reed Walker finds that workers at newly regulated 

plants saw their earnings decrease by 20 percent after their 

counties were designated as nonattainment, amounting to an 

aggregate loss of $5.4 billion (in 1990 dollars).156

While these studies focus on pollutants other than PM2.5, 

the economic effects of nonattainment are likely to apply 

to PM2.5 as well. The stringent regulations on polluting 

industries can lead to higher costs, shifts to less-efficient 

locations or plant sizes, and losses for both industries and 

workers. The RIA fails to account for these economic costs.

Recent Trends in PM2.5 Concentration 
in Permanent Nonattainment Counties

Although the EPA recognizes that some counties may 

remain in nonattainment, with the exception of Riverside 

and Plumas counties, California, it still assumes reductions 

in PM2.5 in 50 of the 52 core counties. Is this assumption 

consistent with recent trends?

Since the 2011–2013 DVs—the last period before 

nonattainment with the 2012 NAAQS was designated—PM2.5 

levels in many core counties have remained flat and, in some 

cases, have increased. As shown in Figure 4, concentrations 

in the 13 permanent nonattainment counties did decrease, 

on average, after the 1997 NAAQS but have generally 

remained level in the past decade. Between the 2001–2003 

and 2011–2013 periods, in those 13 counties the DV, on 

average, decreased by roughly 0.58 μg/m3 per year. However, 

from 2012–2014 to 2021–2023 the average reduction was 

only about 0.17 μg/m3 per year.157

The difference is partly the result of increases in 

some counties. For example, in Los Angeles County, 

where a substantial portion of the estimated benefits of 

the new NAAQS are concentrated, for 2011–2013 the DV 

was 12.5 μg/m3 while in 2020–2022 it was 13.4 μg/m3. 

Los Angeles County’s 2021–2023 DV of 12.2 μg/m3 marks the 

first time since the 2012 NAAQS that its PM2.5 concentration 

dipped below the 2011–2013 level.

What ultimately matters in the RIA’s calculation of benefits 

is the change in PM2.5 level. If the PM2.5 DV increases, none 

of the estimated benefits will occur. But a smaller than 

projected decrease in PM2.5 concentration also means that the 

benefits will be less than estimated. This is again particularly 

important for Los Angeles County. The RIA projects that the 

county will have a decrease of about 1.3 μg/m3.158 However, 

the recent decline to 12.2 μg/m3 is only 0.3 μg/m3 less than 

the DV in 2011–2013, meaning that it has taken Los Angeles 

County a decade to lower its DV by less than a quarter of the 

future reduction projected by the RIA.

This history suggests, since the EPA ignores the costs of 

nonattainment and questions about key counties’ abilities 

to control PM2.5 emissions, that the true costs are higher and 

the benefits are lower than the RIA’s estimates.

L O C A L  C O S T S  A N D  B E N E F I T S
According to the RIA, the annual benefits of avoided 

mortality created by the recent NAAQS change are $22 to 

$46 billion per year for Wu’s and Pope’s health impacts, 

respectively (in 2017 dollars and at a 3 percent discount 

rate). The annual costs are about $594 million.

However, the RIA and NAAQS focus on reducing PM2.5 at 

the local level, and the identified control strategies explicitly 

forgo any attempt to lower emissions from regional (e.g., 

power plants) or mobile sources. Thus, it is important to 

consider whether the regulation passes a cost-benefit test at 

the county level.

That information has not been publicly released. While the 

EPA has privately shared data on emissions reductions and 

costs by county, the county-level breakdown of benefits is not 

available. Using the data on emissions reductions and roughly 

following the methods outlined in the RIA, we estimate 

the annual number of deaths avoided and the monetized 
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benefits in each county with projected emissions reductions 

(50 core counties, excluding Riverside and Plumas Counties, 

California) using both Wu’s and Pope’s health effects. Because 

the 19 neighboring counties identified by the EPA only reduce 

emissions to help lower ambient PM2.5 in an adjacent county, 

we combine the benefits and costs of neighboring counties 

into the adjacent core counties. Our full methodology and 

detailed breakdown of the avoided deaths, benefits, and costs 

are outlined in the appendix.

As summarized in Table 3, our overall results are similar 

to the results of the RIA. The small discrepancy likely stems 

from simplifications of our analysis. Our overall results are 

higher than those in the RIA, suggesting that we may also 

overestimate the benefits at the county level.

Like the RIA, we report the point estimates, along with 

the 2.5 and 97.5 percentile estimates. These represent the 

95 percent confidence interval of the benefits as derived 

from the statistical uncertainties of the mortality effects and 

of the valuation of avoided mortality.

Separating the effects by county immediately highlights 

that the benefits of regulation are highly concentrated, 

whereas the costs are largely dispersed. The top 10 counties 

(one-fifth of the 50 included counties) in terms of avoided 

mortality receive more than 70 percent of the total benefits.159 

These same 10 counties only pay 20 percent of the total costs. 

Los Angeles County alone receives 25 percent of the total 

benefits, while only bearing 2 percent of the costs.

The benefits are not uniform across counties because of 

population variation. The top 10 counties contain slightly 

more than half of the total population of the 50 counties. 

Thus, the same decrease in PM2.5 in those counties will be 

estimated to result in a larger number of avoided deaths. 

And the control costs in those counties are also spread 

across a larger population. The per capita annual cost in the 

10 counties is $5.33.

The reverse is true of the bottom 40 counties. 

Having a lower population means that the estimated benefit 

of the same reduction in PM2.5 will be lower, while the costs 

are borne by a smaller number of residents. The average 

per capita cost in the bottom 40 counties is $95.64. On the 

extreme end is Lincoln County, Montana, where $27 million 

in control costs spread across a resident population of about 

Figure 4
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22,000 would imply a per capita cost of approximately 

$1,230 each year.

These results suggest that the balance between benefits 

and costs at the county level varies widely. In fact, three or 

four counties have negative net benefits, according to the 

point estimates of avoided mortality.

If we restrict our analysis to the lowest benefit estimates 

within the 95 percent confidence interval, the number 

of counties with negative net benefits increases. At the 

2.5 percentile level, 11 to 19 counties (roughly one- to 

two-fifths) have net negative benefits. These counties account 

for roughly 20 to 60 percent of the total costs. The benefits 

estimated for all counties at the 2.5 percentile are 3.4 to 7 times 

the costs, while the benefits in the bottom 40 counties are 

only 1.3 to 2.4 times the costs. (In the top 10 counties, the 

2.5 percentile benefit-to-cost ratio is still 13 to 26.)

These negative conclusions accept the findings of Wu 

and Pope and the RIA’s existing level of uncertainty without 

qualification. If the criticisms we have discussed in this 

paper are valid, then the benefits are even lower.

Comparing benefits and costs at a local level makes it 

difficult to justify the regulation. For example, residents 

of Shoshone County, Idaho, where the majority of annual 

PM2.5 emissions is dust rather than vehicle emissions, and 

where the costs of control will more than likely exceed the 

estimated benefits, might have difficulty comprehending 

why they may be forced to pay more than $900 per year to 

pave rural dirt roads for little local benefit.160

Avoided mortality 2,196 1,939 2,453 4,614 3,341 5,884

Total bene�ts (millions) 22,503 2,028 58,873 47,281 4,213 126,653

Total costs (millions) 594 594

Net bene�t (millions) 21,909 1,434 58,279 46,687 3,619 126,059

Bene�ts in top 10 counties (millions) 16,540 1,491 43,270 34,707 3,093 92,950

Percent of total bene�ts 74% 74% 73% 73% 73% 73%

Costs in top 10 counties (millions) 118 118

Percent of total costs 20% 20%

Counties with negative net bene�ts 4 19 2 3 11 1

Percent of total counties 8% 38% 4% 6% 22% 2%

Total cost in counties with negative

net bene�ts (millions)

46 337 14 19 104 1

Percent of total costs 8% 57% 2% 3% 18% 0%

Point

estimate

2.5

percentile

97.5

percentile

Point

estimate

2.5

percentile

97.5

percentile

Wu and colleagues’ mortality effects Pope and colleagues’ mortality effects

Table 3

Point estimates and 95 percent confidence intervals of annual avoided mortality, benefits, and costs of lowering PM
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Source: Author’s calculations based on methodology outlined in regulatory impact analysis and cost and emissions information shared by EPA. See 

description of methodology and county-level breakdown in the appendix.
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In an ideal world, science would offer definitive answers 

to questions about the effect of exposure to PM2.5 on 

health. But science seems unlikely to provide these 

definitive answers. And even if it could, policy can only 

be informed by, rather than based on, science. Peter Van 

Doren explains in his 2020 essay on the role of science in 

COVID-19 policy:

At its best, science explains relationships between 

cause and effect: no more and no less. No normative 

conclusions about individual or collective decisions 

follow directly from science. Instead costs, benefits, 

and other values properly enter both individual and 

collective decisions.161

In the case of ambient air quality standards, even if science 

could conclusively tell us how PM2.5 affects mortality, it 

would still not provide a clear recommendation of what the 

acceptable level of pollution should be. The NAAQS should 

be reformed to better account for uncertainty, other norma-

tive factors, and creating opportunities for more localized 

decisionmaking.

A C K N O W L E D G I N G  U N C E R T A I N T Y
Scientific uncertainty is a central challenge in regulating 

PM2.5. While quantitative analyses of PM2.5 benefits 

include 95 percent confidence intervals to account for 

statistical uncertainty, they overlook deeper uncertainties, 

such as incomplete knowledge about key processes and 

relationships.

A 2002 National Research Council report criticized the 

EPA for failing to address these uncertainties. It described 

the many potential sources of uncertainty that are ignored:

Areas of uncertainty include air-quality 

modeling, population demographics and 

heterogeneity, intersubject variability, health 

and exposure baselines, compliance with control 

measures, effectiveness of controls in reducing 

pollutant emissions, validity and precision of 

concentration-response functions and use of 

alternative models (linear, nonlinear), estimation 

of these functions as relative effects (relative 

risks) or absolute effects (risk differences), relative 

toxicity of mixture components, and applicability 

of these functions to target populations of 

regulatory concern. These uncertainties are rooted 

in incomplete scientific knowledge. When benefits 

are estimated for future target populations, the 

cumulative magnitude of the uncertainties can be 

formidable. Many of them can be reduced by further 

research, but on the whole, they are likely to remain 

high.162

Economists Art Fraas and Randall Lutter revisited this issue 

in 2013 and found that little progress had been made.163 

They show that different assumptions about mortality risk, 

concentration-response relationships, and PM2.5 toxicity 

dramatically alter estimates of benefits.

For the past decade, economist Anne Smith has explored 

various methods of including the full scope of uncertainty 

within the NAAQS process. For example, in a 2014 

study she and Will Gans propose improvements to the 

Environmental Benefits Mapping and Analysis Program 

(BenMAP), the EPA’s open-source software for estimating 

the public health risks of air pollution, to better assess 

sensitivity to uncertainty.164 In a 2018 paper, Smith argues 

for the inclusion of subjective uncertainty in the NAAQS 

assessment of risk.165 She outlines an expert elicitation 

process that, as long as methods to limit cognitive bias and 

properly weight expert judgments could be implemented, 

might help inform the risk assumptions and results of the 

NAAQS process.166 (From 2003 to 2006, the EPA did use 

expert elicitation on the C-R function to inform RIAs, but 

not the NAAQS.)
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I N C O R P O R A T I N G  C O S T S
It has long been recognized that ambient air quality 

standards are ill-suited to regulation of pollutants such as 

PM2.5. In 1977, chemical engineer Noel de Nevers outlined the 

philosophies underlying air pollution control frameworks. 

He notes that “the air quality standards philosophy is based 

on the assumption that the true situation for most major air 

pollutants is the ‘threshold value’ situation,” [emphasis in 

original] and that, if the assumption is true, then it is, in 

theory, possible to implement a standard that means there 

is zero air pollution damage.167 However, de Nevers also 

acknowledges that if the threshold assumption is proven 

false—or, as we contend, whether there is no threshold or 

the threshold simply cannot be detected—then:

It will be equally clear that the ambient air quality 

standard or zero-damage philosophy is without 

intellectual foundation. If that is the case, we will 

still be able to use ambient air quality standards if we 

wish; but we will have to choose the values on some 

philosophical basis entirely different from that used 

to date.168

As time has progressed, de Nevers’s assessment of the ambi-

ent air quality standards has proven increasingly relevant. 

Whether it is because there is no threshold, or because we 

have been unable to detect one, science has not offered a 

level of PM2.5 exposure that results in “zero damage.” Never-

theless, the Supreme Court’s ruling in Whitman v. American 

Trucking Associations, Inc. restricts the EPA to only consider 

the concentration at which there is the lowest level of risk. 

This leads to what legal scholars Michael Livermore and 

Richard Revesz describe as the “stopping-point problem”:

The complete elimination of health risks for these 

pollutants could be accomplished only by banning 

all emissions. Such stringent standards would lead 

to widespread social dislocation and even strongly 

pro-environmental commentators regard them as 

undesirable. But when costs cannot be considered, 

it is difficult to justify any stopping point other than 

zero. . . . Under the standard reading of American 

Trucking, EPA faces the choice either to impose 

crushing social costs—which would be politically 

reckless—or to determine an acceptable non-zero 

level of risk without reference to any social goal 

other than health, which would be an incoherent 

task.169

In practice, the EPA does implicitly consider costs by not 

setting the NAAQS at zero, even though it cites science as 

the sole basis for its decisions. This lack of transparency 

obscures the real tradeoffs and stifles open discussion 

about the costs of regulation.170 Addressing this requires 

legislative reform; the current legal framework prevents 

the EPA from fully incorporating economic considerations 

into its decisions.171

R E O R I E N T I N G  F E D E R A L , S T A T E , 
A N D  L O C A L  I N V O L V E M E N T

As federal regulation of air pollution was being discussed 

in the 1960s, a key question was whether standards should 

be established at a national level or whether they should 

be determined by state or local governments. The 1970 

CAA amendments ultimately created both national-level 

emissions and ambient air quality standards. However, the 

uneven geographic distribution of the costs and benefits of 

further PM2.5 regulation, and the contrast between dusty 

rural counties in Idaho and urban counties in Southern 

California that are in permanent nonattainment, suggests 

that uniform national standards fail to account for local 

variations in meteorology, geography, urbanization, and 

industrialization.

National standards are often justified by the issue of 

interstate pollution. But research shows that this share has 

been declining.172 And the geographic scale of the problem 

for PM2.5 depends in large part on the constituents and 

sources.

For example, one study found that, in 2011, 41 percent 

of mortality related to PM2.5 was attributed to cross-state 

emissions. The share of cross-state deaths for sulfates 

and nitrates was higher (77 and 52 percent, respectively) 

compared to primary PM2.5 emissions (35 percent). The 
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study also found that mortality caused by cross-state 

emissions declined from 2005 to 2011. Separate research 

found that half of the damages of PM2.5 occur within 32 km 

(around 20 miles) of the source.173 More than half of the 

damages of sulfur dioxide (the precursor of sulfate) occur 

more than 200 km (about 125 miles) from the source, 

whereas more than half of primary PM2.5 damages occur 

within less than 16 km (10 miles).

Although cross-state emissions are declining, interstate 

PM2.5 pollution will remain a policy issue because there 

are incentives (for both governments and firms) to locate 

polluters in places where emissions will be transported 

out of their jurisdiction. Both industrial sources and power 

plants strategically locate close to a downwind border.174

These concerns provide a reasonable justification 

for federal involvement in the regulation of interstate 

pollution. Ironically, this is an area where the EPA has 

proven to be the least effective. The Clean Air Act’s 

good-neighbor provision requires states to limit emissions 

that “contribute significantly to nonattainment” in 

another state.175 Historically, the EPA has been reluctant to 

use the provision or has faced substantial legal obstacles 

when it has tried to do so.176 Recently, the EPA has put in 

place regional strategies to tackle the interstate transport 

of ozone, including the Cross State Air Pollution Rule and 

the Good Neighbor Plan; however, the latter has been 

put on hold by the Supreme Court amid ongoing legal 

challenges.177

One of the reasons for these challenges may be the EPA’s 

reliance on adapting existing legal frameworks to address 

interstate pollution. If pollution from sources such as 

coal-burning power plants requires federal intervention, 

Congress should enact laws specifically tailored to address 

this issue. Instead, the EPA has tried to stretch the scope of 

existing legislation, often with questionable effectiveness 

and uncertain legal outcomes.

Research on regional air quality controls suggests that 

cap-and-trade schemes are generally more cost-effective 

than traditional command-and-control regulations. 

Cap-and-trade sets a cap on the total allowable emissions 

and issues tradable permits, allowing companies that 

reduce their emissions to sell excess permits to those that 

need them. This market-based approach enables emissions 

reductions to be achieved in a more economically efficient 

manner. While some US cap-and-trade programs, such as 

the sulfur dioxide program from the 1990 CAA amendments, 

have not always delivered the expected cost savings, they 

have typically outperformed traditional regulatory methods 

when they are properly designed.178

However, although interstate pollution may require 

federal intervention, this does not, in and of itself, justify 

continued use of a national-level ambient air quality 

standard. In fact, the NAAQS are not well suited to 

addressing interstate pollution and, in some ways, they 

incentivize it. As Revesz notes:

Federal ambient air quality standards are not 

well-targeted to address the problem of interstate 

externalities. They are overinclusive because 

they require a state to restrict pollution that has 

only in-state consequences. But they are also 

underinclusive because a state could meet the 

applicable ambient standards but nonetheless 

export a great deal of pollution to downwind states 

(through tall stacks or a location near the interstate 

border). In fact, a state might meet its ambient 

standards precisely because it exports a large 

proportion of its pollution.179

Furthermore, the EPA itself argues that, because of trends 

in the constituents and sources of PM2.5, efforts to further 

reduce PM2.5 will focus on controlling local sources. In the 

RIA for the recent PM2.5 NAAQS change it notes:

Conceptually, PM2.5 concentrations in urban areas 

can be viewed as the superposition of the urban 

increment and the contributions from regional 

and natural background sources. The decreases in 

anthropogenic SO2 and NOx [sulfate and nitrate] 

emissions in recent decades have reduced regional 

background concentrations and increased the relative 

importance of the urban increment. The projections 

of additional large reductions in SO2 and NOx 

emissions . . . further motivate the need for control 
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of local primary PM2.5 sources to address the highest 

PM2.5 concentrations in urban areas.180

Thus, we propose eliminating the PM2.5 NAAQS and transfer-

ring responsibility for air quality regulation to state gov-

ernments. The EPA could still offer guidance, research, and 

technical support, while continuing to regulate interstate 

and mobile sources of pollution. Considering the generally 

low PM2.5 concentrations in most of the United States and 

the local focus of future emissions controls, federal regula-

tion of ambient PM2.5 is increasingly unnecessary.

In determining whether and how to further regulate 

PM2.5, state and local governments still face the same issues 

of determining how to incorporate the scientific evidence, 

including how to account for uncertainties created by our 

lack of knowledge. However, delegating the responsibility to 

state governments has several advantages.

First, federal control has increased administrative 

complexity and reduced accountability. In a 1996 proposal 

for reforming the EPA, legal scholar David Schoenbrod 

describes the overwhelming administrative and regulatory 

burden of the bloated EPA chain-of-command. He argues:

The entire [chain-of-command] would be unnecessary 

in a system not run from Washington; so would many 

of the EPA’s 17,000 employees and the state, municipal, 

and private-sector employees who participate in the 

federal rule-making proceedings and perform the 

paperwork required by the federal rules.

States and localities, if left to their own devices, 

would not adopt such a compulsive style for making 

environmental policy. Instead of trying to reason from 

cosmic first principles to comprehensive solutions, 

local officials could assess particular problems as they 

arise and decide what should be done, just as sensible 

human beings handle issues that arise in their lives.181

Second, state and local officials are more familiar with the 

factors that shape air quality needs, such as meteorological 

conditions, industrial activity, and local preferences regard-

ing pollution regulation. While no regulatory approach will 

please everyone, local decisionmakers are likely to better 

assess public preferences than distant EPA officials.

Third, shifting regulation to the states could encourage 

innovative approaches to pollution control. As Schoenbrod 

notes:

The Framers of the Constitution envisioned states 

serving as laboratories in which different policies 

would be tried and compared. State-by-state 

experiment, however, disappears with federal 

mandates. Yet experiment is what we need. Scholars 

from diverse political perspectives have suggested 

pollution taxes, emissions trading, greater reliance 

on the common law, and other radical alternatives to 

Washington’s command-and-control approach. . . . 

Such innovation, however, threatens the EPA with its 

worst nightmare—loss of control. So, while the EPA 

feels compelled to experiment, it hedges innovative 

programs with so much red tape that flexibility is 

largely illusory. States, on the other hand, are more 

open to real experimentation; and it makes more 

sense to experiment on the state level.182

Allowing states to determine their own pollution standards 

and devise their own policy schemes may help create policies 

that better allow for resolution of disputes over air pollution.

For example, the current disputes over the appropriate 

level of air pollution are driven by the political processes 

that determine how much pollution is permitted. There is 

nothing unlibertarian about desiring cleaner (or dirtier) air. 

However, under the status quo, anyone who disagrees with 

the current level of pollution can only advocate for their 

position through those same processes.

An alternative approach would involve establishing 

property rights for air quality. For instance, a market-based 

system could allocate air quality rights, thus enabling 

parties to trade these rights among themselves.183 

Environmentalists could purchase rights to ensure cleaner 

air, while polluters could buy the right to emit pollutants. 

This system would offer flexibility, like a cap-and-trade 

model, where environmentalists could pay to lower the 

emissions cap, and polluters could pay to raise it. The 

ultimate goal is to guide society toward an “optimal” level 
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of pollution, where the price that polluters are willing to 

pay for emission rights equals the compensation that those 

affected by pollution are willing to accept for experiencing 

poorer air quality.

While this approach requires buy-in from both polluters 

and environmentalists, decentralizing air quality 

regulation to the state level increases the likelihood of 

experimentation with such systems. Ultimately, state-led 

regulation could lead to flexible, efficient, and locally 

appropriate air quality policies.
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What are the mortality effects of exposure to 

particulate matter? While the EPA and many 

epidemiologists consider the issue resolved, 

others question the scientific evidence, particularly at 

current low-exposure levels. We, too, have determined that 

the studies currently used by the EPA are insufficient to 

support its conclusions.

Even if science definitively linked PM2.5 exposure to 

mortality, current law demands that the pollutant be 

reduced until all negative health effects are eliminated, 

rather than providing guidance about how to balance the 

health and economic effects of mandated PM2.5 emission 

reductions. This places the EPA in an impossible position 

of having to weigh costs and benefits of more-stringent 

regulation without having the legal authorization to do so.

The effects of current national air quality standards are 

limited to a handful of areas, suggesting that regulatory 

efficiency might improve if federal efforts focused on 

interstate air pollution while leaving intrastate pollution 

management to state governments. 
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C O S T S  A N D  B E N E F I T S  O F  T H E  9  μ G / M 3 
P M 2 . 5  N A A Q S  B Y  C O U N T Y

The following tables present the estimated costs and 

benefits of the reduction in the PM2.5 NAAQS by county, 

based on data from the PM2.5 final RIA. The EPA does not 

publish the benefits or cost data on the county level. Our 

estimates were reconstructed using emissions reduction 

and cost information shared by the EPA in private 

correspondence and following the outline EPA methodology 

as closely as possible to estimate benefits.

The emissions reduction and cost data from the EPA 

include annual emissions reductions (in tons) and costs by 

county. Using the regional air quality ratios described in 

the RIA, we converted annual emissions reductions to the 

change in average annual PM2.5 design values.184 Following 

the procedures in the RIA, a quarter of the emissions 

reductions in neighboring counties were felt in adjacent core 

counties.

Using a log-linear health impact function, we estimate the 

number of lives saved for each county:

!y = y0

(
1→ 1

exp(ω→!PM)

)

where Δy is the change in mortality, y0 is the baseline 

mortality rate, β is the PM2.5 coefficient, and ΔPM is the 

estimated change in PM2.5 design values.185 Baseline mortal-

ity is taken from the EPA’s Environmental Benefits Map-

ping and Analysis Program.186 The PM2.5 is the coefficient of 

PM2.5 estimated by Wu in their 2020 paper (0.006391) or by 

Pope in their 2019 paper (0.011333).187 Standard errors for 

Wu (0.000383) and Pope (0.001602) were used to calculate 

2.5 and 97.5 percentile PM2.5 coefficients.

The economic valuation in BenMAP is calculated 

using a distribution of values of a statistical life (VSL) 

and combined with the statistical uncertainty of the 

PM2.5 to find a point estimate and 95 percent confidence 

interval. For the sake of simplicity, we used previous 

BenMAP results to calculate an average VSL for 

the 3 percent valuation point estimates and for the 2.5 and 

97.5 percentile estimates. For Wu’s health impact, the VSLs 

for the point estimate, 2.5 percentile, and 97.5 percentile 

are $10,246,605, $1,046,057, and $23,998,619, respectively. 

For Pope’s health impact, the VSLs are $10,246,576, 

$1,260,962, and $21,525,586.

To simplify the results, we fold the benefits and costs 

of neighboring counties into their adjacent core counties. 

Where a neighboring county was adjacent to more than 

one core county we apportioned the benefits and costs to 

each core county. In cases where there were neighboring 

counties, our results therefore represent area costs and 

benefits. Core counties that include the effects in one or 

more neighboring county are denoted with an asterisk in 

Tables A1 and A2.

Per capita costs are calculated using estimates of resident 

population by county as of July 1, 2023, from the Census 

Bureau.188 The area population used includes the population 

of both core and neighborhood counties, and it is calculated 

the same way as the costs in each area.

Because of our simplifications, our results do not 

exactly match those of the EPA. However, by following its 

methodology relatively closely we are confident that our 

results reflect the overall disposition of costs and benefits on 

the county level. Because our estimates of avoided mortality 

are higher than the EPA’s, for some counties our analysis 

may overestimate the benefits relative to the RIA.



36

Rethinking Air Quality Regulation

Avoided mortality Bene�ts (miliions) Net bene�ts (millions)

County State

Area

costs

(millions)

Estimate

2.5

percentile

97.5

percentile

Estimate

2.5

percentile

97.5

percentile

Estimate

2.5

percentile

97.5

percentile

Maricopa AZ 1 128 113 143 1,314 118 3,439 1,313 117 3,438

Alameda CA 16 80 70 89 816 74 2,136 800 57 2,120

Calaveras CA 4 2 2 2 19 2 49 15 −2 45

Contra

Costa

CA <1 25 22 28 259 23 677 259 23 677

Fresno CA 44 28 25 32 291 26 761 247 −18 717

Imperial CA 2 <1 <1 <1 4 <1 10 2 −1 8

Kern CA 10 25 22 28 258 23 675 248 13 665

Kings CA 5 2 1 2 15 1 40 10 −4 35

Los Angeles CA 12 557 492 622 5,708 515 14,932 5,695 502 14,919

Madera CA 17 6 6 7 64 6 167 47 −11 150

Merced CA 12 7 6 8 74 7 192 61 −6 180

Orange CA 3 50 45 56 517 47 1,353 514 43 1,350

Sacramento CA 1 40 35 45 412 37 1,078 411 36 1,077

San

Bernardino

CA 8 9 8 10 93 8 244 85 <−1 235

San Diego CA 2 48 42 54 491 44 1,284 489 43 1,282

San

Joaquin

CA 16 27 24 30 277 25 724 261 9 708

Santa Clara CA <1 76 67 84 774 70 2,024 773 69 2,024

Solano CA 2 13 11 14 128 12 335 126 9 333

Stanislaus CA 3 16 15 18 169 15 441 166 13 439

Sutter CA 4 1 1 1 12 1 33 8 −3 28

Tulare CA 22 11 10 12 112 10 293 90 −12 271

Ventura CA <1 2 2 3 25 2 65 25 2 65

Adams CO <1 2 1 2 17 2 45 17 1 45

Denver CO <1 <1 <1 <1 5 <1 13 5 <1 13

Broward FL <1 2 2 2 22 2 59 22 2 59

Richmond GA <1 <1 <1 <1 7 <1 19 7 <1 19

Lemhi ID 1 <1 <1 <1 <1 <1 <1 −1 −1 <−1

Shoshone ID 13 <1 <1 <1 4 <1 10 −9 −12 −3

Cook IL 5 168 148 188 1,724 155 4,510 1,718 150 4,504

Table A1

County-level estimates of avoided mortality and net benefits using Wu and colleagues" mortality effects and 3 percent 

discount rate
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Avoided mortality Bene�ts (miliions) Net bene�ts (millions)

County State

Area

costs

(millions)

Estimate

2.5

percentile

97.5

percentile

Estimate

2.5

percentile

97.5

percentile

Estimate

2.5

percentile

97.5

percentile

Madison IL <1 2 2 2 19 2 49 18 1 49

Lake IN <1 4 4 5 43 4 113 43 4 113

Marion* IN 43 49 44 55 505 46 1,322 462 3 1,279

Caddo LA 4 7 6 8 75 7 197 71 3 193

Wayne MI 21 116 102 129 1,185 107 3,100 1,164 85 3,078

Lincoln MT 27 1 1 2 15 1 40 −12 −26 13

Missoula MT <1 <1 <1 <1 4 <1 9 4 <1 9

Bergen* NJ 44 46 40 51 467 42 1,223 423 −2 1,179

Camden NJ 9 7 6 7 67 6 176 58 −3 167

Butler OH 33 25 22 28 257 23 673 224 −10 639

Cuyahoga OH 6 66 59 74 680 61 1,780 674 55 1,774

Hamilton* OH 51 59 52 66 607 55 1,589 557 4 1,539

Harney OR 5 <1 <1 <1 2 <1 6 −2 −4 1

Jackson OR 1 10 9 12 107 10 281 106 9 280

Klamath OR 10 1 1 2 14 1 36 4 −9 27

Allegheny* PA 21 170 150 190 1,744 157 4,562 1,724 137 4,542

Delaware* PA 31 119 105 133 1,224 110 3,202 1,193 79 3,171

Cameron TX 17 6 5 7 60 5 156 42 −12 139

Harris TX 3 134 118 149 1,370 123 3,585 1,367 121 3,583

Hidalgo* TX 60 36 32 41 372 33 972 312 −26 913

Travis TX 2 7 6 8 73 7 192 72 5 190

Total 594 2,196 1,939 2,453 22,503 2,028 58,873 21,909 1,434 58,279

Table A1 (continued)

County-level estimates of avoided mortality and net benefits using Wu and colleagues( mortality effects and 3 percent 

discount rate

Source: Author’s calculations based on regulatory impact analysis. Counties marked with asterisks include costs and benefits of neighboring counties.
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Avoided mortality Bene�ts (miliions) Net bene�ts (millions)

County State

Area

costs

(millions)

Estimate

2.5

percentile

97.5

percentile

Estimate

2.5

percentile

97.5

percentile

Estimate

2.5

percentile

97.5

percentile

Maricopa AZ 1 267 193 340 2,731 243 7,320 2,730 242 7,319

Alameda CA 16 168 121 214 1,718 153 4,600 1,702 137 4,584

Calaveras CA 4 4 3 5 37 3 98 33 <−1 94

Contra

Costa

CA <1 51 37 65 519 46 1,391 519 46 1,391

Fresno CA 44 61 44 77 620 55 1,663 576 11 1,619

Imperial CA 2 <1 <1 1 8 <1 22 6 −1 20

Kern CA 10 57 41 72 580 52 1,555 570 42 1,545

Kings CA 5 3 2 4 35 3 94 30 −2 89

Los Angeles CA 12 1,169 847 1,490 11,979 1,068 32,071 11,966 1,055 32,059

Madera CA 17 13 10 17 135 12 362 118 −5 345

Merced CA 12 16 11 20 162 14 435 150 2 423

Orange CA 3 101 73 129 1,037 92 2,780 1,034 89 2,777

Sacramento CA 1 84 61 107 860 77 2,306 859 76 2,305

San

Bernardino

CA 8 20 14 25 201 18 539 192 9 530

San Diego CA 2 97 70 124 997 89 2,675 996 87 2,673

San

Joaquin

CA 16 59 43 75 602 54 1,613 586 38 1,597

Santa Clara CA <1 154 112 197 1,582 141 4,238 1,582 141 4,238

Solano CA 2 26 19 33 262 23 703 260 21 700

Stanislaus CA 3 36 26 45 364 32 975 361 30 973

Sutter CA 4 3 2 3 27 2 72 23 −2 68

Tulare CA 22 24 17 31 246 22 659 224 <1 638

Ventura CA <1 5 3 6 49 4 132 49 4 132

Adams CO <1 4 3 5 39 3 104 39 3 104

Denver CO <1 1 <1 1 11 <1 29 11 <1 29

Broward FL <1 4 3 6 46 4 123 46 4 123

Richmond GA <1 2 1 2 16 1 42 16 1 42

Lemhi ID 1 <1 <1 <1 <1 <1 <1 <−1 −1 <−1

Shoshone ID 13 <1 <1 <1 8 <1 21 −5 −12 8

Cook IL 5 358 259 456 3,664 326 9,818 3,658 321 9,813

Table A2

County-level estimates of avoided mortality and net benefits using Pope and colleagues" mortality effects and 3 percent 

discount rate
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Avoided mortality Bene�ts (miliions) Net bene�ts (millions)

County State

Area

costs

(millions)

Estimate

2.5

percentile

97.5

percentile

Estimate

2.5

percentile

97.5

percentile

Estimate

2.5

percentile

97.5

percentile

Madison IL <1 4 3 5 39 3 105 39 3 104

Lake IN <1 9 6 11 90 8 242 90 8 242

Marion* IN 43 108 78 138 1,105 98 2,962 1,062 56 2,919

Caddo LA 4 16 12 20 164 15 441 160 10 437

Wayne MI 21 251 182 319 2,568 229 6,876 2,547 208 6,855

Lincoln MT 27 3 2 4 29 3 78 2 −24 51

Missoula MT <1 <1 <1 <1 7 <1 19 7 <1 19

Bergen* NJ 44 94 68 121 968 86 2,595 924 42 2,550

Camden NJ 9 14 10 18 141 13 378 132 4 369

Butler OH 33 53 38 67 540 48 1,446 506 15 1,412

Cuyahoga OH 6 134 97 171 1,376 123 3,686 1,369 116 3,680

Hamilton* OH 51 124 90 159 1,275 114 3,416 1,225 63 3,366

Harney OR 5 <1 <1 <1 5 <1 12 <−1 −4 8

Jackson OR 1 21 15 26 210 19 563 209 18 562

Klamath OR 10 3 2 4 28 3 75 18 −7 66

Allegheny* PA 21 339 245 431 3,469 309 9,282 3,448 289 9,261

Delaware* PA 31 249 180 318 2,552 227 6,839 2,521 196 6,808

Cameron TX 17 13 9 16 129 11 345 111 −6 328

Harris TX 3 299 217 382 3,067 273 8,220 3,065 270 8,217

Hidalgo* TX 60 80 58 102 820 73 2,196 760 13 2,136

Travis TX 2 16 11 20 163 14 436 161 13 434

Total 594 4,614 3,341 5,884 47,281 4,213 126,653 46,687 3,619 126,059

Table A2 (continued)

County-level estimates of avoided mortality and net benefits using Pope and colleagues( mortality effects and 3 percent 

discount rate

Source: Author’s calculations based on regulatory impact analysis. Counties marked with asterisks include costs and benefits of neighboring counties.
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