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Abstract
Research and development has been a key part of the foundation for improvements in US air quality since the establishment
of the Environmental Protection Agency (EPA) 50 years ago. Although the scientific accomplishments and advances over
the course of EPA’s history are often overshadowed by policy debates, much of the air pollution science and engineering we
now consider to be routine did not exist when EPA was established. Many of the advances in air pollutant measurement,
monitoring, modeling, and control were developed by EPA researchers or supported by EPA programs. The technical
foundation built during EPA’s early years has since given the Agency the scientific ability to respond quickly and effectively
to unexpected and emerging issues. Equally important, EPA also developed approaches to conducting and presenting
science in policy settings to ensure that the science was as objective and complete as possible and was communicated
effectively. A look back at some of the accomplishments of EPA scientists and engineers provides a reminder that the
cumulative effect of continual, incremental advances can result in large and lasting benefits to society.
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Introduction

In December 2020, EPA marked its 50th anniversary. There
have been numerous activities to celebrate the work that the
Agency has done over its half-century of existence, focus-
ing on the impressive environmental improvements that
have occurred as a result of EPA’s efforts. EPA’s science
has been one of the aspects that enabled the Agency’s past
and continuing success in fulfilling its mission. This anni-
versary provides an opportune time to recognize the solid
and long-term foundation of science and engineering sup-
porting EPA’s accomplishments.

Science and research have been at the heart of air pol-
lution control since the first national legislation was passed
in 1955. The 1955 Air Pollution Control Act was actually
titled, “An Act to provide research and technical assistance
relating to air pollution control” [emphasis added]. Fifteen
years later, the Clean Air Act of 1970 further acknowledged
the foundational role that research plays in the development

and implementation of policy to improve and protect air
quality. The first section of the 1970 Act, before any dis-
cussion of regulation or pollution control, begins, “The
Administrator shall establish a national research and
development program for the prevention and control of air
pollution….” This language remains in the current law and
describes what is required as part of the research program:

conduct, and promote the coordination and accelera-
tion of, research, investigations, experiments, demon-
strations, surveys, and studies relating to the causes,
effects (including health and welfare effects), extent,
prevention, and control of air pollution [42 USC 85,
Part A, §7403; “including health and welfare effects”
added in 1990].

The 1970 Act specifically called for research on air
pollution monitoring, analysis, and modeling; on the short-
and long-term health effects of air pollutants; and, in
cooperation with the National Oceanographic and Atmo-
spheric Administration, the Fish and Wildlife Service, and
the U.S. Department of Agriculture, on the short- and long-
term effects of air pollution on ecosystems.

The Act listed multiple activities that EPA was author-
ized to conduct as part of its national research and devel-
opment program, including information dissemination,

* Charles Andrew Miller
miller.andy@epa.gov

1 U.S. Environmental Protection Agency, Office of Research and
Development, Research Triangle Park, NC 27711, USA

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s00267-021-01468-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00267-021-01468-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00267-021-01468-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00267-021-01468-9&domain=pdf
http://orcid.org/0000-0002-4318-1652
http://orcid.org/0000-0002-4318-1652
http://orcid.org/0000-0002-4318-1652
http://orcid.org/0000-0002-4318-1652
http://orcid.org/0000-0002-4318-1652
mailto:miller.andy@epa.gov


interagency cooperation, establishment of research grants
and fellowships, and development of prototype air pollution
control technologies.

This review is meant to provide a sense of the scope and
importance of research to EPA’s ability to fulfill the mission
it has been given by Congress to improve and maintain
clean air. It is illustrative of the breadth of air-related
research conducted by and for EPA over the past 50 years,
focusing on work supported and conducted by EPA’s Office
of Research and Development (ORD). This focus does not
detract from critical research conducted and supported by
other organizations, including the California Air Resources
Board (2021). As is true for research in general, EPA’s air
pollution research is characterized by a number of
groundbreaking advances in knowledge and capabilities
enabled and expanded upon by a much larger body of
incremental improvements. These multi-faceted advances in
science and technology enabled related advances in policies
that have led to substantial, long-term improvements in air
quality.

Background

The volume of EPA’s research makes it impossible to cover
the entire range of activities and accomplishments. For-
tunately, there are some excellent discussions of EPA’s
research in the literature for the reader interested in more
focused descriptions of air quality research through the first
half of EPA’s existence. Irwin’s history of air quality
models provides a deep dive into the evolution of air quality
models at EPA and elsewhere (Irwin 2004). Chow presents
a thorough review of the evolution of air quality monitoring
techniques for particulate matter (PM)(Chow 1995). Bach-
mann’s history of the National Ambient Air Quality Stan-
dards (NAAQS) includes discussions of several lines of
research that informed the development of the Standards
over the Agency’s history (Bachmann 2007).

Bachmann’s study also highlights a crucial point: the
primary role of research in EPA is to inform, not determine,
policy (Bachmann 2007). The difference between science
and policy was also emphasized by Dowd and Yosie in their
discussion of the role of science in the NAAQS develop-
ment process (Dowd and Yosie 1981). The two must work
together, and taking a long view of EPA’s accomplish-
ments, it is clear that the partnership has been successful.
But the partnership is not without its challenges. Even in the
early days of EPA, it was understood that policy most often
deals with the near term, which requires that research to
inform policy have a near-term focus (Brown and Byerly
1981). Research can take months or years to come to con-
clusive results, building incrementally upon itself. EPA
researchers balance the objectives of meeting near-term

Agency needs while pursuing longer-term scientific devel-
opment. It is this mix of near-term focus and insights into
future issues that have made it possible for EPA research to
address immediate needs while being prepared to respond to
emerging issues.

A thorough examination of what EPA has contributed to
environmental science for the development and imple-
mentation of policy could fill multiple books. There is a
tremendous amount of EPA research on water quality,
waste management, and general environmental quality that
is beyond the scope of this paper. Even on the narrower
topic of air quality, foundational work by EPA scientists on
the health and environmental effects of air pollution (such
as the early work of Schwartz on the link between PM and
mortality (Schwartz 1991; Schwartz and Dockery
1992a, b)) must be set aside to provide meaningful detail on
the research related to measurements, modeling, and con-
trol. Other key contributions from organizations such as
research at the National Vehicle and Fuel Emissions
Laboratory (Lindner and Schrodt 1993; Paulina 2004; Nam
et al. 2010) and advances from EPA-supported research
under the Science to Achieve Results (STAR) program are
also recognized but cannot be covered here in the interest of
brevity.

This discussion must also leave out the multitude of
EPA’s international research interactions and collaborations
on air quality management and control. From its earliest
days, EPA recognized the importance of engaging with the
international research community to exchange insights and
advances (U.S. Environmental Protection Agency 1976).
Such engagement ranged from exchanges at technical
conferences (Chappell 1985) to technical support for full-
scale demonstration (LaFlesh et al. 1993), and has con-
tinued through efforts such as support for air quality mon-
itoring in US Embassies around the world.

The paper will begin with a brief discussion of the place
of research in the Clean Air Act. It will then discuss
research on air pollution control technologies, pollutant
source and ambient measurements, air quality models, and
an example of how these are combined to address a single
regulatory issue. The paper will then provide a brief dis-
cussion of issues that have emerged since the founding of
EPA, including global climate change. We will then look at
the results of the work—what has the outcome of this
research been? Finally, the paper will discuss the people
who have planned and conducted the research and will close
with a discussion of challenges.

Pollution Control Technology Development

In 1970, our understanding of how pollutants were formed
and how they could be controlled, especially in combustion
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processes, was far less developed than it is today. This is
evident from the prominence given to air pollution control
research in the 1955 Air Pollution Control Act and the 1970
Clean Air Act. EPA’s air pollution control research covered
the development and evaluation of air pollution control
technologies for stationary sources, from small industrial
boilers to glass manufacturing to large coal-fired electricity
generating units. These efforts covered the full range of
research and development, from the fundamental chemistry
and physics of pollutant formation through support for full-
scale demonstrations of prototype technologies. In the early
1970s, the budgets for EPA research, including for energy
research and development, accounted for as much as 30%
of EPA’s operational budget (not including grants for
construction of water treatment systems). By 1977, EPA’s
energy research budget was equivalent to over $500 million
in 2019 dollars (U.S. Environmental Protection Agency
1978), most of it to support research by experts in industry
and academic institutions.

These investments have paid off well, providing the
scientific foundation and technical basis for the science and
technology we rely upon today to control sulfur dioxide
(SO2), oxides of nitrogen (NOx), and PM from large elec-
tricity generating stations and industrial plants. Founda-
tional research conducted and supported by EPA on
technologies to control SO2, NOx, and PM and support for
full-scale demonstrations of those technologies, led to the
wide-spread deployment of commercialized versions of
these systems. There is a direct line from EPA’s early
control technology research and development to the com-
mercial control technologies that have made it possible to
achieve the substantial reductions in NOx (U.S. Environ-
mental Protection Agency 1980, 1995a), SO2 (U.S. Envir-
onmental Protection Agency 1995b), and PM (Lawless and
Sparks 1980; Plaks and Sparks 1991) that have been
achieved since the founding of the Agency.

A major accomplishment of EPA researchers was dis-
covering the role of “fuel nitrogen” (i.e., nitrogen bound in
the fuel) during the combustion of oil, synfuels, and pul-
verized coal (Beer et al. 1990). This fundamental finding
enabled many of the subsequent NOx control technologies
developed by commercial firms for coal-fired boilers.
Similarly, studies at EPA pilot-scale facilities produced
several advances in SO2 scrubbers, including enhanced
scrubber internal circulation, use of forced oxidation, and
development of additives, all of which contributed to
improved cost and operational performance. Lee (2013)
documents how EPA researchers developed the technical
capabilities to address the technical problems related to
scrubber reliability (chemical scaling, plugging, erosion/
corrosion, and mechanical problems). Perhaps as impor-
tantly, he describes how EPA researchers “shifted the focus
from pollution abatement for health benefit to the

development of pollution control technology for effective
regulation.” This shift illustrated the recognition by EPA
researchers that they needed to conduct their work in a way
that indirectly advanced toward achieving the broader
Agency mission: without effective regulation, the health
benefits would not be realized. The technical advances
focused on information needed to enable EPA to set
technology-based emission standards, leading to health and
environmental benefits and helping the advance ultimate
worldwide commercial operation of SO2 controls (U.S.
Environmental Protection Agency 1995b).

These early successes provided the experience that
enabled EPA researchers to develop pollution control stra-
tegies that focused on operational practices, rather than
requiring additional pollution control systems. In the mid-
1980s, municipal waste combustors (MWCs), designed to
burn municipal solid waste and generate electricity, and
medical waste incinerators (MWIs) were found to be major
emitters of chlorinated dioxins and furans. EPA’s expertise
in combustion research was instrumental in identifying the
chemical mechanisms that formed these compounds when
chlorine-containing wastes were burned under conditions
often found in MWC units. EPA engineers and scientists
developed operating practices that formed much lower
levels of dioxins and worked to make these “good com-
bustion practices” the requirement for operating MWC and
MWI systems (Kilgroe et al. 1992).

By working with the American Society of Mechanical
Engineers, an operator training and certification program
was developed (ASME 2020) that resulted in the reduction
of dioxin emissions from MWC units by more than 99%
between 1987 and 2000, relying on changes in the operation
of existing equipment, and even as the number of MWC
units more than doubled over the same time period (U.S.
Environmental Protection Agency 2006).

The research experience gained in the development of
large-scale pollution control systems was also applied to
many smaller-scale controls. As awareness grew in the
1980s about the prevalence of residential exposure to radon
from natural sources, EPA researchers developed techni-
ques to reduce those exposures by preventing radon from
entering buildings (U.S. Environmental Protection Agency
1994b) and guidance for builders and owners and operators
of different building types (including homes and schools)
about how to install these relatively simple techniques
(Leovic and Craig 1994). One follow-up analysis found
these measures reduced radon levels in sampled homes by
more than 90% on average, which, if applied to all similar
homes in Minnesota, was estimated to have the potential to
extend the lives of 50,000 residents by nearly two decades
(Steck 2012).

This evolution from conducting research and develop-
ment on SO2 and NOx controls for large utility and
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industrial plants to reducing dioxin from waste combustion
and controlling radon in residences illustrates the long-term
value of investing in core scientific and technical
capabilities.

Measurements

Among the least-well, recognized accomplishments of
EPA’s scientific achievements is the development of the
technical infrastructure required to reliably, repeatably, and
accurately measure air pollutants. Measurements form the
foundation of understanding air pollution in the atmosphere
and the emissions of air pollutants from sources, both of
which underlie effective air pollution policies. Since the
establishment of EPA, thousands of studies have been
prepared and published to explain how to extract samples of
air or exhaust, analyze those samples for the presence of
specific pollutants, and determine the quantity of those
pollutants in the samples. While these efforts are nearly
invisible to most people, they have made it possible to know
not only the amount of pollution in the air but also the
effectiveness of laws and policies to mitigate pollution.

Since its founding, scientists and engineers at EPA have
contributed to the development, evaluation, and approval of
nearly 200 official EPA methods for sampling and analyz-
ing air pollutant emissions. In response to advances in
technologies and changes in measurement needs, EPA has
also evaluated and approved nearly 130 more alternative
methods and identified 31 additional methods that may be
appropriate for some situations (U.S. Environmental Pro-
tection Agency 2020a). The evaluation and approval pro-
cess is extensive—one evaluation of procedures to evaluate
just the airflow rate in one PM sampling system ran to 160
pages (Smith et al. 1978).

Approaches to measure emissions from sources without
exhaust stacks differ significantly from those early methods
developed to quantify stack emissions. EPA researchers
were among the pioneers in applying one approach using
remote emission measurement technologies. The use of
open-path Fourier transform infrared (FTIR) spectroscopy
to estimate emissions of methane from coal mines in the
early 1990s is an example of these efforts (Kirchgessner
et al. 1993). The FTIR technology was extended for use in
measuring ammonia from hog waste lagoons (Harris et al.
2001). These and subsequent efforts were crucial to the
acceptance of optical and remote sensing technologies for
air pollutant measurement and monitoring, which are now
recognized as important air quality management tools (U.S.
Environmental Protection Agency 2018).

Measuring ambient concentrations used to determine air
quality has its own challenges, including not just pollutant
collection and quantification, but also the design of the

monitoring network. Ambient monitoring of PM presents its
own set of challenges. PM varies in size, shape, composi-
tion, density, and light absorption, among other parameters.
Because it must be operationally defined, EPA’s early
efforts to evaluate PM monitoring methods required testing
a wide range of technologies, from the high volume air
samplers (eventually chosen as the reference method) to
visually determined opacity measures and tape-based sam-
pling systems (Lee et al. 1972). These and other early
efforts to measure PM at different sizes (Regan et al. 1979)
eventually provided the information needed to show the
serious health impacts associated with PM2.5 (PM with an
aerodynamic diameter less than 2.5 μm). This early work
and the continuing evaluation of monitoring systems to
ensure reliable, accurate, and consistent measurements
(Noble et al. 2001) provided a key component of the
foundation for PM standards that are responsible for
extending thousands of lives and saving the country billions
of dollars (U.S. Environmental Protection Agency
1997a, 2011). The impacts extend beyond the U.S., as
EPA’s methods are seen as the “gold standard” around the
world for ensuring accuracy and reliability of air pollution
measurement.

Beyond the development of specific methods is the
development of the operational system that ensures mea-
surements from one location or time are comparable to
measurements at any other location or time. This has
required the development of standards against which all
instruments can be calibrated. For some pollutants, this
takes the form of a standard calibration gas, prepared
according to strict requirements developed by EPA in col-
laboration with what is now the National Institute of Stan-
dards and Technology (NIST; then the National Bureau of
Standards). For other pollutants, such as ozone, a standard
calibration gas is not possible because the gas is too reactive
and will change during even a brief period of storage. In
those cases, a system that generates a calibration standard
for immediate use is required. EPA scientists developed the
first Standard Reference Photometer in 1983, the design of
which is now used by NIST as the primary national standard
in the USA and used globally by the International Com-
mittee of Weights and Measures (Paur and McElroy 1979;
NIST 2009).

Modeling

Where measurements allow us to understand what has
happened, computational models provide us with the crucial
capability to gain insight into what can happen in the future
by simulating how air pollutants react and flow through the
atmosphere, including how they can be formed from pre-
cursor compounds.
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From its early days, EPA scientists and engineers have
worked to develop models that simulate the behavior of air
pollutants. This work began with the development and
evaluation of computational models that simulate how
pollutants disperse from a source through the ambient air,
depending upon how air flows act to stir the atmosphere at
different altitudes and wind speeds (Holzworth 1972).
Research to understand air pollutant dispersion also
involved physical modeling. By 1974, EPA had constructed
a wind tunnel to examine how pollutant dispersion was
affected by different building characteristics (tall and thin
vs. short and wide, for instance) (Snyder and Lawson 1976).
These early dispersion studies provided the information
needed to set exhaust stack height requirements to avoid
excessive near-source pollutant levels in different situations.
The approaches and capabilities developed by this work in
the 1970s formed the foundation for later work, including
evaluations of potential exposure to toxic compounds
emitted during the destruction of the World Trade Center
towers (Perry et al. 2004).

From the start of EPA in 1970, scientists were devel-
oping computational methods to simulate the fate and
transport of airborne pollutants as evidenced by the plume
dispersion techniques of Turner (Turner 1970) and the
plume rise formulations of Briggs (1972). Soon afterward,
research began on developing computational models that
had the ability to simulate chemical reactions in the atmo-
sphere, including reactions that were accelerated by expo-
sure to sunlight. These models were critical to
understanding how ozone was formed in the atmosphere
and how it could be controlled. Beginning with simple “box
models” (Schere and Demerjian 1977), this work evolved in
the early 1980s toward more realistic simulations of atmo-
spheric air currents and meteorology with pollutant sources
in specific locations and increasingly complex chemical
reactions (Lamb 1983). In the early days of air pollution
modeling, EPA scientists needed to develop not only the
mathematical expressions for the atmospheric chemistry
and physics but also needed to develop an approach that
would allow their computation by computer systems of the
day in a way that would enable future expansion of the
model as computational capabilities grew (Lamb 1984). By
1990, EPA’s contributions to air quality modeling made it
possible for air quality models to be required by the Clean
Air Act as a part of a state’s demonstration that it plans to
meet the NAAQS for ozone (Irwin 2004).

Bringing it Together to Control Mercury

In 2003, EPA proposed a regulation to reduce emissions of
mercury from coal-fired power plants (U.S. Environmental
Protection Agency 2004). The development of the

regulation drew on EPA research covering numerous topics
from source characterization to assessment of environ-
mental and health impacts, illustrating the range of research
needed to inform policy actions. Even though the rule
addressed mercury as an air pollutant, the rulemaking took
into account EPA research on the potential for health and
environmental damage due to deposition of airborne mer-
cury into water and soil (Crane 1992). Human exposure to
mercury was also considered in developing the rule,
including different factors that affect exposures, methods to
model those exposures, and estimates of ingestion rates
(Burns et al. 1982; U.S. Environmental Protection Agency
1997b; Swartout and Rice 2000). Policymakers relied on
EPA’s air quality models to understand how mercury can
be transported from a power plant to areas where it is
deposited on the ground and in water, where people can be
exposed to the mercury. These models also provided
information on how the amount of mercury in soil and
water in different locations could be reduced by controlling
emissions at power plants (U.S. Environmental Protection
Agency 1999). Accurate estimates of emissions, and ulti-
mately of emission reductions, could only occur if accurate
measurement methods existed. EPA researchers conducted
extensive work to evaluate commercial emission monitor-
ing systems and the calibration materials and methods to
ensure those systems were accurate (ARCADIS 2005;
Ryan 2005a; Ryan 2005b). At the same time, there was
recognition that along with the need for measurement
methods, emissions could only be reduced if we had
effective and reliable technologies to achieve those reduc-
tions in practice. Again, EPA researchers provided infor-
mation about control technologies for mercury (U.S.
Environmental Protection Agency 2002b) and about how
existing SO2 control technologies could provide some
reduction in emissions (Srivastava 2000). Finally, the
policymakers drew upon EPA research to understand how
reductions in gaseous mercury could result in increased
mercury levels in the ash and other residues remaining
from coal combustion (Thorneloe 2005).

While this is not the end of the story, with legal chal-
lenges and policy shifts changing the regulatory outcome
and considerable technology development supported by the
U.S. Department of Energy (DOE) (Feeley et al. 2009), this
example illustrates how EPA researchers contributed
understanding of a wide range of issues that need to be
considered in a major rulemaking for mercury control. In
some cases, their work was targeted to specific questions
and needs of the policymakers, and in others, research
contributed more widely used tools and methods that
eventually turned out to be of value to the development of
this rule. This combination of focused research and
development of the longer-term, broadly applicable cap-
abilities that Brown and Byerly called “intellectual capital”
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(Brown and Byerly 1981) proved to be of substantial value
to EPA’s efforts to reduce mercury in the environment.

Applying Intellectual Capital to Respond to
Emerging Issues and Emergencies

This intellectual capital, the accumulated knowledge and
organizational capabilities built over decades of research
and development, has provided EPA with the scientific and
technical capacity to respond quickly to a broad range of
emerging issues and unprecedented events that affect public
health and the environment.

In 2001, the nation faced two unprecedented terrorist
attacks, first on the World Trade Center in New York and
the Pentagon in Washington, followed closely by efforts to
expose people in media and government to anthrax spores.
EPA played an important role in the national response,
which was only possible because of the ability to draw up
and apply the scientific understanding developed over time.
In the immediate aftermath of the 9/11 attack and resulting
collapse of the World Trade Center towers, EPA assisted
with air quality monitoring to provide information about the
hazards associated with the on-going emissions from the
fires and dust from the towers’ collapse (Vette et al. 2004).
EPA played a more prominent role in the decontamination
of Congressional and Postal Service facilities affected by
the anthrax attacks (Barth et al. 2003). A report on lessons
learned from the anthrax response noted that “EPA
responders had only limited technical information and
experience for cleaning up biological contaminants. Despite
these challenges, EPA was able to implement a plan of
action based on sound science.” (U.S. Environmental Pro-
tection Agency 2002a).

As two additional examples, EPA’s expertise in com-
bustion and combustion emissions was instrumental to
emergency response efforts. The first was part of the
Agency’s response to Hurricanes Katrina and Rita in 2005.
EPA researchers evaluated the potential use of air curtain
incinerators as a means to help dispose of the enormous
volume of organic debris, such as downed trees and
destroyed and demolished homes and buildings, created by
Hurricane Katrina (Miller and Lemieux 2007). The second
incident was the Deepwater Horizon oil spill. EPA scientists
used balloon-based sampling systems to collect samples of
smoke from oil burning on the surface of the ocean to
evaluate the potential emissions of toxic compounds,
including chlorinated dioxins and furans (Aurell and Gullett
2010).

This ability to refocus scientific and technical expertise,
laboratory and testing facilities, and organizational infra-
structure to new problems is being applied to today’s
emerging issues, including the use of low-cost air pollution

sensors, remediation of per- and polyfluoroalkyl substances,
and wildfire smoke. But the most wide-ranging problem that
has required (and continues to require) the ability to apply
expertise in new ways is climate change.

When EPA was formed in 1970, the issue of human-
driven climate change was still seen as a purely scientific
concern with little immediate relevance to public policy.
Just over 10 years later, EPA had begun to recognize cli-
mate change as a problem that would very likely require
policy actions to meet the challenges of reducing green-
house gases (GHGs) and adapting to the impacts of a
warming climate (Seidel and Keyes 1983; Smith and Tirpak
1989).

By the 1990s, the scientific and technical intellectual
capital built during the Agency’s first two decades was
evident in EPA’s early actions to address climate change,
including hosting a 1992 symposium on GHG emissions
and mitigation (U.S. Environmental Protection Agency
1994a). EPA researchers presented information on a broad
range of topics: GHG emission inventories, including
sources of methane; geological carbon dioxide sequestra-
tion; use of solar and biomass energy; forest and agriculture
as a carbon sink; and an overall evaluation of the techno-
logical challenges of CO2 reduction. EPA scientists also
discussed our understanding of the interactions between
ozone-depleting substances and climate change (Montzka
et al. 2008; Newman et al. 2008).

EPA’s expertise on the sources, formation, and impacts
of air pollution played a key role in the Agency’s 2009
determination that greenhouse gases represented an endan-
germent to human health and welfare. Their work showed
that ozone concentrations would increase with a warming
climate (U.S. Environmental Protection Agency 2009a),
providing a key part of the scientific basis for the Agency’s
determination that GHGs were pollutants under the provi-
sions of the Clean Air Act (U.S. Environmental Protection
Agency 2009b).

Science-Policy Interface

At least as important as advances in air pollution science
itself has been EPA’s formation of the process by which
scientific understanding is transferred to Agency decision-
making for the NAAQS. Congress required that the
NAAQS be based on “the latest scientific knowledge” and
left the details of how to determine that knowledge to EPA.
The consequences of a wrong decision were substantial:
setting a standard too high could leave millions of people
vulnerable to the adverse effects of air pollution and setting
a standard too low could cost millions of dollars without
providing additional public health benefits. The process of
setting the standard therefore needed to produce results that
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were not only solidly based on the latest scientific knowl-
edge but were also trusted by stakeholders, including
Congress, industries, and the public at large.

Working with input from the external Clean Air Science
Advisory Committee (CASAC), EPA developed a process
that included the assignment of dedicated staff to review the
science and translate that science for use in policy decisions.
Within the ORD, the Environmental Criteria Assessment
Office was formed and given the responsibility to develop
the synthesis and interpretation of the available science in
what were known as Criteria Documents (CDs) (Bachmann
2007).

On the policy side, the Office of Air Quality Planning
and Standards developed an “integrated assessment of the
most critical policy-relevant information that was intended
to bridge the gap between the CD and decisions required of
the administrator” (Bachmann 2007). Throughout the pro-
cess, external review was provided by experts on the
independent CASAC, who reviewed not only the science
and its policy-focused evaluation but also the process by
which both were developed (Dowd and Yosie 1981).

The strength of the process was noted early during a
lawsuit over the NAAQS for lead. As Bachmann
(2007) noted:

The court also praised EPA’s execution of the
expanded administrative procedures it had earlier
required. It cited “the rigorous scientific and public
review which permitted a thorough ventilation of the
complex scientific and technical issues presented by
this rulemaking proceeding.”

This basic approach, even as it was restructured in
response to changing science and policy environments, has
proven to be robust over the subsequent decades, despite
continuing criticism and legal challenges.

Outcomes

Determining the value of EPA’s research can be difficult at
best. The value of a particular research effort is dependent
on many factors that fall well outside the research domain.
For air-related research, however, we have several strong
indicators of the success and value of EPA’s air-related
research that contributed to reductions in air pollution. The
Office of Management and Budget (OMB) estimated the
annual net benefit of EPA’s air regulations to be between
$123 billion and $640 billion (in 2016 dollars) for the
period October 2006 through September 2016 (Office of
Management and Budget 2017). EPA prepared two reports
on the benefits and costs of the Clean Air Act. The first of
these estimated a total net benefit to the U.S. of $40.3

trillion dollars (in 2016 dollars; $21.7 trillion in 1990 dol-
lars) between 1970 and 1990 (U.S. Environmental Protec-
tion Agency 1997a). The second report covered the period
1990 to 2020, and estimated a total net benefit of $13.9
trillion (in 2016 dollars; $12 trillion in 2006 dollars) (U.S.
Environmental Protection Agency 2011). This is an average
of $460 billion per year over the 30-year period, consistent
with OMB’s annual estimated net benefits. The total esti-
mated net benefit of $54.2 trillion compares to a total
national expenditure on energy of $47.3 trillion (2016
dollars) between 1970 and 2017, as estimated by the Energy
Information Administration (EIA 2020). If the EPA net
benefit estimates are correct (and these values are the cen-
tral estimates of net benefits), implementing the Clean Air
Act in essence covered the nation’s entire energy bill
since 1970.

How much of these savings can be directly attributed to
EPA’s research is considerably less certain. What is perhaps
more certain is that EPA’s accomplishments could not have
been as successful over such a long period of time without
the scientific and technical information upon which the
regulations have been based. Between 1970 and 2018, the
nation invested just over $37 billion (2016 dollars) in EPA’s
ORD (U.S. Environmental Protection Agency 2020b). Only
a portion of that investment was for air-related research, and
only a portion of the net benefits can be attributed to sci-
entific and technological advances. But if even 1% of the
net benefits can be attributed to research accomplishments,
that is still a benefit of more than 10 times the total
investment in research for all media.

It must be recognized that not all of EPA’s research has
been successful. Research inherently involves work that
does not result in meaningful advances. In hindsight, we can
see instances in which research is perhaps halted prema-
turely, only to be seen later as important. For example, it is
possible to consider an alternative scenario in which a few
changes to research efforts in the late 1970s might have
identified PM2.5 as a major pollutant well before 1997
(Bachmann 2007).

There are also instances in which EPA research followed
a path that was ultimately unsuccessful as measured by
ultimate application in practice, despite considerable initial
success. Reburning, or multi-stage fuel injection, for control
of NOx from coal-fired furnaces, is a good example. Jointly
with the Gas Research Institute and the Department of
Energy, EPA research and development on reburning was
recognized with a national award for advances in environ-
mental technology from the Air & Waste Management
Association in 1997 (Air & Waste Management Association
2021), but is no longer used as a significant means of NOx

control in the USA.
The realities of research include efforts that fail in the

moment only to be of value later, those that fail altogether,
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fruitful research to inform policies that are ultimately
changed, and research that identifies ineffective technical or
policy approaches that enable decision-makers to avoid
wrong decisions. These outcomes are an integral part of a
vibrant research effort but are impossible to objectively
quantify, even in hindsight. The preceding evaluation of the
estimated economic costs and benefits is an effort to illus-
trate that, over the long term, the successes of EPA’s
research have far outweighed investments that were not
successful.

The impact of EPA’s science-based policies is evident
from the trends in emissions from 1970 to 2018 and
compared to key social and economic indicators, as seen in
Fig. 1.

People

None of these accomplishments could have been possible
without a dedicated and talented staff of scientists, engi-
neers, and technicians, and equally dedicated and talented
technical and administrative staff to support them, and
research and technical management to provide guidance and
leadership. Only once in EPA’s 50 years has the ORD had
more than 2000 full-time equivalent employees. As a
comparison, DOE’s 17 National Laboratories have nearly
64,000 employees (National Laboratories Directors Council
2020).

An indication of the capabilities of EPA researchers
studying air pollution issues is illustrated in the extent to
which they have been recognized within the Agency and by
other organizations. They have received Presidential-level
awards, such as the Presidential Early Career Award for
Scientists and Engineers. Air researchers have been named
as finalists for the Samuel J. Heyman Service to America
awards (the “Sammies,” often referred to as the Oscars of

government service). They have been recognized by, and
held national leadership roles in, professional societies such
as the American Thoracic Society, the Air & Waste Man-
agement Association, and the American Society of
Mechanical Engineers. They have been recognized within
EPA by Gold Medals for Exceptional Service and by Sci-
entific and Technological Achievement Awards, determined
by EPA’s external Science Advisory Board.

Research at EPA is different than research at an academic
institution. As one long-time EPA researcher, R.G. Lamb,
noted in the Preface to his 1984 report on air quality
modeling (Lamb 1984):

In attempting to use science as a tool for treating the
types of applied problems that are of concern to the
EPA, one is not allowed the luxury of simplifying
assumptions that reduce problems to forms that
possess concise elegant solutions. Instead, one must
face the harsh realities of the physical world and
search for approximate descriptions of phenomena
that strike an acceptable compromise between rigor
and practicability.

The record of scientific achievement and environmental
improvement over the last 50 years shows that the people at
EPA have been successful in striking that acceptable
compromise.

And the Agency has expanded the nation’s scientific and
technical expertise well beyond the halls of EPA. Research
grants from the STAR program have supported the educa-
tion and training of countless graduate students in the
environmental sciences. EPA has awarded hundreds, if not
thousands, of post-doctoral fellowships for recent science
and engineering doctoral graduates to work in EPA
laboratories. Many of these researchers gain valuable
experience addressing real-world environmental problems
before they take positions as faculty in colleges and uni-
versities throughout the country. EPA researchers engage
with students at all levels to encourage interest in the
environment and science, technology, engineering, and
mathematics (STEM) studies more generally. These efforts
show that EPA’s people continue working to build the
expertise that will be needed for the future.

Remaining Challenges

Because EPA science is necessarily a compromise between
rigor and practicability, and because the science is intended
to provide the basis for important policy decisions, the work
of EPA researchers is generally subject to much more fre-
quent and intense scrutiny than that of researchers in the
academic community. EPA’s research can have enormous

Fig. 1 Comparison of growth areas and declining emissions,
1970–2018. Aggregate emissions are the combined emissions of PM2.5

and PM10, SO2, NOx, VOCs, CO, and Pb. From Our Nation’s Air
(U.S. Environmental Protection Agency 2020c)
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implications for industries and the public, who need to
know that the results are accurate, repeatable, and robust.
To ensure that EPA’s research activities and results are
suitable for use in such consequential applications, they are
subject to review and guidance by numerous external
groups, including the National Academies of Sciences,
Engineering, and Medicine; EPA’s external Science Advi-
sory Board, Clean Air Science Advisory Committee, and
Board of Scientific Counselors; the Government Account-
ability Office; and Congress. In addition to these reviews,
EPA’s research is also subject to the requirements of the
Information Quality Act and data quality and accessibility
guidelines from the Office of Management and Budget. The
efforts and resources in time and money needed to meet
these requirements are rarely, if ever, seen by the general
public. But they are crucial component to ensuring that
EPA’s research can be trusted. Building and maintaining
this trust is one of the core reasons why EPA’s research has
been successful over the past 50 years.

Forty years ago Dowd and Yosie (1981) stated that
“Research, as conducted by a regulatory agency, is an
extremely fragile undertaking.” Their experiences, Yoshie
as the federal official who coordinated the activities of
CASAC and Dowd as an acting head of EPA’s ORD,
allowed them to experience the unique challenges of con-
ducting research for supporting public policy. They recog-
nized that there are fundamental differences between
researchers and policymakers that create tensions, even
when the two groups have the same overarching goals:

In general, [EPA’s regulatory] program offices have
been able to direct the research agenda…by demon-
strating a need for short-term studies to support a
particular standard-setting action. At times, conflict
between ORD and program offices over research
priorities has resulted in reductions of ORD’s budget
and personnel ceilings after the priorities were ranked
in the budgetary process. If the research committees’
focus is solely on short-term results, however,
development of a scientific database for standard
setting may be inhibited in such fundamental areas as
atmospheric chemistry, chronic exposure to pollu-
tants, and population studies.

They noted the challenge to sustaining the intellectual
capital needed to maintain EPA science in a position to
respond to the Agency’s evolving needs: “The infrastructure
for maintaining a high-quality research staff is extremely
sensitive to these constantly changing decisions on research
priorities and budgets” (Dowd and Yosie 1981).

These challenges were echoed by Brown and Byerly
(1981) writing at the same time as Dowd and Yosie (1981),
but from a different perspective—that of Congress.

They quoted Henry Kissinger’s 1959 commentary in The
Reporter:

The administrative approach to intellectual effort
tends to destroy the environment from which innova-
tion grows. Its insistence on “results” discourages the
intellectual climate that might produce important ideas
whether or not the bureaucracy feels it needs them.

They discussed multiple institutional challenges to
research in EPA, many of which remain four decades after
their comments: finding the right balance between research
to address immediate agency needs and longer-term
research to build intellectual capital, dealing with limited
resources and seemingly unlimited problems, and bridging
the gap between scientists and policymakers. These chal-
lenges have been, and continue to be, the subject of efforts
to plan and conduct research within EPA.

And yet, it is clear that EPA’s science-based policies
have been spectacularly successful over its 50 years of
existence. It may well be that the challenges of conducting
and using research in a regulatory agency are both inherent
and necessary. Indeed, it may be that those challenges and
tensions push researchers toward practical, near-term results
and policymakers toward consideration of longer-term
questions, both of which can help EPA build on its record
of success for the next 50 years.
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