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Abstract

Indoor sources of air pollution worsen indoor and outdoor air
quality. Thus, identifying and reducing indoor pollutant sources
would decrease both indoor and outdoor air pollution, benefit
public health, and help address the climate crisis. As outdoor
sources come under regulatory control, unregulated indoor sources
become a rising percentage of the problem. This American Thoracic
Society workshop was convened in 2022 to evaluate this increasing
proportion of indoor contributions to outdoor air quality. The
workshop was conducted by physicians and scientists, including
atmospheric and aerosol scientists, environmental engineers,
toxicologists, epidemiologists, regulatory policy experts, and
pediatric and adult pulmonologists. Presentations and discussion
sessions were centered on I) the generation and migration of
pollutants from indoors to outdoors, 2) the sources and
circumstances representing the greatest threat, and 3) effective
remedies to reduce the health burden of indoor sources of air
pollution. The scope of the workshop was residential and

commercial sources of indoor air pollution in the United States.
Topics included wood burning, natural gas, cooking, evaporative
volatile organic compounds, source apportionment, and regulatory
policy. The workshop concluded that indoor sources of air pollution
are significant contributors to outdoor air quality and that source
control and filtration are the most effective measures to reduce
indoor contributions to outdoor air. Interventions should prioritize
environmental justice: Households of lower socioeconomic status
have higher concentrations of indoor air pollutants from both
indoor and outdoor sources. We identify research priorities,
potential health benefits, and mitigation actions to consider (e.g.,
switching from natural gas to electric stoves and transitioning to
scent-free consumer products). The workshop committee
emphasizes the benefits of combustion-free homes and businesses
and recommends economic, legislative, and education strategies
aimed at achieving this goal.

Keywords: indoor air pollution; wood burning; natural gas;
cooking; volatile organic compounds
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Introduction

People spend more than 80% of their time
indoors where they are exposed to air
pollutants, many of which are also found
outdoors (1). The predominant global source
of outdoor pollution is fossil fuel burning.
Indoor sources of air pollution are less well
characterized, yet there is growing
recognition of the importance of indoor air
quality for human health, especially as
outdoor sources come under control (2).
Outdoor air pollutants are subject to
regulation under the Clean Air Act in the
United States, but no similar regulation exists
for the concentrations of the same pollutants
in the indoor environment. However,
modulating indoor pollutant sources can
reduce both indoor exposures and their
contributions to outdoor pollutant
concentrations, which are subject to the
Clean Air Act, and thus improve public
health in both environments.

This 2022 workshop, titled “Health
Consequences and the Relative Contribution
of Indoor versus Outdoor Pollutants,”
addressed three charge questions: 1) What is
the current state of knowledge regarding the
generation and migration of pollutants from
indoors to outdoors? 2) What sources and
circumstances are the greatest threat and the
most actionable? 3) Given what we know
about the generation and migration of
pollutants from indoors to outdoors and
climate change, what remedies may be
effective in reducing the health burden of
air pollution? Our scope was limited to
residential and commercial sources of indoor
air pollution in the United States.

The workshop was conducted by
physicians and scientists with expertise in the
health effects of air pollution and included
atmospheric and aerosol scientists,
environmental engineers, toxicologists,
epidemiologists, regulatory policy experts,
and pediatric and adult pulmonologists. The
22 participants completed six presentation
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and discussion sessions, concluding with
future needs and priorities. The six topics
were wood burning, natural gas, cooking,
evaporative volatile organic compounds
(VOCs), source apportionment, and
regulatory policy. Recommendations for
action are reported.

Wood Burning

Wood accounts for the main heating fuel in
only 2% of U.S. households but produces
more than 90% of fine particulate matter
(PM; =<2.5 pm in aerodynamic diameter
[PM, 5]) emissions from the residential
heating sector and 22% of the overall
primary emissions of PM, 5 (3-5). Between 2
and 3 million U.S. homes use wood burning
appliances as the primary source of heat;
another 8 million use wood as a secondary
heating source (6, 7). In areas with higher
concentrations of homes with wood burning
appliances, including communities where
electricity access is limited or alternative
heating strategies are cost prohibitive, indoor
wood burning appliances can represent

the dominant source of ambient air
pollution in winter. These conditions occur
disproportionately in rural areas and in U.S.
households with incomes below the poverty
line (3, 8). Recreational wood burning can
also contribute to increases in both indoor
and outdoor PM concentrations (9, 10).
Initiatives resulting from community,
academic, and governmental partnerships
have demonstrated the impact of residential
wood burning on outdoor air pollution while
providing a framework and impetus for
evidence-based interventions (11).

The composition of wood burning-
generated PM differs from that of fossil
fuel-generated PM, and their health impacts
per unit (micrograms per cubic meter) have
been shown to differ (12, 13). Wood smoke
contains a complex mixture of pollutants,
including PM, s; ultrafine particles; carbon

monoxide (CO); carbon dioxide (CO,);
nitrogen oxide (NOy); CH,, or methane;
VOCs; and polyaromatic hydrocarbons
(PAHs), some of which also contribute to
secondary pollutant formation, such as
ground-level ozone. The levels and relative
contributions of these wood smoke
components depend on widely variable
factors, including appliance type, venting,
efficiency and maintenance, and fuel type,
many of which are modifiable (14). Venting
efficiency and performance may be
optimized with proper operation and
maintenance to reduce emissions. Type, size,
and wood product quality (e.g., avoiding
paint and other treatments) also influence
efficiency and pollutant release. Smaller
cordwood pieces, lower moisture content
(<20% moisture content, which can be
achieved by drying wood for at least 6
months, is recommended), and fire quality
optimization can reduce incomplete
combustion (e.g., smoldering) (15, 16).
Pellet-burning appliances are generally
desirable, although research on pellet stove
emissions and health effects is limited (17).

Interventions to Prevent Health
Effects Related to Wood Burning
Multiple national and local interventions
focus on mitigating the harmful effects of
wood burning pollution, including U.S.
Environmental Protection Agency (EPA)
emission standards and certification updates
and education campaigns involving
partnerships between industry, community,
government, and academia. Wood stove
exchange programs and change-out
programs, in particular, have shown promise
as impactful interventions, with reductions in
ambient PM, 5 and fewer days exceeding the
24-hour National Ambient Air Quality
Standards for PM, 5 of 35 ug/m3 (Table 1)
(11). In addition to health benefits from
reduced pollution, interventions that switch
out older, less efficient appliances with
newer, energy-efficient appliances may have

AnnalsATS Volume 21 Number 3 | March 2024
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Table 1. Case study related to wood burning that may serve as a model for other indoor sources of pollution that impact both

indoor and outdoor air

Libby, Montana, is located in a mountain valley susceptible to frequent inversion layers in the winter months. Before 2006, Libby was
one of four nonattainment areas for the U.S. Environmental Protection Agency PM, 5 (particulate matter with an aerodynamic diameter
<2.5 ym) National Ambient Air Quality Standards (1997 standard). In an example of partnership among an academic university, local
government, and the community, researchers from the University of Montana used chemical mass balance modeling to reveal that
residential wood burning contributed to an average of 82% of measured ambient PM, 5 during the winter months (136). Between 2005

and 2007, in one of the nation’s largest change-outs, over 1,100 wood stoves were exchan
significant (20%) reduction in ambient PM, 5 levels from 27. Opg/m (SD=12.5) to 21.8 yg/m

%ed rebuilt, or disabled, resulting in a
(SD=4.9). In a subset of homes where

indoor PM, 5 was measured, average PM, 5 concentrations were reduced 71% (137). In a foIIow -up study that included 3 additional
years after change -outs, indoor PM, 5 decreased from 45.0 pg/m® (SD =33.0) to 18.0 ug/m® (SD = 14.5), and ambient PM, 5 decreased
from 25.3 ug/m® (SD=12.4) to 17.7 pg/m® (SD=6.85) (138). These investigations focused on PM, 5 concentration; however, PM, 5
composition and other pollutants that are highly, but variably, correlated with wood burning conditions have not been systematically

investigated.

Definition of abbreviation: SD = standard deviation.

long-term cost savings that offset the upfront
costs of switching, although wood stoves
tend to be cheaper for heating than electric
furnaces (8, 18). Federal and state programs
exist to offset the costs of replacing or
improving the efficiency of wood stoves,
including government-private sector
partnerships, vouchers, and tax credits, many
of which include additional financial support
for low-income households (19, 20).

Natural Gas

Natural gas is the primary residential fuel
type for heating and is commonly used for
residential, industrial, and commercial
electricity generation (21). Oil burning is also
used for heating, but to a far lesser extent
(4.6% of homes use heating oil, compared
with 60.4% using natural gas) (6). The
production, distribution, and utilization of
natural gas are all sources of primary and
secondary air pollutants (Table 2). The
natural gas distribution system for residential
and commercial buildings is an important
source of fugitive greenhouse gas emissions,
specifically, methane, the predominant
constituent of natural gas (22). Leaks can
occur throughout the system, including at
the interface with individual devices,
contributing to global warming (23). In U.S.
urban centers, areas with higher percentages

of people of color, older homes, and lower
incomes have been found to have a higher
density of natural gas leaks (24). A recent
study quantified methane released in 53
homes during all phases of stove use: More
than 75% of methane emissions occurred
when the stoves were turned off (25). These
investigators estimated that annual methane
emission from gas stoves in U.S. homes have
a climate change-forcing impact equivalent
to the annual methane emissions of 500,000
cars. In the indoor environment, natural gas
is also used for cooking and is well known to
affect indoor air quality (26). The available
evidence about emissions from natural gas
appliances (e.g., furnaces, water heaters) used
in residential and commercial conditions
comes from experiments under carefully
controlled conditions, likely leading to
underestimates of true pollutant emissions
from natural gas appliances in real-world
residential and commercial settings (27).
The exhaust from residential and
commercial natural gas combustion is often
vented directly outdoors, contributing to
outdoor air pollution. Natural gas
combustion is designed to convert its main
chemical elements—hydrogen and carbon—
to their lowest energy forms, water and CO,.
Pollutants are formed through three main
channels: 1) through N, conversion in
combustion air to NO,, 2) as a result of fuel
impurities (e.g., toxic metals), and 3) as

Table 2. Products of natural gas combustion

products of incomplete combustion (28).
Products of incomplete natural gas
combustion include PAH, formaldehyde, CO,
and ultrafine particles (29). Emission rates are
sensitive to combustion conditions. A burner
with an improper mix of air and fuel emits
considerably more products of incomplete
combustion than a well-tuned burner. The
quantity of pollutants emitted by natural gas
combustion scales approximately with the
quantity of fuel burned. Emissions of CO,
and NOy from natural gas combustion in
buildings are largely determined by the
amount of space heating and hot water
production, as these represent the dominant
fuel usage. NO, emissions and their secondary
products contribute to the atmospheric
abundance of criteria air pollutants: NO,,
ozone, and PM, 5 (30). According to a recent
estimate by the California Air Resources
Board, approximately 5% of California’s NO,
emissions are from natural gas combustion in
buildings (31).

In a related example, gasoline-powered
automobiles—“super-emitters” (vehicles
with inefficient, often older engines)—are
responsible for a disproportionate share of
cumulative emissions from the vehicle fleet
(32). It is unknown whether super-emitter
residential or commercial furnaces and other
combustion appliances disproportionately
pollute outdoor air with products of
incomplete combustion.

Complete combustion

NO
CO,
SO«

Incomplete combustion

Polycyclic aromatic hydrocarbons
Formaldehyde
Ultrafine particles (soot), carbon monoxide

Additional emissions

Nitrous acid (HONO)
Metals
Methane (leakage)

Definition of abbreviations: CO, = carbon dioxide; NO, = nitrous oxide; SO, = sulfur oxides.
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Interventions to Prevent Health
Effects Related to Natural
Gas Burning
Actions to reduce outdoor air pollution from
residential and commercial use of natural gas
can be clustered in two major categories:
reducing emissions from existing
infrastructure and limiting new development
and installations. A list of potential actions to
update, replace, or prevent natural gas
combustion appliances in residential and
commercial buildings is shown in Figure 1.

There is a need for high-quality field
data that characterize emission factors from
new and aging furnaces and other appliances
currently in widespread use. By sampling
residential and commercial properties, both
the central tendency of emission factors and
the relative presence of super-emitters could
be characterized and prioritized for repair or
replacement. Incentivizing the use of efficient
electric appliances (e.g., heat pumps) and
clean energy sources may be effective
nonregulatory options to promote the
replacement of existing residential and
commercial natural gas appliances (33).

New appliances and the construction
of new buildings present opportunities to
reduce natural gas use. Legislation can be
used to prohibit or phase out new natural gas

Pollution Source

a Wood Burning

1. Wood burning for heating and recreation
2. Typeof appliance (e.g., catalytic, open, etc.)

Natural Gas

outdoors

2. Furnace & hot water heater malfunction (superemitter:
poorly tuned or not maintained)

Q. Use and distribution of natural gas as a fuel

Cooking

1. Ventilation (gasstoveventing directly outdoors)

Consumer Goods

1. Gas-fired furnace & hotwater heaterventingdirectly 1.
S,

. 1.
2. Cookingconditions (e.g., pan size, temperature, types of 2.
oils, foods likemeat)
3.
\ intake/exhaust with filter(s)
1. Releaseofaerosol (e.g., longchainalkanes)and ozone 1.
(e.g., aromatics) precursors from products (e.g., 2
personal care products, paints, printinks) B
2. Evaporation of hazardous air pollutants (e.g., xylenes) B
\3. Selected water-soluble emissions (e.g., aceticacid) \

distribution systems and prevent new natural
gas appliance installation or connections to
homes and commercial buildings (34-36).
Nonregulatory options include voluntary
industry standards and new development of
high-efficiency and electric appliances.
Phasing out natural gas for heating and
cooking will not only improve respiratory
health by improving indoor and outdoor air
quality through the reduction of hazardous
by-products and secondary pollutants such
as ozone but also will mitigate climate
change impacts by reducing leaks of
greenhouse gases (25).

Cooking

Residential and commercial cooking are
major sources of indoor air pollution that
also contribute to outdoor air pollution.
Globally, household cooking with solid
fuels is a strong contributor to outdoor air
pollution (37), but the present discussion
focuses on residential cooking in high-
income countries. The majority of cooking
appliances in the United States use electricity
or natural gas (38).

Cooking-related emissions vary with the
type of energy used. Natural gas combustion

Mitigation Action

é Wood Burning

. Woodstove exchange program
. EPAcertification and rigorous oversight
. Fuel source education

\

1

2

3
C. Maintenance of existing appliances
/

Natural Gas

Converttoelectricity (e.g., heat pump), combustion-
free buildings

2. Transition away from gas appliances in new buildings
or replacement

\3. Restrict construction of natural gas infrastructure

.
\\

Cooking

Transition to electric/induction cooking stoves

Education surrounding cooking methods to reduce
generation of pollutants

Installation of range hoods with outside air

\\

Consumer Goods

Transition toscent free products
Make substitutions; avoid “regrettable substitutions”
Improvement in monitoring

J
N

/

produces NO, and some other air pollutants
that cooking with electricity does not
produce. Homes that use gas cooking, even
with stove venting, often exceed outdoor
levels of NO, (29). Both electric and gas
cooking produce PM and ultrafine particles,
but their nature and abundance depend on
multiple factors, including cooking method
(e.g., frying versus wet cooking), pan size
(smaller pans are better), oil (the best type
depends on smoking temperature), cooking
temperature, food type and additives,
heating source surface area (smaller burners
are better), and ventilation (39, 40). Gas
combustion and electrical heating generally
emit smaller particles, whereas the food
itself produces larger particles (41). Studies
have found that emissions of ultrafine
particles (<100 nm) were 40 times lower on
induction cooktops compared with cooktops
using either gas or resistance electricity

(42, 43).

The nature and potential health impacts
of indoor air pollution from cooking differ
considerably from the impacts of outdoor air
pollution. Peak indoor PM, 5 and NO,
concentrations generated by cooking may be
higher than those outdoors, often exceeding
ambient health-based air quality standards
(25, 27), albeit for short time periods. NOy

Implementation

Legislation
Restrict gasappliances
Baseline standards
Inspections of appliances
Infrastructure funding to
implement green alternatives

Pl W

Economic

1. Incentivesforimproved
efficiency andgreen energy
alternatives

2. Incentivesforenergy-

efficiencies todecrease

utilization

Education

1. Community engagement

2. Social media forpromoting
fragrance free productsand
health cooking

Figure 1. Potential targets and actions to reduce contributions of indoor air pollutants to outdoors from residential and commercial sources.

EPA = Environmental Protection Agency.
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emissions are linearly related to the amount
of natural gas burned (25). Cooking also
produces ultrafine particles (44). However,
the contribution of residential cooking to the
health effects of outdoor ultrafine particles is
not known. PM, s resulting from residential
cooking and heating combined have been
estimated to result in 7,550 to 10,850 deaths
per year in the United States (45).

There are also significant emissions
from cooking in commercial buildings,
including restaurants and various institutions
(schools, universities, hospitals, prisons, food
kitchens, etc.), which cook much larger
quantities of food. Concentrations of organic
aerosol, a constituent of PM, 5, measured
with an aerosol mass spectrometer mounted
on a mobile laboratory, were found to be
greatly elevated in the vicinity of restaurants
and commercial districts containing multiple
restaurants (46). Other studies have also
shown that restaurants contribute to
particulate air pollution (47, 48), particularly
restaurants that feature grilled food
compared with other types of cooking (49).
PM, 5 from commercial cooking and food
processing has been estimated to result in
2,730 to 5,300 deaths per year (45). High-
resolution air pollution networks can likely
play a role in identifying super-emitters and
may also offer a potential way to quantify the
impact of cooking in commercial cooking in
buildings such as restaurants (50).

Interventions to Prevent Health
Effects Related to Commercial and
Residential Cooking

Emissions from commercial cooking have
begun to attract regulatory attention. For
example, in 2016, New York City amended
its Air Pollution Control Code to include
“cookstoves” as any wood-fired or anthracite
coal-fired appliance used primarily for
cooking food for onsite consumption at a
food service establishment (51). They
prohibited the installation of new cookstoves
for the preparation of food intended for
onsite consumption or retail purchase
without the use of an emission control device
for odors, smoke, and PM. California’s San
Joaquin Valley Air Quality Management
District adopted a comprehensive strategy
to address emissions from commercial
underfired charbroilers, such as requiring
catalytic oxidizers for charbroilers, including
those used in many fast-food restaurants.
Since initial rule adoption, PM, 5 emissions
from charbroilers have been reduced by

84% (52).

American Thoracic Society Documents

Range hoods are commonly installed in
home kitchens to vent PM and gas emissions
and thereby reduce exposure to occupants.
However, whereas some hoods vent outside
the building, others filter particles and return
the gaseous pollutants indoors. Range hood
use depends on individual choice;
operational noise may limit its use. Self-
reporting typically overestimates actual use
(53). Range hoods can reduce indoor PM, s,
NO,, and CO from gas ranges and PM, 5
from electric stoves, but hoods vary widely in
capture efficiency. Most capture emissions
from back burners better than front burners
(54). Home mechanical ventilation and
filtration with either a central ventilation
system with a good quality filter (e.g.,
minimum efficiency reporting value, or
MERY, of 13) or a portable high-efficiency
particulate-absorbing, or HEPA, filtration
device can help reduce both indoor pollutant
concentrations and the transport of cooking-
generated particles outdoors (55). HEPA
filters have been shown to reduce indoor air
pollution and aeroallergens with associated
improvements in asthma symptoms and
lung function, although further intervention
studies are warranted (56-58).

There may be health cobenefits to
switching to electric cooking, as previously
described (41, 42, 59). Quantitative estimates
of the potential health benefits of this
approach are needed. Public education to
combat the myth that cooking with gas is
superior to electricity may modify cooking
behavior. Electric induction stoves, which are
three times more efficient than gas (60), are a
good alternative, perhaps closer to or even
exceeding the performance of gas cooking, in
contrast to heated-coil burners (61).
Induction stoves may be more expensive,
although subsidies to incentivize the change-
over are expected to be implemented with
the Inflation Reduction Act of 2022 (62).
Finally, the source of electricity for cooking is
important, as clean renewable sources will
decrease outdoor air pollution from fossil
fuel combustion.

Evaporative VOCs

VOCs are prevalent indoors and can be
either directly emitted by consumer
products, wood burning, cooking, and
natural gas combustion or formed from
secondary chemistry in the air. Some VOCs
are semivolatile or water soluble (e.g., acetic
acid, glyoxal, epoxides, peroxides) with

implications for their fate and potential to
form secondary criteria pollutants. Because
of proximity and confinement, indoor
inhalation of VOCs emitted indoors is a few
orders of magnitude larger than inhalation
of the same compound once it has been
transported outdoors. In ambient air, indoor
sources of VOCs can lead to secondary
products such as ozone and PM, 5 or be
recognized as hazardous air pollutants
(HAPs). Consumer goods, such as personal
care products and paints, are one source
known to release precursors to PM, 5
(specifically, precursors to secondary organic
aerosol [SOA], a major component of PM, 5)
such as terpenes and precursors to ozone
such as small alcohols, glyoxal, and glycolic
acid (63). Racially and ethnically minoritized
persons are at disproportionate risk of being
exposed to VOCs (64, 65).

The major driver of secondary
chemistry in indoor air is ozone, and the
major source of indoor ozone is outdoor
air (66). Indoor sources, when they occur,
include devices such as electrostatic
precipitators, photocopiers, laser printers,
and ionizing air cleaners. Of recent concern
are germicidal ultraviolet lights operating at
222 nm, which can emit substantial amounts
of ozone (67). The magnitude of oxidized
VOC:s resulting from ozone-initiated
chemistry in indoor air (68) and on indoor
surfaces (69, 70) is substantial. Such
secondary emissions should be added to
the list of VOCs from indoor sources that
potentially affect outdoor air. A prime
example is 6-methyl-5-heptene-2-one,
produced from the reaction of skin oils with
ozone, which significantly impacts the
lifetime and, ultimately, the concentration of
hydroxyl radicals in the air (71-73).

One evolving area of research is evaluating
the toxicity of and exposure to chemicals in
consumer products (e.g., the EPA’s ToxCast)
(74-76), although the understanding of health
impacts of VOCs derived from chemical
processes, rather than directly emitted from
consumer products, is limited (77-79).

The VOCs with the greatest potential to
influence SOA formation outdoors include
those of intermediate and lower volatility
(e.g., alkanes with 15 or more carbon atoms,
abundant in printing inks and petroleum-
based products) and those with double
bonds (alkenes, especially monoterpenes,
which are ubiquitous in fragrances) (80, 81).
Major VOC sources include scented
consumer products (e.g., personal care
products, cleaning agents, laundry soap,
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dryer sheets). Some cleaning products use
terpenes and terpene alcohols as solvents as
well as for scent. In the United States and
Europe, there are high exposures to scented
products (82, 83), including air fresheners,
which are associated with adverse health
effects (84). Whereas some products depend
on the volatility of active agents at room
temperature, others (e.g., plug-in devices
and scented candles) deliberately increase
volatility through heating. Unscented
sorbents, designed to trap odorous
compounds, are not included in this group.
There is a need for further research—for
instance, field studies that deploy
instrumentation capable of detecting trace
VOC compounds—to provide insight to the
seasonal changes, diurnal patterns, and
areas affected and, ultimately, to human
respiratory disease consequences.

More than 350,000 chemicals are
currently used in consumer products. Many
constituents are not publicly identified, either
because they are considered proprietary
(>50,000) or because they are poorly
described (up to 70,000) (77). Better
understanding of the current mix and
concentration of indoor air VOCs and their
health effects would benefit from an updated
large-scale survey in residences across the
United States—something analogous to
the Health Effects Institute—funded
Relationships of Indoor, Outdoor, and
Personal Air study that collected and analyzed
the VOC composition in samples from more
than 300 homes between 1999 and 2001 (85).

Interventions to Prevent Health
Effects Related to VOCs

To some extent, we know that attitudes and
behaviors can change over time: Smoking is a
good example. With regard to VOC-emitting
products, public settings are increasingly
fragrance-free for health reasons (82).
Fragrance compounds themselves may have
health impacts, but fragrance compounds are
generally only half the fragrance mass, with
the rest being solvents and plasticizers such
as diethyl phthalate, which is a known
irritant (86). Thus, eliminating fragrances
reduces the need for carrier species in
products that could have other health
impacts. Campaigns have been successful in
advocating for schools changing to less
harmful disinfectants and banning body
sprays on the basis of concerns that students
with asthma can be adversely impacted.
Lower VOC-emitting personal care products
and cleaning agents with reduced scented
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compounds are increasingly available in
response to public concern about potential
health effects. Collaborating with social
media influencers on healthy beauty
products may offer an opportunity to
educate and energize youths who appear
invested in climate change. The public can
also work with industry to develop policies to
reduce indoor emissions (e.g., product
sources, sensors, publicly available data).
There is a paucity of health information
to inform regulation of indoor VOCs, which
is complicated by the large number of
chemicals in use and the wide variability in
chemical properties that govern their fate
and transport. A subset of emitted VOCs are
HAPs, which have existing regulation in the
ambient air. Indoor sources, such as
consumer products that emit VOCs, are
already influenced by Clean Air Act
regulation. For example, substituting
compounds that are exempt from VOC
regulation (40 CFR 51.100(s)) in product
formulations results in lower ozone
formation and can enable states to better
meet the National Ambient Air Quality
Standards for ozone. When it comes to
regulating formulations, “regrettable
substitutions”—where industry may choose
to replace a banned additive with a distinct
yet similar additive of unknown health
effects, rather than using properly evaluated
constituents—should be avoided (87).

Source Apportionment

Source apportionment techniques can be
used to quantify the origins of air pollutants.
The composition of ambient air pollutants in
the United States is changing as sources such
as vehicular and industrial emissions become
more controlled, making indoor sources a
larger fraction of the total. Products such as
deodorants, paints, and cleaners, many of
which are present indoors, are a source of
evaporated VOCs and are growing in relative
importance (88, 89). Coggon and colleagues
showed that product usage emissions are
ubiquitous in urban regions (90). Detailed
modeling has shown that these product
emissions are important contributors to
ambient ozone and PM formation (81) that
can account for half of the urban organic PM
mass in summer (80). In addition to
chemical products, cooking and residential
wood burning remain major prevalent
sources (as discussed in later sections).
Reducing anthropogenic VOC emissions can

lead to ambient air pollution-associated
mortality reductions by lowering both SOA
and ozone (91).

Some product sources can be identified
through their chemical fingerprint (90, 92),
but many indoor sources lack unique
signatures in ambient air because of overlap
with emissions from outdoor sources. For
example, levoglucosan is a tracer for biomass
burning (93) that has been used to identify
the role of residential wood burning in
locations like Rochester, New York (94).
However, levoglucosan is also generated by
wildland fires preventing differentiation of
PM, 5 from these sources if both are present.
Indoor sources are also highly variable in
location, and time and emissions are subject
to reactive chemistry in the ambient
atmosphere, further obscuring their signal.

Current routine air-monitoring
networks lack the type of data, such as for
individual particulate organic species,
that could be used to identify specific
contributions of indoor emissions to
outdoor air (95). Lump and briquette coal
combustion can be distinguished through the
emission of primary sulfate and humic-like
substances during the lower temperature
phases of the burn cycle, although this would
still not distinguish between material vented
from indoors and fugitive emissions from
indoors (96, 97). Supplementation of existing
routine network data (e.g., through the
EPA Chemical Speciation Network) with
additional chemical speciation (either classes
of organic aerosol or specific compounds) is
needed to enable source- and composition-
specific PM, 5 health effects evaluations.

Given the close coupling between
individual preferences and indoor air
pollution sources, identifying the differential
toxicity of indoor and outdoor sources is of
high priority to communicate risk to the
public. Differential toxicity is generally not
established for ambient pollution sources
(98), and even less so for indoor sources.
However, there is information on certain
species. For example, PAH and oxidants or
oxidant-generating species are potentially
long-term carcinogens (99). Hence,
indoor combustion generating higher
concentrations of PAH-containing particles
could be an important mediator of health
effects. Currently, there are insufficient
data to build exposure-response functions
for individual indoor sources. One way
to handle exposure mixtures is using
source-specific PM, s estimates as the
exposure metric (100-102).
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Controlling sources has different
potential for impacts at individual and
population levels. Wood smoke and cooking
emissions are recognized sources leading to
high indoor air pollution levels (see previous
sections). Mitigating them would have
cobenefits for indoor and outdoor exposure
on both individual and population levels.
Chemical products are important in ozone
and SOA formation, contributing almost
10% of annual average PM, 5 and 9% of
ozone in the contiguous United States (81).
To reduce the ozone impacts of chemical
products, ozone-reactive compounds should
be replaced by species with a lower potential
to form SOA. Furthermore, during episodes
of high ozone when the potential for indoor
production of fine PM through SOA is
higher, residents could decrease their high-
emitting activities. For instance, voluntary
burn bans, when feasible, should be
considered when temperature inversions are
predicted to avoid high PM concentrations
under the inversion layer.

Although fossil fuel combustion for
heating is declining, future air conditioner
(AC) use is expected to become more
prevalent (21). More AC use will increase
indoor losses of PM and oxygenated (water-
soluble) VOC:s (e.g., formaldehyde, acetic
acid, formic acid) (103). However, building
emissions (e.g., acetic and formic acid and
furfural from wood in non-air-conditioned
spaces) will also increase with temperature
(104-106). Increased wildfire emissions will
lead to more closed windows and, therefore,
more AC and filter use (107, 108). These
changes will have direct implications for
emissions and for indoor chemistry,
including the removal of some species
through AC condensate (109). The benefits
of AC use on indoor pollution characteristics
will need to be weighed against emissions
(particularly greenhouse gases and
precursors of ozone and PM, 5) resulting
from increased electricity demand. As AC
use becomes more prevalent with climate
change and rising temperatures, those
increases in AC use will be more prevalent in
communities or households that can afford
them (both from a purchase and energy cost
perspective) (110). Federal government and
state programs offer rebates for AC units for
low-income households, yet there remain
many vulnerable households without AC
units that may be disproportionately exposed
to higher temperatures and the power plant
air pollution emissions generated as a result
of the increased AC use (111). The relative
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contributions of different sources are
expected to evolve with climate change,
because of individual behavior changes and
large-scale changes in fuel for heating and
other home activities.

Regulatory Policies

For decades, the Clean Air Act has improved
outdoor air quality, but outdoor air pollution
continues to have measurable adverse health
effects below current ambient standards
(112). The Clean Air Act requires that the
EPA set health-based ambient air quality
standards with specific allowable
concentrations for six criteria air pollutants
(lead, PM, ozone, SO,, NO,, and CO).
Another 188 named HAPs (113) or air toxics
(e.g., formaldehyde, PAH, benzene, acrolein)
are regulated by source control practices
without specific allowable numerical
concentrations, in the context of the
requirement to “provide an ample margin of
safety to protect public health” (114). Nine
pollutants are identified as priority hazards
on the basis of the robustness of the
measured concentration data and the
fraction of residences that appear to be
impacted: Acetaldehyde, acrolein, benzene,
1,3-butadiene, 1,4-dichlorobenzene,
formaldehyde, naphthalene, nitrogen
dioxide, and PM, 5 were identified as
particularly hazardous for human health
based on the basis of current measurements
of indoor concentrations in a large number
of houses (115). Numerous measurements of
formaldehyde show indoor concentrations
that are substantially higher than typical
outdoor levels (116). However, indoor air
quality is outside the regulatory scope of the
Clean Air Act despite indoor air comprising
most individual exposure. This results in the
paradox that the majority of an individual’s
daily inhaled PM and HAPs could be derived
from indoor inhalation exposures.

Pollutants in indoor air are introduced
from outdoors through open windows;
heating, ventilation, and AC air intakes; and
leaky building envelopes. Pollutants are also
emitted directly into indoor air from indoor
sources (e.g., cooking, consumer products).
Furthermore, and of increasing importance,
contaminants that are generated indoors
contribute to outdoor air pollution (81, 89,
90, 117) and are then subject to the
regulations under the Clean Air Act. States
and local jurisdictions have authority under
the Clean Air Act for regulating indoor

sources of air pollution (including wood
burning appliances, gas furnaces, water
heaters, stoves, and dryers) on the basis of
their contribution to outdoor air pollution.
At the federal level, although the EPA does
not regulate indoor PM arising from wood
and solid fuel combustion, it now regulates
devices (e.g., stoves and heaters) that are
used to burn the wood because of their
contributions to outdoor air quality (118). In
2015, EPA clean air standards for residential
wood heaters were updated by establishing
allowable emissions from indoor wood-fired
boilers, forced air furnaces, and single burn-
rate wood stoves (118). The EPA has yet to
exercise regulatory authority to create federal
emissions standards for other types of home
appliances that vent directly outdoors (e.g.,
gas furnaces, water heaters, stoves, and
dryers). Local municipalities and states have
implemented policies, such as the New York
Clean Heat Program, to transition from
fossil fuel heating sources to cleaner energy
forms with documented reductions in
outdoor air pollution, including PM, 5, SO,,
and NO, (119).

Traditional mitigation methods to
reduce indoor pollutants are source control
(i.e., reduce or remove the pollutant),
ventilation with cleaner outdoor air
(although this may increase indoor-to-
outdoor pollutant transfer), and air filtration,
the latter associated in a modeling study with
reduced mortality and economic benefits in
three cities across the United States
representing different climates, including a
mild, dry climate (Los Angeles, California), a
hot and humid climate (Houston, Texas),
and variable seasons (Elizabeth, New Jersey)
(120). Thus, to mitigate the indoor
contribution to outdoor air, source control
and filtration are anticipated to be the most
effective measures to reduce the amounts of
VOCs, PM, and other contaminants released
to the outdoors from indoor environments
(121, 122). Furthermore, increasing efforts to
weatherize and seal homes and, in some
cases, decrease ventilation to improve energy
efficiency and save energy, is also an
opportunity to improve filtration of
incoming and outgoing air by filtering
outside air intake and exhaust.

Nevertheless, filtration systems are only
useful when properly maintained and
operated. Some filtration products actually
release VOCs (123), and oxidation-based air
cleaners can create toxic by-products (124).
To address indoor air quality, public health
advocates should consider expanding
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building codes (125), which have a
tremendous impact on building efficiency, to
address indoor air pollution. Decades of
public health efforts have worked to reduce
tobacco use and are now addressing
electronic cigarette use (vaping), both of
which can generate PM, 5 indoors (126, 127).
Regulatory policies should be informed by
the adverse health effects associated with
indoor sources of air pollution. Further
research is needed, especially on the health
effects related to the interplay between the
social determinants of health, PM, smoking,
VOCs, and allergens.

Socioeconomic disparities are
another concern. Households of lower
socioeconomic status are at increased risk
for higher concentrations of indoor air
pollutants (65). Homes with higher energy
consumption and worse energy efficiency are
disproportionately those of low-income,
African American, and Hispanic individuals
(128). Improvements in home energy
efficiency and the transition from
combustion-related indoor activities, such
as cooking and heating, to clean electricity
will need to consider environmental justice
implications, specifically that poorer
communities who are disproportionately
affected may be financially limited in their
options to improve ventilation, electrify their
systems, or update their appliances. The U.S.
Department of Energy Weatherization
Assistance Program does provide low- to
no-cost energy efficiency upgrades to low-
income homeowners, and the Justice40
Initiative (Executive Order 14,008) sets a goal
0f 40% U.S. Federal Government investment
in areas such as clean energy, energy
efficiency, and sustainable housing, directed
to disadvantaged communities (128, 129). In
addition, the Inflation Reduction Act of 2022
renews and strengthens programs
incentivizing home efficiency upgrades such
as insulation, ventilation improvements, or
upgrading appliances (130). For individual
taxpayers, households could claim an
expanded tax credit to help cover the cost of
upgrades, including installing heat pumps
and electric stoves. Households can also get a
tax credit for installing rooftop solar panels
and other sources of clean electricity.
Additional tax incentives, government
subsidies, and rebates exist; however, they
vary considerably by state and local
municipality.

There is a need for further research,
especially randomized controlled trials to
evaluate the most effective strategies to
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reduce indoor sources of air pollution, the
findings of which may help prioritize
investment and regulatory efforts. Although
the scope of this workshop is focused on the
United States, millions of people worldwide
are exposed to toxic levels of indoor (or
household) air pollution, which contributes
to outdoor air pollution (131). Studies in
low- and middle-income countries have
lessons and methodologies that are
applicable to high-income countries. In
Guatemala, the transition from open-fire
cooking to using a chimney stove reduced
indoor air pollution by 50%, with reductions
in severe pneumonia (a secondary endpoint),
but did not reduce physician-diagnosed
pneumonia (primary endpoint), potentially
because chimney stoves vent the smoke
outdoors, where it contributes to ambient air
pollution and can infiltrate back into homes
through leaky construction (132). Despite
potential reductions in personal exposure
and improvements in health (131), efforts in
Ghana to transition away from solid fuels as
the primary source of cooking energy to
cleaner sources have also been revealing:
Knowledge building around health benefits
and dispelling fears of new technology

are important to adopting cleaner fuel
sources (133). These studies in low- and
middle-income countries can also inform
future indoor air pollution research in the
United States.

Environmental Justice

Indoor concentrations of pollutants
discussed in this report, including VOCs and
NO,, are higher in households of lower
socioeconomic status, because of both indoor
and outdoor sources; building quality; air
infiltration pathways; and the presence,
condition, and use of ventilation (65).
Interventions that address indoor air quality
(e.g., building codes that favor installation of
electric stoves over gas stoves) will need to be
implemented in a just and equitable manner,
particularly in disadvantaged communities
and historically redlined neighborhoods,
where ambient air pollution concentrations
are higher (134, 135). To achieve this, efforts
to mitigate the increasing proportion of
indoor contributions to outdoor air quality
will need to involve equal access to the
decision-making process to improve public
health across all communities.

Conclusions

Public health is threatened by poor indoor
air quality and its contributions to outdoor
air pollution. Air pollutants generated
indoors also contribute to climate change,
itself a public health crisis. Although indoor
air quality is not directly regulated under the
Clean Air Act in the United States, states and

Table 3. Recommendations for actions to inform interventions targeting indoor air

quality

Number

Recommendation

1 Research quantifying the potential health benefits of switching
from cooking with natural gas to cleaner cooking methods
(e.g., induction stoves)

2 Greater knowledge on the most effective policies to promote
switching from biomass burning to cleaner home-heating

systems

3 Supplementing existing routine network data (e.g., through the
U.S. EPA Chemical Speciation Network) with additional
chemical speciation (either classes of organic aerosol or
specific compounds) to facilitate identification of source
contributions and to enable source- and composition-specific
PM, 5 health effects evaluation

4 Citizen science and community engagement opportunities (e.g.,
use of low-cost monitoring sensors such as the Purple Air) to
obtain real-time community particulate matter concentrations

5 Education surrounding residential pollutant-generating activities
and potential strategies to refrain from high-emitting activities
during vulnerable periods (e.g., voluntary burn ban during air

inversion)

6 Research on consumer products that emit volatile organic
compounds, including the health effects

Definition of abbreviations: EPA = Environmental Protection Agency; PM, 5 = particulate matter

with an aerodynamic diameter <2.5 pm.
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local jurisdictions can regulate indoor air
sources on the basis of their contributions to
outdoor air pollution. There are feasible and
cost-effective interventions to reduce air
pollution generated indoors, ranging from
appliance change-out programs to source
control and air filtration, to the expansion
of economic incentives for electrification
(Table 3) (11, 130). These interventions are
likely to require a combination of incentive-
based mechanisms (e.g., the Inflation
Reduction Act) and more direct regulation
(e.g., limits on new installations of natural
gas infrastructure in buildings). Studies,
including clinical trials of single and
multifaceted interventions, are also needed to
quantify the impact on exposure reduction
and the health benefits. Moving toward
combustion-free buildings would provide a
major step forward toward making both our
indoor and outdoor air healthier and would
also contribute toward mitigating climate
change. The committee emphasizes that
the overall benefits of a transition to
combustion-free homes and businesses will
be even greater if electricity to power such
buildings can be obtained from renewable
energy sources, although there are near-term
economic and infrastructure-related barriers
that may be substantial in the short term and
must be overcome. Finally, VOCs represent
an underappreciated type of indoor air
pollution with potentially chronic harmful
health effects. Reducing the presence of
VOCs, whether through fragrance-free
indoor spaces or by eliminating certain
products and sources, reduces exposure to
species with known and unknown health
impacts. We should strive for pollution-free,
fragrance-free indoor spaces.

This official workshop report was
prepared by an ad hoc subcommittee of the

ATS Assembly on Environmental,
Occupational and Population Health.
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