Setting the agendainresearch

Comment

Cooking stoves emit large amounts of particulate matter, which can have inflammatory and carcinogenic properties.

Indoor air pollution: five ways
tofight the hidden harms

Alastair C. Lewis, Deborah Jenkins & Christopher J. M. Whitty

Dirty outdoor air might grab
the headlines, butlearning
how pollutantsinside
buildings form, accumulate
and affect our healthis
equally crucial.
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ir pollution is a leading cause of
iliness — fromasthma'to heart disease,

stroke, lung cancer? and, probably,
dementia®. For outdoor air pollution,
improved standards and regula-

tions, guided by science, have over the past
three decades markedly driven down emis-
sions of particulates, nitrogen oxides and sulfur
dioxide in many parts of the world*. Indoor air
pollution hasn’t received the same attention,
even though it might cause almost as many
deaths globally — 3.2 million in 2020, accord-
ing to the World Health Organization (WHO),
compared witharound 3.5millionlinked to pol-
luted outdoor air (see go.nature.com/3jngf7x).
In industrialized nations, most people
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spend 80-90% of their time indoors — in
private homesaswellasin public spacessuch
as schools, workplaces, transport hubs,
hospitals and supermarkets. Such spaces are
typically not subject to legally enforceable
ambient air-quality standards. By contrast,
global recommendations for how countries
should assess and manage their outdoor air
quality, made by the WHO, the United Nations
Environment Programme and others, have
been widely adopted. These are delivered
through national regulations and laws that
set minimum air-quality standards to protect
the public’.

The science of indoor air pollution is also
lessdevelopedthanthat of outdoor air, making
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ithard for governmentsto target policies and
controls. Building owners and operators might
not consider air quality their responsibility,
or might not know how to improve it or the
risks of not doing so. Furthermore, the types
andbehaviours of pollutants differ inside from
outside. Ventilation has a crucial roleindoors.
Pollutants such as carbon monoxide, which
are diluted outdoors, can accumulate inside
aroom. In addition to pollution, respiratory
pathogens, including coronaviruses and
influenza viruses, can build up and spread
between individuals more readily indoors —
as the COVID-19 pandemic and the latest flu
outbreaks have demonstrated.

Over years, the health harms of living with
poor air quality can cascade. For example, per-
sistent exposure to cancer-causing materials
or particulates mightincrease the risk of heart
disease and stroke.

Here we highlight five areas in which the
science of indoor air pollution needs to be
developed to inform standards and policies,
identify engineering opportunities and pro-
vide advicefor the public, especially those who
are most vulnerable to the health risks.

Understand what’s harmful

Indoor air contains a more diverse range of
pollutants than does outdoor air. Some are
common to both. Forexample, wood and coal
fires and cooking stoves emit large amounts
of particulate matter (those with grain sizes
of 2.5 micrometres or less are known as
PM, ;). Natural-gas boilers give off nitrogen
oxides (NO,). Other pollutants are much

more common indoors. Carbon monoxide
is released from incomplete combustion,
formaldehyde from building materials and
glues, and radon from natural radioactivity
inbedrock beneathbuildings. All of these can
accumulate and reach higher concentrations
inside than outside®.

Building materials, fabrics and furniture
also give off chemicals that can irritate the
lungs and eyes. Volatile organic compounds
are released from paints, carpets and wood
treatments and other household products.

“Indoor air containsa
more diverse range of
pollutants than does
outdoor air.”

Persistent chemicals such as brominated fire
retardants are embedded in modern furni-
ture. These chemicals can react to produce
secondary pollutants, such as formaldehyde
and PM, ;, that have inflammatory and carcino-
genic properties.

Moulds thrive in damp, poorly ventilated
buildings. Inhaling airborne fungal spores
from mould can have adverse healthimpacts
forsome, suchasincreasedseverity of asthma’.
Forexample,inNovember2022,aUK coroner
ruled that the death of atwo-year-old boy had
been caused by prolonged exposure to black
mouldin therented flat he lived in.

Occupants themselves affect indoor air
quality. In closed rooms containing many

Moulds thrive in damp, poorly ventilated buildings.
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people, such as offices and classrooms, levels
of carbon dioxide can become high enoughto
cause cognitive impairment. Human breath
can release droplets or smaller aerosols that
carry viruses and bacteria, spreading infec-
tions®. Volatile organic compounds mightalso
beexhaled, and be produced and absorbed by
the skin, affecting how secondary pollutants
form.

Such diversity makesit challenging to define
whatgoodindoor air quality looks like. Venti-
lation systems often use CO, as a proxy. This
metric works well for assessing emissions
linked to people and respiration, but sayslittle
about the prevalence of volatiles from solvents
or spores from mould, for instance.

Researchers need to devise, and policy-
makersto use, abroad set of metrics forindoor
air quality. Such metrics can then be applied
to help inform research priorities, control
emissions, predict effects, limit exposure
and measure outcomes —and to underpin the
basic framework of air-quality science that has
worked well for controlling outdoor pollution.

Model how pollutants form
and accumulate

Apollutant’s concentrationindoors depends
on five factors®. First, the size of sources that
release it and sinks that remove it (for exam-
ple, through filtration, deposition or chemical
reaction); second, the concentration of out-
door pollutants, which might enter through
vents and windows; third, the amount of air-
flow and turbulence, which disperse the pol-
lutant; fourth, the extent of exchange of air
between outdoors and indoors; and fifth, the
dimensions of the space.

Some of these parameters can be easily
measured, such as the size of a room, out-
door concentration and therate at whichairis
exchanged. Others, for example the strengths
of sources and sinks, are much harder to
assess. Emissions of outdoor pollutants are
often quantified relative to activity, such as
grams of NO, emitted per vehicle kilometre
driven. These are compiled into emissions
inventories, some being used for regulatory
purposes, others for research. However, few
such estimates are available for indoor air.

Researchers need to build better invento-
ries for interior emissions arising from home
appliances, materials and human activities.
This will be challenging: for example, when
measuring emissions of volatile organic com-
pounds from hundreds of household prod-
ucts, how can their compositions and people’s
daily exposure to them be captured? PM, s
released per kilogram of food cooked needs
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INDICATORS OF INDOOR AIR QUALITY

In English homes, pollutants from wood fires and
personal-care products are rising as those from paints,
gas stoves and boilers decline. More energy-efficient
homes have less damp and mould. The combined
effects on health need to be better monitored.
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to be established, and exhaled aerosols from
human respiration estimated for a range of
body types and levels of physical exertion.
Dependencies on individual behaviours
should also be explored.

Models of indoor air chemistry are needed
to evaluate the rates at which pollutants are
removed or form. Some models have been
adapted fromoutdooratmospheric-chemistry
mechanisms, to account for reductioninlight
and ultraviolet levels and to estimate loss of
pollution from indoor surfaces such as fur-
nishings®. But the processes by which chem-
icals degrade indoors differ from those for
outdoors. Oxidation (the loss of one or more
electronsby amolecule) isimportant,and can
transformrelatively benignindoor chemicals
such as methane into harmful compounds,
including formaldehyde and secondary PM, 5
(ref.10). At low indoor UV levels, gases such
as nitrate (NO;), ozone and chlorine have a
greater role in oxidation than do hydroxyl
(OH)radicals, the dominant outdoor oxidant.

Observations against which to benchmark
models are also scant for indoor air. It is
difficultto access private spacesto gather data
inhomes or workplaces, for example. Experi-
ments studying indoor air have historically
beenlowonfunders’ priority lists. But research
has picked up in the past five years; some data
sets have been collected that cover a wide
range of chemicals indoors, although only
for a handful of test homes, mostly in the
United States. Such data sets are key for test-
ing whether assumptions about what controls
airindoors are correct and whether interven-
tions are likely to be effective. They should
be extended to diverse types of building and
construction.

The toxicity of airborne pollutants such as
PM, s indoors also needs to be better estab-
lished. It might differ from that outdoors,
because such particles originate from differ-
ent processes, such as cooking stoves rather
than car exhausts. Most epidemiological stud-
ies that link air pollution to health impacts
have been conducted on data sets based on
outdoor air quality. The effects of long-term,
low-level exposure to pollutantsindoors needs
to be better understood.

Explore effects oflocal variations

The wide diversity in how buildings are con-
structed, ventilated, operated and occupied
is the biggest challenge to the science of
indoor air quality relevant to policy. Whereas
outdoor-air measurements can be designed
to be representative of a wide geographical
area, indoor air quality might relate to only
oneroom. Itis oftendifficult to establish what
a‘typical’indoor concentration of a pollutant
might be. Construction styles and materials,
climate and energy sources, as well as behav-
iours and cultural practices, all affect indoor
air. In identical houses on the same street,
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concentrations of volatile organic compounds
can differ by factors of around 1,000 owing
to differencesin occupant behaviour alone®,
Homes in the United States, Japan or Nigeria,
say, can contain different pollutants because
of differencesinthe products used and living
arrangements. Such variations could also
point to solutions, however, by looking at
practicesin homes with little pollution.

Long-term data sets and representative
surveys on concentrations of indoor-air pol-
lution still need to be established, although
some trends can be seen (see ‘Indicators of
indoor air quality’). In England, for example,
the proportion of homes with damp has more
than halved in the past 25 years, in part owing
to the wider use of central heating. Domestic
coal use, cigarette smoking, chemicals from
paints and emissions of NO, fromgas combus-
tionareallindecline. By contrast, emissions of
volatile organic compounds from cosmetics
and personal-care products haverisen, as have
pollutants associated with wood burning —
which is now popular. Ventilation in homes
has, on average, fallenas the energy efficiency
of housing stock hasimproved. Thisis good for
reducing CO, emissions but not necessarily
forindoor air quality. How these trends have
combined to affect air in homes and public
spaces is unknown.

Theimpacts of climate change, adaptation
and decarbonization on indoor air also need
to be explored. A shift to wetter, windier con-
ditions tends to reduce outdoor pollutants
such as PM, s but might increase damp and
mouldsinside. Hotter conditions canincrease
outdoor ozone, which can be drawn indoors.
Residents might open windows and increase
ventilation, or keep them closed and switch on
air conditioning. Climate impacts on indoor
air will depend on the age and construction
of abuilding.

Understand the best ways to
improve indoor air quality
Decision makers need scientific evidence to
help them prioritize groups of interventions
andtodevelop strategies forimprovingindoor
air quality. There are many options, but it is
difficult to quantify the effect of eachinterven-
tion (see go.nature.com/3wv28vt). Generally,
asforoutdoors, removing the largest sources
of emission is most effective. That might mean
replacing gas cookers with electric stoves, or
reformulating products — for example, chang-
ingsprays such as deodorants and air freshen-
ers that contain butane and propane to use
nitrogen or air instead. Some indoor sources
aresurprisingly large —in the United Kingdom,
compressed-aerosol cans now release more
volatile organic compounds than do petrol
cars®.

For moulds, bioaerosols and CO,, good
building-management practices that ensure
adequate heating, airflow and air exchange

SOURCES: ENGLISH HOUSING SURVEY 2020-2021. HTTPS://GO.NATURE.COM/4TLJHZ); UK NATIONAL ATMOSPHERIC EMISSIONS INVENTORY.
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Air purifiers can lower levels of particulates indoors, but are an expensive option.

with outdoors are effective™. Increasing
ventilation will create energy trade-offs,
because heat is lost in colder weather, but
engineered solutions are feasible.

Air filters (sometimes called purifiers) are
good atloweringlevels of particulatesindoors,
including PM, ;, bioaerosols and viruses, but
are less effective for gaseous pollutants. Air
filtration is expensive and energy-consuming;
in some places, it might be more effective to
open a window. Predictive models provid-
ing bespoke advice for building owners are
needed.

Decarbonizing buildings affords an oppor-
tunity torethink howindoor air quality canbe
managed and improved. Balancing the need
to increase ventilation yet minimize energy
loss through heating (in colder countries)
or cooling (in hotter ones) is an important
engineering challenge. Better insulation to
reduce energy consumption needs to be set
againstadequate ventilationtoavoid pollution
collectingindoors.

Heat exchangers offer one solution, by
recapturing energy in a fluid before air leaves
the house. But these are expensive and hard to
installin older buildings. The effects of various
technologies designed mainly for decarboni-
zation need to be quantified.

Bolster science-based advice

Ascientificroad map to cleanerindoor air will
need to work through many challenges. Who
ismost exposed and where? What are the key
sources of pollution? What beneficial actions
(technical, behavioural and regulatory) would
have the greatestimpacts? The scientific com-
munity must provide evidence to make these
decisions and encourage action. Whereas
scientific efforts must be global if they are to

capture the ranges of buildings, behaviours
and weather, science-based advice for cleaner
indoor air will inevitably be country- and
region-specific.

Monitoring the indoor environment for
pollution should become standard practice
in public spaces. Indoor emission inventories
need urgent investment. Better advice on
reducing indoor exposure without reducing
energy efficiency will need to lean heavily on
measurements. Long time series must be estab-
lished in representative public buildings and
homes to inform future building standards.

“Itis essential that gainsin
indoor air quality are, as
muchas possible, delivered
equitably acrosssociety.”

Interventions such as ventilation and inno-
vations involvingfiltrationand UV need to be
fully characterized. Eachsolution will address
only a subset of effects, and multiple actions
will be needed. As with most public-health
interventions, many incremental improve-
ments leading to wholesale change are more
likely to be effective thanis waiting for a small
number of transformational improvements.

Itis essential that decarbonization, building
improvement and gains in indoor air quality
are, as much as possible, delivered equitably
across society. Strategies that rely on house-
holders investing in, for example, installing
heat pumps, air filters and ventilation sys-
tems will skew benefits towards those who
can afford to pay.

People most affected by poor indoor air
quality, and who are in poor health to begin
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with, tend to be those on lower incomes,
living in homes that rely on older gas or
solid-fuel heating, homes with damp and
those situated in areas of high outdoor
pollution. Supporting these people is essen-
tial. Low- and middle-income countries face
extrachallenges, for example where solid fuel
suchaswood, charcoal or coal remains amajor
part of indoor cooking and heating.

Local and national governments mustensure
that good indoor air quality is delivered for
thoseinshared, social or rented accommoda-
tion, and for publicindoor spaces. Forexample,
in France, monitoring of arange of pollutants
ismandatory in schools. Beyond state inter-
vention, employers must ensure safe, healthy
workplaces, including good-quality air.

Just as for outdoors, improving air quality
indoors globally requires sustained invest-
ment in scientific and engineering research
and international collaborations that share
best practice in measurement, modelling
and abatement. It is time for researchers to
develop the evidence that will allow govern-
ments, businesses and individuals to take up
the baton and devise science-based global
standards for indoor air quality, to reduce
emissions, exposure and harms.
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