Wood heater smoke and mortality in the Australian
Capital Territory: a rapid health impact assessment
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The known: Wood heater smoke is a major modifiable source of
air pollution in Australian cities and towns that reduces community
health and wellbeing.

The new: In the Australian Capital Territory, wood heaters
contribute an estimated 13-25% of fine particulate matter (PM, )
air pollution; 11-63 premature deaths each year are attributable to
PM, . emitted by wood heaters.

The implications: Banning new wood heaters, phasing out

existing units in urban and suburban areas, and providing support
for a clean domestic energy transition can achieve major health and
environmental benefits in Australia. /

of particulate air pollution in the Australian Capital

Territory,' as in many other cities and towns in New South
Wales,” Victoria,* South Australia,” and Tasmania.’ Their health
impact is substantial: wood heater smoke is responsible for an
estimated 269 premature deaths per year in the Sydney Greater
Metropolitan Area’ and 65 deaths per year in Tasmania.® This
effect is larger than for other human sources of air pollution,
including road traffic, industry, and power generation.”” Lower
emission alternatives to wood heaters are available.”

Domestic wood heaters are the predominant sources

Wood heater smoke affects neighbourhood air quality and can
increase indoor air pollu’cion,9 particularly in suburban and
regional Australian houses during colder months.? By increasing
personal exposure to particulate air pollution, it can exacerbate
asthma and other respiratory and cardiovascular conditions.'*"?
A national survey by Asthma Australia in 2020 found that only
28% of respondents and 18% of people with asthma felt able
to protect themselves from wood heater smoke when it was
present.13

The problem of wood heater smoke is more acute in places where
air stagnates during winter because of the local topography
(eg, in valleys) and temperature inversions (cold polluted air
trapped near the ground). Wintertime wood heater pollution is
particularly severe in Armidale (NSW) and Tuggeranong (ACT),
for example, because of these factors."”

The use of wood heaters in the ACT is being questioned because
of increasing concern about their health and environmental
effects." The 2021 ACT Bushfire Smoke and Air Quality Strategy’
recognised wood heaters as a major source of air pollution
during colder months, but did not estimate the number of deaths
or the associated cost attributable to this source.

We therefore undertook a rapid health impact assessment of the
effect of wood heater pollution on mortality in the ACT, based
on air quality data from three monitoring stations and published
exposure—response functions and population health statistics, to
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Abstract

Objectives: To estimate the number of deaths and the cost of
deaths attributable to wood heater smoke in the Australian Capital
Territory.

Study design: Rapid health impact assessment, based on fine
particulate matter (PM, ) data from three outdoor air pollution
monitors and published exposure-response functions for natural
cause mortality attributed to PM, . exposure.

Setting: Australian Capital Territory (population, 2021: 454 000),
2016-2018, 2021, and 2022 (2019 and 2020 excluded because of the
impact of extreme bushfires on air quality).

Main outcome measures: Proportion of PM, ¢ exposure
attributable to wood heaters; numbers of deaths and associated
cost of deaths (based on the value of statistical life: $5.3 million)
attributable to wood heater smoke.

Results: Wood heater emissions contributed an estimated 1.16-
1.73 pg/m? to the annual mean PM, . concentration during the three
colder years (2017, 2018, 2021), or 17-25% of annual mean exposure,
and 0.72 ug/m? (15%) or 0.89 pg/m? (13%) during the two milder
years (2016, 2022). Using the most conservative exposure-response
function, the estimated annual number of deaths attributable

to wood heater smoke was 17-26 during the colder three years

and 11-15 deaths during the milder two years. Using the least
conservative exposure-response function, an estimated 43-63
deaths per year (colder years) and 26-36 deaths per year (milder
years) were attributable to wood heater smoke. The estimated
annual equivalent cost of deaths was $57-136 million (most
conservative exposure-response function) and $140-333 million
(least conservative exposure-response function).

Conclusions: The estimated annual number of deaths in the

ACT attributable to wood heater PM, ¢ pollution is similar to that

attributed to the extreme smoke of the 2019-20 Black Summer

bushfires. The number of wood heaters should be reduced by

banning new installations and phasing out existing units in urban
vnd suburban areas.

estimate the number of deaths and the associated cost of deaths
attributable to wood heater smoke.

Methods

In our rapid health impact assessment, we estimated the impact
of wood heater smoke on mortality in the ACT. We used two
exposure-response functions for natural cause mortality
derived from a systematic review and meta-analysis of the
effect of a 10pug/m? increase in long term exposure to PM, -
(fine particulate matter; airborne particles smaller than 2.5pm
diameter):"” the first was based on 25 cohort studies (per 10 ug/m>
increase: relative risk [RR], 1.08; 95% confidence interval [CI],
1.06-1.09), the second on the five included studies in which the
mean PM, ; concentrations were less than 10 jug / m? similar to the
annual population exposure level in the ACT (RR, 1.17; 95% CI,
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1 Exposure-response functions for natural cause mortality per 10 pg/m? increase in annual PM, . exposure

Source Includedstudies Annual PM, ; exposure (ng/md) Relative risk (95% CI) (per 10 pg/m? increase in PM, .)
Chen and Hoek, 2020 (1) 25 — 1.080 (1.060-1.090)

Chen and Hoek, 2020 (11)" <10 1170 (1120-1.230)

Yuetal, 2020" 1 1.6-9.0 1.209 (1145-1.296)

Cl = confidence interval PM, ¢ = airborne particles of diameter smaller than2.5ym. ¢

1.12-1.23). We also used an exposure-response function derived
from a Queensland study of PM, ; exposure and non-accidental | 2 Mean daily PM,.5 concentrations at the three Australian

mortality'® (per 10 pg/m’ increase in PM, ; exposure: RR, 1.209; Capital Territory government monitoring stations, 2016-2018,
95% CI, 1.145-1.296), where annual mean PM, ; concentrations 2021, and 2022*
were between 1.6 and 9.0 ug/m? (Box 1). © 7 420
35 4 — Monash
Wood heater smoke contribution to PM, . exposure 20 1 "o
= s
To estimate population exposure to wood heater smoke in %1“ 20 | ‘ m l
the ACT (population [2021], 454000; area, 2358km?,"”"® we |% wl I
calculated annual mean PM, . concentrations measured bly g w0l '
the three ACT government air quality monitoring stations: 5 -
the Monash station in Tuggeranong Valley (south Canberra), ° T | T | T T

. . Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
the Florey station in Belconnen (northwest Canberra), and the

Civic station in central Canberra. Each station is equipped with
high quality PM, . monitoring instruments (beta-attenuation
monitors), and about 93% of the ACT population reside within
10km of the three stations. We assumed that the ACT population
was exposed to the arithmetic mean of the PM, ; concentrations
measured by the three stations.

PM, , (ng/m?)

We assessed PM, ; exposure for the calendar years 2016, 2017,
2018, 2021, and 2022; we excluded 2019 and 2020 because of
the influence of the 2019-20 bushfires (“Black Summer”)?
on ambient PM, . levels in the ACT. Based on the annual and 07 Som
diurnal patterns of ambient PM, . levels in the ACT (Box 2)
and responses to a survey on the use of wood heaters,”” we
defined 1 April — 30 September as the wood heater season. We
calculated the mean PM, ; concentrations at the three air quality
monitoring sites (overall and by site) for the wood heater season
and for the remainder of each calendar year. Three years (2017,
2018, 2021) were relatively cold during the wood heater season
(and ambient PM, . levels higher); two years (2016, 2022) were o FebMaroAero Meyo ey A Ssep Ot oy bee

milder during this period (Supporting Information, figure 1). 40
D.2021

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

PM, (ug/m?)

The wood heater contribution to annual PM, ; concentration
during the wood heater season was estimated by subtracting
the estimated annual mean based on measurements outside
the wood heater season from the value based on measurements
during the entire year. To account for contributions by other
sources of PM, . during the colder months (eg, prescribed
burning in April, May, and September; increased road traffic in
win’ter),zg”24 we discounted the estimated contribution of wood
heating to total PM, - concentration by 20%. Sensitivity analyses
applied 10% or 30% discounts to the wood heater contribution
to the PM, ; concentration during the wood heater season.

PM, (pe/m?)
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Mortality attributable to wood heater smoke
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PM, . (pg/m?)

Mortality attributable to wood heater-related PM, . exposure
was estimated by multiplying the attributable fraction (AF)
by the mean annual number of deaths in the ACT for the pre- Jn  Feb  Mar  Apr  May ne uy A Sep Ot Nov  Dec
coronavirus dii,isease 2919 (COVID-19) pandemic periOd 2017-2019 PM,  =airborne particles of diameter smaller than 2.5 ym. * Red dashed lines: World
(2160 deaths).” To estimate the number of natural adult deaths, Health Organization guidelines for annual mean PM, ; (5 pg/m?) and 24-hour mean
we discounted the total number of deaths by 10% to account for concentrations (15 pg/m).?' The diurnal patterns are included in the Supporting
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those during early childhood (2021: about 0.7% of deaths), and Information, section ). ¢
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accident-related and suicide deaths (2021: 9% of deaths).”® The
attributable fraction (AF) was calculated from the relative risk
(RR):

AF = (RR, - 1) /RR,

in which RR, = (RRIO)X/ 10" corresponds to a PM,  incremental
increase of x pg/m? RR,, is the increase in mortality risk for
10 p,g/m3 increase in annual PM, . exposure (ie, the exposure-
response function; Supporting Information, section 2).

Based on the value of statistical life of $5.3 million per life in
Australia, recommended by the Office of Best Practice Regulation
in 2022,” we also calculated the hypothetical cost of deaths
attributable to wood heater pollution. The value of statistical life,
based on the willingness-to-pay approach to reducin§ mortality
risk, has been used in similar studies in Australia®*® and New
Zealand;” it does not take the health, age, or life expectancy
of individuals or groups into account, nor the costs of treating
illness attributable to exposure, including hospitalisation.

Ethics approval

We did not seek ethics approval, as our estimates were based
on data published by other authors,”'° the Australian Bureau

of S’ca’cistics,25 the Australian Institute of Health and Welfare,26

the Department of the Prime Minister and Cabinet,27 and the
Australian Capital Territory government."”

Results

Based on air quality monitoring data from the three ACT
monitoring stations, we estimated that wood heater emissions
contributed 116-1.73pg/m> to the annual mean PM, 5
concentration during the three colder years (2017, 2018, 2021),
or 17-25% of annual mean exposure, and 0.72 ug/m> (15%) or

0.89pg/ m> (13%) during the two milder years (2016, 2022) (Box 3).

Based on these estimates, the estimated annual number of
deaths attributable to wood heater PM, ; pollution was 17 to 26
during the colder three years and 11 or 15 during the milder two
years using the most conservative exposure-response function,
or 43 to 63 (colder years) and 26 or 36 (milder years) using the
least conservative exposure-response function (Box 4).

Based on the estimated numbers of deaths, the estimated
annual cost of lost health was $92-136 million during the colder
three years and $57-78 million during the milder two years
using the most conservative exposure-response function, or

3 Mean PM, . concentrations at Australian Capital Territory government monitoring stations, by year
Mean PM, . concentration (pg/m?)
Monitor Wood heater season (Apr-Sept) Rest of year Entire year Wood heating proportion*
Three-station mean
2016 776 5.54 6.66 0.89 (13%)
2017 9.27 495 71 173 (24%)
2018 8.35 5.44 6.89 116 (17%)
2021 7.86 416 6.02 1.49 (25%)
2022 5.67 3.88 4.78 0.72 (15%)
Monash
2016 9.27 5.26 127 1.61(22%)
2017 11.08 4.53 7.84 2.65 (34%)
2018 9.22 4.81 7.01 1.77 (25%)
2021 9.64 418 6.95 2.21(32%)
2022 6.33 4.07 517 0.89 (17%)
Florey
2016 8.41 5.81 712 1.05 (15%)
2017 9.67 534 7.50 1.73 (23%)
2018 8.81 5.51 715 1.31(18%)
2021 8.07 4.26 6.17 1.53 (25%)
2022 6.16 39 5.06 0.93 (18%)
Civic
2016 5.60 5.56 5.58 0.01(<1%)
2017 7.05 4.98 5.99 0.81(14%)
2018 7.01 6.01 6.52 0.41(6%)
2021 5.86 4.04 4.95 0.73 (15%)
2022 4.52 3.68 410 0.34 (8%)
PM, 5 = airborne particles of diameter smaller than 2.5 ym. * Assumes that 80% of the difference between the annual mean concentration and mean concentration for periods outside wood
heater season is attributable to wood heater emissions. Calculations assuming that the contribution is 70% or 90% are included in the Supporting Information, table 1. 4
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4 Deaths attributable to wood heater emissions in the Australian Capital Territory, by year and exposure-risk function*

Deaths (95% confidence interval)

Relative risk source 2016 2017 2018 2021 2022
Chen and Hoek, 2020 (I)"® 15 (11-17) 26 (19-29) 17 (13-19) 22 (17-25) 1(8-12)
Chen and Hoek, 2020 (11)"® 30 (22-40) 52 (38-68) 35 (25-46) 45 (33-59) 22 (16-29)
Yu et al, 2020 36 (26-49) 63 (45-85) 43 (30-58) 54 (39-74) 26 (19-36)

* Assumes that 80% of the difference between the annual mean concentration and mean concentration for periods outside wood heater season is attributable to wood heater emissions.

Calculations assuming that the contribution is 70% or 90% are included in the Supporting Information, tables2 and 3. ¢

function*

5 Equivalent cost of deaths attributable to wood heater emissions in the Australian Capital Territory, by year and exposure-risk

Equivalent cost of deaths, $ million (95% confidence interval)

Relative risk source 2016

Chen and Hoek, 2020 (1) 78 (59-88)
Chen and Hoek, 2020 (1) 159 (115-209)

Yu et al, 2020 193 (137-262)

2017
136 (103-152)
276 (200-362)
333 (238-452)

2018 2021 2022

92 (70-103) 117 (89-131) 57 (43-63)

186 (135-245) 238 (172-313) 115 (83-152)

225 (161-306) 288 (205-391) 140 (99-190)

* Assumes that 80% of the difference between the annual mean concentration and mean concentration for periods outside wood heater season is attributable to wood heater emissions.
Calculations assuming that the contribution is 70% or 90% are included in the Supporting Information, tables 4 and 5. @

$225-333 million (colder years) and $140-193 million (milder
years) using the least conservative exposure-response function
(Box 5).

Discussion

Wood heaters have long been recognised as major sources of
PM, , pollution in the ACT,” particularly in areas such as the
Tuggeranong valley, where air stagnates in winter and wood
heaters are particularly numerous. A 2022 government survey
found that wood heaters were used for main or supplementary
heating in about 11% of occupied private dwellings in the ACT."
A national survey found that people in larger households
and with higher household income were more likely to use
firewood,? suggesting that affordability is not the main reason
for using wood heaters.

We estimated that wood heaters contributed 0.72-1.73 pg/m?
to annual mean PM, ; concentrations in the ACT during the
five years assessed, or 13-25% of PM, . pollution from all
sources. The estimated contribution of wood heater pollution to
population-weighted PM, ; exposure in Greater Sydney during
2010-11 was 0.49 pg/m? (24% of all human sources);” a different
study estimated the contribution in 2013 to be 1.26 ug/m® (42%
of all human sources).” A 2012 particle characterisation study
in the upper Hunter Valley (NSW) found that 14-30% of the
annual PM, ; concentration was attributable to domestic wood
heaters.”

We estimated the annual equivalent cost of deaths in the ACT
attributable to wood heater smoke to be $57-333 million. It
was previously estimated that the cost in Greater Sydney
(2013) was $2239 million per year;7 for Armidale (NSW) it was
$32.8 million (95% CI, $27.0-38.5 million) for 2018-19.”
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As well as affecting local air quality and community health,
wood heaters produce carbon dioxide, methane, and black
carbon that contribute to climate change. Even were the carbon
32 | dioxide emitted by wood heaters fully offset by tree planting
. (which has not been the case in Australia32), wood heaters would

contribute more to global warming than efficient reverse cycle air
conditioning systems using electricity from renewable sources,
which also relieve the need to transport firewood to urban areas,
further reducing energy consumption and emissions.”

Modern wood heaters typically exceed current emission
standards when used under real world conditions,® suggesting
that emission control standards are inadequate for protecting
health. Further, public education about wood heater use alone
does not efficiently improve local air quality.” Reducing the
number of wood heaters by not allowing new installations and
phasing out existing units is essential for reducing particulate
air pollution and its impact on health.*'* Requiring that wood
heaters be removed when selling properties could reduce
their number significantly."*** Government rebates and other
financial incentives, particularly for low income households,
could also encourage people to replace wood heaters with lower
emission alternatives, improving domestic energy efficiency
and air quality.”’34 Australians, particularly those with asthma,
generally support regulations for reducing the impact of wood
heaters on health; in a 2020 Asthma Australia survey, 77% of
respondents agreed that wood heaters should not be allowed in
urban areas, and 55% that their use should be phased out.””

A more comprehensive network of reference air quality
monitors and distributed low and medium cost sensors could
characterise population exposure to PM, ; at the neighbourhood
level in the ACT, particularly in areas of greater air pollution
where people may be particularly vulnerable to wood heater
pollution. An up-to-date atmospheric emissions inventory and
an operational modelling system could test different scenarios
and interventions for reducing pollution from domestic wood
heaters and other sources.”” Low cost community monitoring
could assess exposure to PM, ; from wood heaters in residential
areas,” better informing regulatory authorities about where
protective measures are needed. Finally, an ACT wood heater
register would provide more accurate information about the
number and age of wood heaters to facilitate estimation of
PM, ; emission levels and their impact on health, as well as the
evaluation of interventions for reducing them.*'*
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Limitations

We made assumptions regarding the duration of the wood
heater season in Canberra and the contribution of wood
heaters to PM,. concentrations during the wood heater
season. Exposure estimates were based on PM, ; data (without
population weighting) from outdoor air quality monitoring
sites, and the applicability of exposure-response functions
based on studies in other geographic regions ' is uncertain.
We did not take into account the potential differences in PM, ;
toxicity from wood heaters and other sources, such as road
traffic.”® Although exposure to air pollutants emitted by indoor
sources can be significant,37 we used outdoor PM, . levels as
a surrogate measure of population exposure, as is typical for
health impact assessments.”® Possible effects on mortality of
gaseous pollutants co-emitted with PM, . from wood heaters
were not taken into account. We report natural cause (ie,
non-accidental) mortality estimates for the overall ACT population
rather than cause-specific mortality or mortality for specific
groups of people. Further, as other health-related consequences
of exposure to PM,; and gases emitted by wood heaters (eg,
hospitalisations, general practice visits, deterioration of health
symptoms) were not assessed, we probably underestimated the
health impact of wood heater pollution in the ACT. Finally, some
people, such as those with asthma, are more severely affected by
wood heater smoke than the general population.”

Conclusion

The estimated contribution of wood heaters to ambient PM, .
pollution and its impact on public health has caused concern in
the ACT.* As there is no safe PM, ; exposure level,” reducing
exposure to wood heater smoke, even from levels below current
particulate air pollution standards levels, can have substantial
benefits for health.”’ The consequence of current wood heater
use in the ACT is 11-63 avoidable deaths, equivalent to
$57-333 million in the annual cost of deaths, comparable with

the 31 deaths in the ACT attributable to the bushfire smoke
during the Black Summer of 2019-20."'

Decisive public health action against passive smoking in enclosed
public places effectively eliminated harmful exposure to tobacco
smoke, a precedent for the potential health benefits of reducing
the number of wood heaters in Australia. Cleaner, healthier,
and more sustainable and affordable domestic heating options,
such as reverse cycle air conditioning powered by energy from
renewable sources, can keep Australian homes warm in winter
and cool in summer without harming community health and
the environment. Making homes more thermally efficient is
also important for improving comfort and reducing energy
consumption.

More air quality monitoring and modelling is needed to fully
assess population exposure and the health impact of air pollution
in the ACT, but action should not be delayed. Banning new wood
heaters, phasing out existing units in urban and suburban areas,
and providing support for a clean domestic energy transition can
achieve major health and environmental benefits in Australia.
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