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This is a review of the adverse health effects of ambient air pollution in relation to residential wood combustion
in modern society. From a literature search of PubMed, nine relevant studies were identified. All of them
focused on the effects of short-term exposure such as asthma, respiratory symptoms, daily mortality, and lung
function. Substantial quantitative information was only found for acute asthma in relation to particulate matter
with an aerodynamic diameter of <10 µm. In comparison with the present general estimations for ambient
particulate matter and adverse health effects, the relative risks were even stronger in the studies in which
residential wood combustion was considered a major source of particulate matter. Thus there seems to be no
reason to assume that the effects of particulate matter in areas polluted by wood smoke are weaker than
elsewhere.
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The combustion of biomasses is the oldest and, overall,
most widespread energy source used in a variety of ap-
plications for heat and power production, as well as for
cooking. The everyday life for a majority of the people
in the world is dependent on fuels like wood, animal
dung, and crop residues, as well as coal (1, 2). Still, only
a small fraction (~11%) of the total global energy con-
sumption is based on biomass fuels or other combusti-
ble renewable material and waste (3). In the industrial-
ized world and colder climates, biomasses are mainly
used to produce heat either in large and medium-size
district heating systems or in residential wood log boil-
ers, stoves, and fireplaces. An increasing interest in sus-
tainable energy production has awakened globally, and
the potential for an increased use of biomass fuels, such
as carbon dioxide (CO2) neutral energy, is significant
(4).

However, combustion processes in general are ma-
jor anthropogenic sources of many of the classical air
pollutants, for example, carbon monoxide (CO), nitro-
gen oxides (NOx), sulfur dioxide (SO2), and particulate
matter (PM), which have traditionally been associated
with different negative environmental health effects. The
contribution of SO2 and NOx from the combustion of
wood and other biomass fuels has today subordinated
the emissions from fossil fuels used in traffic, industry,
and energy production (5, 6). However, residential wood
combustion is often considered a major source of ambi-
ent local air pollutants, especially for hydrocarbons and
PM. Besides the major combustion products CO2 and
water, wood smoke mainly consists of a complex mix-
ture of inorganic gases [eg, CO, nitrogen oxide (NO),
and SO2], volatile organic hydrocarbons (VOC), poly-
cyclic aromatic compounds (PAC) and PM. PM can be
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fractionated as inorganic ash material, soot, and con-
densed organic material. CO, soot, and organic com-
pounds are products of incomplete combustion, and the
amounts are strongly dependent on combustion efficien-
cy. The most currently used residential wood applianc-
es are relatively old, and, compared with modern wood
and pellet technology, the combustion conditions are
poorly optimized. This situation often results in consid-
erable emissions of products of incomplete combustion.

In the United States, it has been estimated that up to
90% of the ambient wintertime PM2.5 (mass of particles
with an aerodynamic diameter of ≤2.5 µm) in Seattle,
Washington (7), and correspondingly 20–30% in Den-
ver, Colorado (8), derive from residential wood combus-
tion. With the use of  14carbon (14C) as a tracer for con-
temporary carbonaceous material, the contribution from
residential wood combustion to atmospheric carbon
bound to PM2.5 in the winter has been estimated to be
44% in Portland, Oregon (9), close to 30% in the urban
Los Angeles, California, area (10), and 65% in Elverum,
Norway (PM3.0) (11). Source apportionment studies us-
ing organic compounds in California have also identi-
fied residential wood combustion as one of the major
contributors to primary fine (PM2.0) particulate matter
(12). In Boise, Idaho, it has been estimated that most
(52–89%) of the extractable organic material in ambi-
ent PM derive from residential wood combustion (13,
14). In all but two (12, 14) of the aforementioned stud-
ies, 14C methods were used to identify the impact of res-
idential wood combustion on ambient air quality. Other
methods, like chemical mass balance (7) and source ap-
portionment with organic compounds (12), or combina-
tions of different methods (8) have also been used. How-
ever, many of the studies are relatively old, and there
are large uncertainties associated with the estimations.
Current estimations are based on relatively few meas-
urement campaigns, and uncertainties occur about the
actual emissions from different kinds of appliances dur-
ing practical use. It is also of interest whether the con-
tribution from residential wood combustion to some am-
bient pollution parameter used so far (eg, particle bound
carbon or PM10) also reflects the relevant impact on hu-
man health.

Today, the focus concerning emissions from residen-
tial wood combustion and its implications for air quali-
ty and human health is mainly on PM. Although some
work has been done, a relatively limited number of stud-
ies with careful characterization of the PM from resi-
dential wood combustion has been performed. PM from
residential wood combustion seems to be dominated by
submicron (<1 µm) particles with average mass diame-
ters between 0.1 and 0.6 µm (15–18). The chemical com-
position or fractionation of the particles (inorganic ash,
soot, and organic material) varies with the combustion
conditions for different fuels in different apparatus. One

early study distinguished between hot rapid burning and
cool-air-starved burning in a residential stove fired by
fir and oak (19). The hot burning resulted in a mono-
modal particle distribution with approximately 95% of
the particles being <0.6 µm, consisting of 20–60% car-
bon (primarily elemental carbon) but also some potas-
sium, chlorine, and sulfur. Cool burning, on the other
hand, resulted in a bimodal distribution with 55–60%
as carbon (mostly organic carbon) and negligible
amounts of trace elements (<1%). Later studies have
also determined that the main fraction of the PM from
residential wood combustion is organic and elemental
carbon in different proportions (7, 15, 20). In large
and medium-size biomass combustion devices, the
combustion conditions are more optimized and sta-
ble, with considerably decreased amounts of soot and
hydrocarbons. The particle emissions are therefore
dominated by the inorganic (ash) constituents potas-
sium, sodium, sulfur, and chlorine in the submicron
fraction, while a minor but varying fraction of coarse
(>1 µm) fly ash particles containing refractory elements
like calcium, silicon, magnesium, and aluminum can
also be present (21–23). If trace elements like cadmi-
um, lead, and zinc are present in the fuel, they can be
volatilized during combustion in all kinds of appliances
and can be found as condensed species of submicron
PM (24).

Since the emissions from biomass combustion (eg,
residential wood combustion) include a complex mix-
ture of the aforementioned pollution components, it can
be assumed that exposure to wood smoke is potentially
harmful to human health. There has been a relatively
extensive amount of work done concerning the adverse
biological effects and toxicity of both individual gase-
ous combustion by-products, for example, CO (25), NOx

(26, 27) and SO2 (28), as well as particulate air pollu-
tion (29–31). However, fewer studies have dealt with
the effects of exposure to wood smoke as a complex
mixture in different environments. Exposure to wood
smoke can occur both outdoors in the ambient air and
indoors as a result of direct release from cooking and
heating devices, leakage from boilers and stoves, or
the infiltration of outdoor air pollution. In addition,
some occupational groups (eg, firefighters) can be
exposed to different kinds of biomass smoke. When
the potential associations between wood smoke ex-
posure and adverse health effects are in question, it
is important to consider the fact that the pollution con-
centrations often vary significantly between indoor and
outdoor environments and also between different geo-
graphic areas. In table 1, we have therefore roughly sum-
marized the typical pollution concentrations of some
major air-quality parameters in different environments.
In general, indoor exposure is associated with higher
concentrations of many pollution components than
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outdoor exposure is, although the relation between out-
door and indoor concentrations can vary significantly.

Exposure to indoor air pollution from residential
wood combustion is a major health concern, especially
in developing countries. The combustion of coal and
biomasses in the form of wood, dung, and crop residues
as domestic energy sources causes unhealthy indoor air
pollution in poorly ventilated houses. According to a
great number of epidemiologic studies, it has been esti-
mated that indoor air pollution in developing countries
is responsible for nearly two million excess deaths an-
nually caused by, for example, chronic obstructive pul-
monary disease, tuberculosis, acute respiratory disease,
and cancer (32, 33).

In addition to epidemiologic studies, also animal tox-
icology and controlled human studies contribute to
the knowledge of the toxicity of different compounds
or pollution mixtures. However, no controlled human
exposure studies have been reported that deal with wood
smoke. On the other hand, more animal toxicology stud-
ies have been performed with wood smoke. In a recent
review, Zelikoff and her co-workers (34) have summa-
rized the toxicology of wood smoke. Although the work
to some extent covers the issue from a human perspec-
tive, the focus and most extensively discussed area is
animal studies of wood smoke exposure. It has been
concluded that the inhalation of combustion products
from wood can probably have a significant impact on
pulmonary homeostasis and the exacerbation of ongo-
ing disease processes. From a limited number of epide-
miologic studies concerning either indoor wood smoke
exposure in rural areas or indoor wood smoke exposure
of children living in homes heated with wood-burning
devices, they concluded that children are more suscep-
tible to wood smoke exposure than adults. The review

by Zelikoff and her co-workers finally stressed the un-
certainties regarding both the associations between long-
term wood smoke exposure and adverse health effects,
as well as the wood smoke component(s) that may be
responsible for the observed effects.

In an earlier review on the emissions and noncancer
respiratory effects of wood smoke by Larson & Koenig
(6), more attention was given to epidemiologic studies,
both from indoor and outdoor ambient exposure. A to-
tal of ten epidemiologic studies were reviewed, of which
five concerned ambient and indoor exposure. Of the five
ambient exposure studies, three dealt with children and
two with both children and adults. Coherence was found
between the data, especially for the children, showing
associations between wood smoke and adverse respira-
tory effects.

In light of the ongoing ambitions to increase the uti-
lization of biomass-based energy, not at least in many
industrialized parts of the world, together with the in-
creasing concern about air pollution and health, it is
important to study carefully the influences on air quali-
ty and human health in association with the current and
future use of such energy systems. Although a consid-
erable amount of work concerning wood combustion
and its implications for air quality and human health has
been performed, many questions still remain. One such
urgent question is how residential wood combustion in
modern society contributes to ambient concentrations of
different air pollution parameters and how such pollu-
tion influences human health.

The objective with this study was to review the sci-
entific literature concerning adverse health effects from
ambient air pollution in relation to residential wood
combustion in modern society and, if possible, to ex-
tract quantifications for the associations.

Table 1. Pollution concentrations of some major air-quality parameters in different environments. (TSP = total suspended particles,
PM10 = particulate matter with an aerodynamic diameter of 10 µm, SO2 = sulfur dioxide, NO2 = nitrogen dioxide)

TSP PM10 SO2 NO2

Annual mean Daily mean Annual mean 1-hour maximum
(µg/m3) (µg/m3) (µg/m3) (µg/m3)

Ambient urban air
Developed countries 20–50 a 20–50 a 4–132 b 20–40 a 20–90 a, c 75–1000 a, c

Developing countries ≤ 300 a >100 a ·· ≤ 300 a 20–90 a, c 75–1000 a, c

(peak conctration
≤ 2000)

Indoor air
Developed countries ·· ·· ·· ·· ≥ 200 a, d ≥ 2000 a, d

Developing countries ≤ 2000–5000 a, e ·· 300–3000 f ·· ≥ 200 a, d ≥ 2000 a, d

(peak concentration
≤ 30000)

a WHO (54).
b Atkinson et al (55).
c Traffic-related pollution in cities.
d In homes with gas heating and poor ventilation.
e In homes using biomass fuels for cooking or heating.
f Bruce et al (33).

(annual mean
µg/m3)

(annual mean
µg/m3)
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Table 2. Summary of the epidemiologic studies (included in this review) on cardiopulmonary effects from exposure to ambient wood
smoke. (CO = carbon monoxide, CoH = coefficient of haze, FEV1

 = forced expiratory volume in 1 second, FVC = forced vital capacity, IQR =
interquartile range, NO2 = nitrogen dioxide, O3 = ozone, COPD = chronic obstructive pulmonary disease, OR = odds ratio, FEV1 PC20

 conc
= methacholine provocative concentration required to produce a 20% decrease in FEV1, PEF = peak expiratory flow, PEFR = peak expira-
tory flow rate, PM1

 =  particulate matter with an aerodynamic diameter of <1 µm, PM10
 = particulate matter with an aerodynamic diameter

of ≤10 µm, PM2.5
 = particulate matter with an aerodynamic diameter of ≤2.5 µm, RR =  relative risk, SO2

 = sulfur dioxide)

Study Dependent variables Design and study size Location and period Exposure assessment Confounding Results
control

Hales et al, Daily mortality Population study; Christchurch, New One monitoring site for Temperature, 10 µg/m3 PM10 (lag1),
 2000 a (38) mean mortality (all Zealand; June 1988– SO2, NOx, CO and PM10; season, time RR 1.01 (all causes),

causes and ages) =  December 1993 24-hour PM10
 = 0–187 trend, day of RR 1.04 (respiratory

7.2 deaths/day µg/m3, mean = week, holidays causes)
28 µg/m3

Yu et al, Asthma symptoms Panel study with daily Seattle (WA), United Six, three & one mon- Day of week, RR (OR) (for at least
2000 a (39) as PEFR, use of diaries; 133 children States; November itoring sites for CO (6), season, temp- one asthma symp-

medication, degree (5–13 years of age); 1993–August 1995 PM10 or PM1 (3) & erature, age, race, tom) (lag 1) = 1.30
of night awakening average 58 (range SO2 (1) gender, baseline per 1 ppm CO, 1.17
due to asthma & a 28–112) days height, FEV1 per 10 µg/m3 PM1 &
symptom rating PC20 conc 1.11 per 10 µg/m3 PM10

Sheppard et Daily hospital admis- Population study; per- Seattle (WA), United Up to three monitoring Temperature, IQR PM10 (19 µg/m3)
al, 1999 a (40) sions for asthma sons aged <65 years; States; 1987–1994 sites for PM10 & light time trend & (lag 1), RR 1.05; IQR

23 hospitals, mean 2.7 scattering, two sites for day of week PM2.5 (12 µg/m3) (lag 1),
admissions/day PM2,5, four sites for CO, RR 1.04; IQR CO

one site for SO2 & one (0.9 ppm) (lag 3), RR
for O3; 24-hour mean 1.06; IQR O3 (20 ppb)
PM10 31.5 µg/m3 & (lag 2), RR 1.06; PM
PM2,5 16.7 µg/m3 & CO found to be

jointly associated with
asthma admissions

Norris et al, Daily hospital admis- Population study; per- Seattle (WA), United Three monitoring sites Temperature, dew IQR PM10 (12 µg/m3)
1999 a (41) sions for asthma sons aged <18 years; States; September for PM10 & light scat- point temperature, (daily average) RR

6 hospitals, mean 1995–December 1996 tering (estimated PM2.5), time trend, day of 1.14; IQR PM2.5 (9.5
1.8 admissions/day four sites for CO & week, NO2 & SO2; mg/m3) (daily average)

two sites for NO2 & CO assumed to RR 1.15; IQR CO
CO; 24-hour PM10 8–70 be a surrogate (0.6 ppm)(daily
µg/m3, mean 22 µg/m3 for stagnant con- average) RR 1.10; no

ditions and not impact of NO2 & SO2
included together on PM estimates
with PM10

Vedal et al, PEF & respiratory Panel study with daily Port Alberni, British One monitoring site for Temperature, hu- For asthmatics an in-
1998 (35) symptoms diary; asthmatic and Columbia, Canada; PM10; 24-hour PM10 midity, precipita- crease of 10 µg/m3 in

nonasthmatic children 900501–920313 (ex- 0–159 mg/m3, mean tion, time trend, PM10 associated
(6–13 years); 206 chil- cept July & August 22 µg/m3 day of week & with reduction of PEF
dren up to 492 days 1991) month by 0.55 l/min and
within 18 months increased odds of

cough with RR (OR)
1.08; associations
similar below 40 µg/m3

Lipsett et al, Daily asthma emer- Population study; 3 hos- Santa Clara County One monitoring site for Temperature, hu- 60 mg/m3 PM10 (lag 2),
1997 (36) gency room visits pitals during 368 days, (CA), United States; PM10, CoH, NO2 and O3; midity, precipita- RR 1.43 (low tempera-

mean 7.6 visits/day winter seasons (No- more than 50% of the tion, time trend, ture), RR 1.11 (mean
vember–January) PM10 values predicted day of week (also temperature); NO2 were
1988 & 1989–1991 (r = 0.81); 24-hour interactions) significant only with-
 & 1992 PM10 9–165 µg/m3, out PM10 in model

mean 61 µg/m3

Harré et al, Respiratory symp- Panel study with daily Christchurch, New One monitoring site for Previous day out- IQR PM10 (35 µg/m3)
1997 a (42) toms & PEFR in diaries; 40 subjects Zealand; 3 months PM10, NO2, SO2 & CO come, temperature, RR 1.38 for chest

subjects with COPD aged over 55 years during the winter, wind speed, time symptoms and no ef-
1994 trend, other pollu- fect on PEF; IQR NO2

tants (10 µg/m3) RR 1.42 for
increased inhaler use &
RR 2.81 for increased
nebulizer use

Schwartz et al, Daily asthma emer- Population study; 2995 Seattle (WA), United One monitoring site for Temperature, sea- Asthma attendance for
1993 a (43) gency room visits visits at 8 hospitals States; 1 September PM10, light scattering, sons, day of week, persons under age 65

during 13 months, 1989–30 September SO2 & O3; 24-hour September peak years associated with
mean 7.1 visits/day 1990 PM10 6–103 µg/m3, (and also other PM10; 30 µg/m3 PM10

mean 30 µg/m3 models) RR = 1.12; light scat-
tering showed compa-
rable associations

(contimued)
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Subjects and methods

A literature search of PubMed was performed using a
search profile combining MeSH terms 3 with general
keywords. PubMed provides access to bibliographic in-
formation, which is drawn primarily from MEDLINE,
Pre-MEDLINE, HealthSTAR, and publisher-supplied
citations.

The search profile used in PubMed was as follows:
(air pollution [MeSH Terms] OR air pollutants [MeSH
Terms]) AND human [MeSH Terms] AND (wood [all
fields] OR biomass [all fields] OR biofuel* [all fields]
OR bio fuel* [all fields] OR pellet* [all fields]).

Based on the literature, search references that ful-
filled the following inclusion criteria were included for
further analysis: (i) in PubMed (1965–2001) with the
previously described search profile, (ii) an epidemiolog-
ical study, (iii) concerning adverse health effects from
ambient air pollution concentrations (not indoor or oc-
cupational exposure), (iv) from settings in which resi-
dential wood combustion was mentioned as an impor-
tant air pollution source, (v) full scientific paper pub-
lished in English (not review articles).

In addition, other scientifically published studies ful-
filling criteria ii to v, although not found in the litera-
ture search, were also taken into consideration. Such
additional papers could be identified as (i) a reference
in, (ii) a reference related to, or (iii) a study from the
same area as a paper already included through the liter-
ature search.

Results

General search results

With the use of the search profile, altogether 614 refer-
ences were initially identified in PubMed. The vast ma-
jority of them filled criterion i, ii, and v, and several of
them also filled criterion iii. However, criterion iv,

Koenig et al, FEV1 & FVC Panel study, follow-up Seattle (WA), United Two monitoring sites Height, relative hu- For asthmatic children
1993 (37) with repeated spiromet- States; winter season for fine particulate with midity, temperature, an increase of 20

ry; 326 children (first 1988–1989 & 1989– light scattering (nephe- parental smoking, µg/m3 in PM2.5 was
year) and 20 children, 1990 lometer) and PM2.5 (gra- wood stove at associated with a
all asthmatics (second vimetric) home, allergy or reduction of FEV1
year) in grade 3 to 6 asthma (–34 ml) & FVC (–37 ml)

a Not identified in the PubMed search but still filled criteria ii–v and thereby are relevant.

Table 2. Continued.

3 MeSH (Medical Subject Headings) is the controlled vocabulary of biomedical terms used by the National Library of
Medicine in the United States to describe the subject of each journal article. MeSH contains more than 19 000 terms
and is updated annually. Applying the MeSH vocabulary ensures that articles are uniformly indexed by subject
whatever the author’s words.

which stated that the study should be from settings in
which residential wood combustion was mentioned as
an important air pollution source, showed high selec-
tivity. Only three references (35–37) filled all five in-
clusion criteria. In addition, eight other relevant papers
(38–45) were also identified. However, two of the eight
were not considered for further analysis, one (44) be-
cause the air pollution monitoring parameter used (co-
efficient of haze) is an old method that is very difficult
to relate to current PM monitoring methods and the other
(45) because the study time period was relatively short
(4 months) and the statistical analysis so inadequate that
we considered it irrelevant. However, a significant
number (N=29) of the total 614 studies initially identi-
fied concerned indoor air pollution and adverse health
effects, of which 23 were epidemiologic studies involv-
ing respiratory symptoms and six involved cancer.

Overall, nine papers were included for further anal-
ysis, and they were either population studies (N=5) or
panel studies (N=4). In table 2 (on pages 254–255), the
included papers are briefly summarized according to de-
sign, content, and results.

Long-term exposure

We found no relevant long-term exposure studies with
health outcomes like cardiopulmonary mortality, lung
cancer, or chronic bronchitis.

Short-term exposure

The included studies focused on the effects of variations
of short-term exposure, such as asthma, respiratory
symptoms, daily mortality, and lung function. In table 3,
the studied health outcomes presented in the included
papers are summarized.

Environments

Only the following four different geographic areas have
been studied; Seattle, Washington, and Santa Clara
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County, California in the United States, Port Alberni,
British Columbia, in Canada, and Christchurch in New
Zealand. Five of the included studies were conducted
in the Seattle metropolitan area and two in Christchurch.

Exposure parameters

Different exposure assessment parameters were used in
the included papers. The most common indicators were
PM10 (8 studies), SO2 (5 studies), CO (5 studies), and
NOx/NO2 (4 studies). PM2.5, PM1, and ozone (O3) were
only occasionally used.

Associations

All of the studies reported positive significant associa-
tions between variations in air pollution level(s) and
adverse health outcome(s). PM was the parameter that
showed the most frequent and most obvious associations
with the addressed health effects. In all the studies us-
ing PM10, PM2.5, or PM 1 as an indicator, significant pos-
itive associations were found. PM10 was the most com-
monly used indicator for ambient particulate matter (8
studies). Overall, the relative risks (RR) between an in-
crease in ambient PM10 with 10 µg/m3 and different
health outcomes varied between 1.018 and 1.117. CO
showed significant positive associations with the ad-
dressed effects in three out of the four studies (not
reference 35) including CO in the analysis. All three of
these studies were from the Seattle area and showed as-
sociations between increases in CO and the worsening
of asthma (RR 1.30, 1.07, and 1.17 per 1 ppm CO). Only
in one (35) of the four studies was an association with
NO2 established, while associations with SO2 or O3 were
not found in any study.

Discussion

Only the effects of short-term exposure to air pollution
in relation to residential wood combustion has been
studied, with different asthma-related outcomes as the
most common measured effect. However, this is a gen-
eral pattern in air pollution epidemiology. One reason
for the lack of data (long-term studies) is the difficul-
ties in conducting epidemiologic studies on such long-
term effects, when many potential confounding param-
eters (eg, smoking, occupational exposure, nutrition)
become difficult and expensive to measure and adjust
for. Associations with some measured health outcomes
were reported for particulate matter and, to some extent,
CO. Of these two air pollutants, wood smoke has prob-
ably a large relative effect on local air quality and also
long-term mean concentrations during heating seasons.
During the last few decades, many epidemiologic stud-
ies have been performed concerning ambient PM and
different health effects. Particulate matter in ambient air
is today generally considered an important indication
that air pollution causes adverse health effects. Epide-
miologic evidence exists that links increases in PM mass
concentrations with cardiopulmonary disease and mor-
tality, especially in association with short-term exposure
(31, 46–48), but also for long-term exposure (49).
Potential health risks have also been associated with air
pollutants other than PM, in both epidemiologic and
clinical or experimental studies (50). Elevated levels of
urban air pollutants are also associated with increased
cancer risks (49, 51–53).

We attempted to extract some kind of quantification
of the associations, but found that there was substantial
information only for acute asthma in relation to PM10

exposure. However, we compared the results from the
studies included in this review with the estimations for

Table 3. Summary of the addressed health effects and brief results from the reviewed papers. (CO = carbon monoxide, CoH = coefficient
of haze, PM1

 =  particulate matter with an aerodynamic diameter ≤1 µm, PM10
 = particulate matter with an aerodynamic diameter ≤10 µm,

PM2.5
 = particulate matter with an aerodynamic diameter ≤2.5 µm, O3 = ozone, SO2 = sulfur dioxide, NO2 = nitrogen dioxide, NOx =

nitrogen oxides, COPD = chronic obsructive pulmonary disease)

Effect Reference Subjects’ ages Pollution indicators Significant positive associations with

Daily mortality 38 All ages PM10, SO2, CO, NOx PM10

Asthma symptoms 39 5–13 years PM10, PM1, SO2, CO PM10, PM1, CO
Asthma hospital admissions 40 <65 years PM10, PM2.5, CO, SO2, O3 PM10, PM2.5, CO, O3

41 <18 years PM10,  PM2.5, CO, NO2 PM10, PM2.5, CO
Asthma emergency room visits 36 All ages PM10, NO2, O3, CoH PM10

43 All ages PM10, SO2, O3 PM10

Peak expiratory flow and 35 Children PM10 PM10 (asthmatics)
respiratory symptoms 42 > 55 (COPD) PM10, SO2, CO, NO2 PM10, NO2

Forced expiratory volume in 1 37 Children Fine particulate, PM2.5 PM2.5 (asthmatics)
second and forced vital capacity (grades 3 to 6)
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the association between PM and health effects in the
general environment. For these comparisons we used a
guideline from the World Health Organization (WHO)
(54), a “state of the art” review (31), and a recent Euro-
pean study (55). WHO has established health-based air
quality guidelines (54) in which particulate matter is re-
garded as a key air pollutant and estimations are made
of the relative increases in various health parameters as
a function of PM concentrations. A recent review has
also summarized the associations between PM and ad-
verse health effects (31). In addition, an extensive Eu-
ropean study (55), also concerning respiratory hospital
admissions, has recently been reported. Therefore, in
figure 1, we have compared the results from the five
wood smoke studies with associations between increas-
es in ambient PM10 and asthma symptoms, hospital ad-
missions, and emergency room visits, together with one
study with associations for cough.

For health impact assessments it is important to
know if associations between an indicator of PM and
some health effect (eg, acute asthma) are the same re-
gardless of the contribution from different sources (eg,
residential wood combustion), that is, if we should
assume the same dose-response function. Due to differ-
ences in the statistical analyses (inclusion of covariates)
and presentation of the results (selection of lag times)
it is difficult to compare the results from different

studies. However, figure 1 gives some indications of the
relations. All the included studies showed significant
positive associations and, in comparison with the esti-
mations of WHO and other “state of the art” estima-
tions concerning ambient PM and health, the effects
(RR) are even stronger in the few studies in which res-
idential wood combustion is considered a major PM
source. Thus there seems to be no reason to assume that
the health effects associated with PM in areas polluted
with wood smoke are weaker than elsewhere. Howev-
er, there are not enough data to allow for a comparison
of different PM indicators (eg, if PM10 is better than
PM2.5, etc).

We found only these few studies in which residen-
tial wood combustion was identified as a (or the) major
source of ambient air pollution. One reason can be that
wood smoke emissions are often the dominating air pol-
lutant only in rural areas and small towns and that there
are difficulties associated with studying sparsely popu-
lated areas using epidemiologic methods. However, of
the four studied areas, only Port Alberni can be consid-
ered a small rural town, while the other three are large
cities. Nevertheless, residential wood combustion has,
in these urban areas, been considered a major source
of ambient air pollution. In Seattle, three of the five
studies (37, 40, 41) refer to the same reference (56), in
which source apportionment estimations indicate that,

Asthma hospital admissions

WHO *

Pope & Dockery *

APHEA 2 (0-14 years)

APHEA 2 (15-64 years)

Sheppard et al (< 65 years)

Norris et al (< 18 years)

Lipsett et al (all-mean temp) **

Lipsett et al (all-low  temp) **

Schwartz et al (< 65 years) **

Asthma symptoms

WHO *

Pope & Dockery *

Yu et al (5-13 years)

Cough

WHO *

Vedal et al (6-13 years)

*   summary estimates
**  emergency room visits Relative risks

1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14 1.16 1.18 1.20

Figure 1. Relative risks for different morbidity outcomes in association with a 10 µg/m3 increase in PM10 (particulate matter with an aerodynamic
diameter of <10 µg) with 95% confidence intervals as error bars. The studies in which wood smoke was considered a major air pollution source are
shown by closed columns, and the comparison estimates are represented by open columns (temp = temperature, APHEA2 = European study by
Atkinson et al (55), WHO = World Health Organization).
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during the heating season (October-March), >80% of the
ambient PM2.5 derives from wood burning devices. In
the fourth study (43), the authors stated, without any ref-
erence, that “the primary source of fine particulate mat-
ter in residential neighborhoods during the winter heat-
ing season is from wood burning”. In the fifth Seat-
tle study (39) the origin of the air pollution was not
mentioned at all. In the Santa Clara County study
(36), a reference is given (57) in which the source
apportionment estimate indicates that an average of
45% of wintertime PM10 derives from residential wood
combustion. In the Port Alberni study (35), it is only
stated that “main sources of ambient particulate pollu-
tion are the pulp mill boilers and residential wood burn-
ing”, without any references being given. The first
Christchurch study (38) states, without a reference, that
“domestic fires (both coal and wood) and motor vehi-
cles are primary sources of air pollution”. In the later
Christchurch study (42), however, the authors refer to a
local emission inventor study (58) and, according to a
personal communication, the authors make the assump-
tion that most of the ambient PM10 in Christchurch de-
rives from residential wood combustion (personal com-
munication with Professor Tord Kjellström, New Zea-
land Environmental and Occupational Health Research
Center, and Department of Community Health, The
University of Auckland, New Zealand). Accordingly,
only in studies from two areas (Seattle and Santa Clara
County), does there seem to exist some published ma-
terial that confirms that residential wood combustion is
a major source of ambient PM in the areas. In the other
two areas (Port Alberni and Christchurch) the assump-
tions are not that strong, and, therefore, the interpreta-
tion of the results from these studies is more uncertain.
However, the reviewed studies included in the compar-
ison in figure 1 are in fact from Seattle (39–41, 43) and
Santa Clara (36), where residential wood combustion
has been identified as a major source of atmospheric PM
concentrations. Nevertheless, the small number of stud-
ies, as well as the uncertainties about the actual contri-
bution from residential wood combustion to ambient
concentrations of PM, limits the conclusions about the
adverse health effects associated with exposure to air
pollution related to residential wood combustion at this
time.

In most of the studied areas, residential wood com-
bustion was expected to be an important source of am-
bient PM mainly during the winter season. Yet, several
studies used observation periods of years, including
months in which wood smoke pollution was not a ma-
jor factor. However, only two (35, 40) of the reviewed
studies reported seasonal effect estimations, and, in one
study (43), the issue was, to some extent, addressed in
the discussion. Vedal et al (35) found the effect esti-
mates for the autumn-winter period (September-March)

essentially identical with those for the spring period
(March-June), although with different standard errors.
Sheppard et al (40) have also made season-specific es-
timates (for an increase in the interquartile range), which
were negative (not significant) for summer, but were
higher for spring and fall than for the winter season. The
separate winter estimate was close to significance. The
authors further suggested that their results indicate a per-
sistent effect of pollution from automobiles on health.
In the study of Schwartz et al (43), the effect estima-
tions were based on the whole study period (1 year), and
they suggest that the high PM concentrations in associ-
ation with asthma visits during the winter reflect, in
large part, the toxicity of wood smoke. However, they
also comment on the fact that these associations con-
tinue even at relatively low PM concentrations, and,
therefore, wood smoke is probably not the only contrib-
uting factor.

As emphasized in this paper, as well as in previous
work, the general focus today regarding air pollution and
health is, to a large extent, on PM. Much attention in
the ongoing work within this field is therefore given to
the emission characteristics and possible links between,
for example, particle properties and different adverse
health effects. However, the amount of data concerning
detailed physical and chemical characterizations of the
particle emissions from different combustion technolo-
gies is still limited. In addition, any specific particle
property or component responsible for the toxicologic
effects have not yet been identified, but the importance
of particle properties other than mass concentration, like
chemical composition, particle size, and number con-
centration, has been emphasized (59, 60).

 In this study we have focused on residential wood
combustion in modern society. A limited number of rel-
evant studies has been performed in which residential
wood combustion has been identified as a major source
of air pollution. Significant information was only found
for a relationship between acute asthma and PM10 ex-
posure, and the associations between PM exposure in
areas polluted by wood smoke seem at least not to be
weaker than elsewhere. The results, although associat-
ed with significant uncertainties, indicate higher risk
estimations (RR) for areas polluted by wood smoke, es-
pecially for children. This finding also agrees with to-
day’s general consensus that exposure to wood smoke,
even in ambient concentrations, is associated with ad-
verse respiratory effects. Globally, the topic of residen-
tial biomass combustion is also of major concern in
developing countries, both from a global warming and
human health perspective. To facilitate a significant in-
creased future use of biomasses as an energy source, it
is therefore important to evaluate the total impact on the
environment and human health from the use of differ-
ent fuels and combustion techniques.
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