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Abstract: In experimental settings, replacing old wood stoves with new wood stoves results in
reduced personal exposure to household air pollution. We tested this assumption by measuring
PMj, 5 and levoglucosan concentrations inside homes and correlated them with wood stove age.
Methods: Thirty homes in the Albuquerque, NM area were monitored over a seven-day period
using in-home particulate monitors placed in a common living area during the winter months.
Real-time aerosol monitoring was performed, and filter samples were analyzed gravimetrically to
calculate PM; 5 concentrations and chemically to determine concentrations of levoglucosan. A linear
regression model with backward stepwise elimination was performed to determine the factors that
would predict household air pollution measures. Results: In this sample, 73.3% of the households
used wood as their primary source of heating, and 60% burned daily or almost daily. The mean burn
time over the test week was 50 =+ 38 h, and only one household burned wood 24/day (168 h). The
average PMj 5 concentration (standard deviation) for the 30 homes during the seven-day period was
34.6 ug/m3 (41.3 ug/m3), and median (min, max) values were 15.5 ug/m3 (7.3 ug/m3, 193 ug/m3).
Average PM; 5 concentrations in 30 homes ranged from 0-15 pg/ m? to >100 ug/ m3. Maximum
PM; 5 concentrations ranged from 100-200 1g/m3 to >3000 pg/m?3. The levoglucosan levels showed
a linear correlation with the total PM, 5 collected by the filters (R% = 0.92). However, neither mean
nor peak PM, 5 nor levoglucosan levels were correlated with the age (10.85 £ 8.54 years) of the wood
stove (R? < 0.07, p > 0.23). The final adjusted linear regression model showed that average PM, 5 was
associated with reports of cleaning the flue with a beta estimate of 35.56 (3.47-67.65) and R? = 0.16
(p = 0.04). Discussion: Cleaning the flue and not the wood stove age was associated with household
air pollution indices. Education on wood stove maintenance and safe burning practices may be more
important in reducing household air pollution than the purchase of new stoves.

Keywords: wood stove; wood smoke; household air pollution; stove age; particulate matter;
stove maintenance

1. Introduction

Exposure to wood smoke (WS) is increasing not only in low-income countries but
also in America, Canada, Europe, the Taigas in Canada, Alaska, and Siberia [1]. Climate
change and other factors contribute to the rise in prevalence of wildfire events [2], causing
populations in large areas being exposed to outdoor air pollution and toxic particulate
matter (PM). In addition, household air pollution is a major concern [3,4] because approxi-
mately one-third of the world’s population, comprising over 2.4 billion people, still uses
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solid fuels, such as wood, coal, or biomass (vegetable remains and dung), for cooking and
heating their homes [5,6]. During the winter months, 30% of ambient fine particles (PM, 5)
mass stems from wood burning used for heating and cooking in some areas of the United
States (US) [7]. More recently, exposure to household air pollution has increased during the
COVID-19 pandemic as people were confined to their homes for longer periods [8].

According to the guidelines published by the World Health Organization (WHO) in
September 2021, the levels of 24 h mean particulate matter (PM) concentration is 45 ug/m?3
for PMjp and 15 ug/ m? for PM, 5 [9]. However, indoor PM; 5 concentrations in the US often
exceed health-based air quality standards, especially in homes that use stoves for cooking
or heating. In Montana, mean indoor PM, 5 concentrations of 45 pug/m? and 51 pg/m?
were reported in homes with wood stoves [10,11], exceeding the WHO 24 h standard for
PM;5 of 15 pg/ m?3. However, in addition to PM, levoglucosan content is a large fraction of
the emitted fine particles from wood burning [12]. Levoglucosan is a product of pyrolysis
generated during the combustion of wood and a major constituent of PM; 5, and, therefore,
it has been proposed as a tracer of WS [12].

An estimated 3.8 million premature deaths are caused each year from illnesses at-
tributable to household air pollution due to heating or cooking with inefficient stoves
using either solid fuel or kerosene [5]. Exposure to household pollutants is particularly
high among women and young children, and this contributes to many deaths in children
under 5 years of age. These deaths are primarily due to acute lower respiratory infections
such as pneumonia and in adult women due to chronic obstructive pulmonary disease
(COPD) [13,14]. However, even exposure to low levels of WS PM can cause oxidative
stress in lung cells and elicit airway inflammation. Thus, exposure to WS can be a major
cause of respiratory illness in all susceptible individuals [15] and has been implicated in
respiratory illness, including COPD exacerbations [16], lower respiratory infections [17],
and cough and wheezing [18,19]. Epidemiological studies suggest that WS exposure may
cause an increased risk of infection and reduced lung function [20-22]. Several controlled
exposure studies also demonstrated a clear association between exposure to WS particu-
lates and respiratory dysfunction [23,24]. A 25 ng/ m? increase in 6-d mean indoor PM, 5
concentrations was associated with the presence of lower respiratory tract infection in
children [25]. Exposure to WS affects not only the respiratory system but also increases
the risk for cancer (lung, head and neck, cervical), interstitial lung disease, cardiovascular
diseases, hypertension, low birth weight, and reduces growth rate of children [26,27].

Over 90% of the total PM from biomass burning is smaller than 2.5 um, which can
enter the alveolar region and pass into circulation [28,29]. Because wood stoves are major
sources of household air pollution, several intervention strategies have been implemented
to reduce indoor PM; 5. Open fires generate high concentrations of WS particulate matter
of 2000-30,000 ng/m3, and the use of improved wood stoves reduces exposures to the
1000-5000 j1g/m3 range [11]. Modern technologies in biomass combustion, such as auto-
matic small-scale wood pellet appliances and larger domestic heating plants, are commonly
more efficient and emit much lower levels of PM [30]. Changeout programs of older wood
stove models with new EPA-certified wood stoves in Libby, Montana, showed a >70%
reduction in indoor PM; 5 concentrations [10,31]. These studies determined a drop of basal
mean values from 51.2 to 15 pg/ m3 PM, 5 after the changeout of stoves [10]. The follow-up
study showed that the mean PM, 5 level of 45.0 nug/ m? before changeout was reduced
to 21.0 pg/m3 over the following three winters. However, over subsequent winters, the
average concentrations across homes varied, and several homes actually showed increased
concentrations [11]. Despite the overall reduction in indoor pollutants, the study suggested
that not only the introduction of a new wood stove but other factors contribute to the
level of pollutants. Recently, the same research group proposed that a lack of cleaning
of chimneys may also contribute to indoor pollution [32]. Therefore, simply replacing
old woodstoves with newer improved ones may not have a long-term benefit of reducing
exposure to WS PM; 5.
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Additional studies are necessary to determine whether newer wood stoves reduce
household air pollution [33]. Confirmatory studies should not only have accurate measure-
ments of PM emission from wood stoves but also consider including chemical markers
that define the source of pollutants. Therefore, the main objective of the present study was
to document the age of wood stoves, in addition to important factors, such as stove mainte-
nance and frequency of cleaning the flue, as these variables were not included in earlier
studies. Further, earlier investigations did not consider the possibility that other indoor
pollutants, such as PM, 5, generated from cigarette smoking can affect indoor air quality.
The present study measured the wood pyrolysis product levoglucosan to confirm that
the PM; 5 stems from wood burning specifically. Therefore, by including both PM; 5 and
levoglucosan, the present study was designed to elucidate whether the age of wood stoves
is a key determinant of reducing household air pollution in “real-life settings” or whether
other factors, such as flue cleaning, affect indoor air pollutant levels.

2. Materials and Methods
2.1. Study Population

The sample for this investigation was drawn from those currently enrolled in the
Lovelace Smokers Cohort (LSC), who reported yes to the question, “have you been exposed
to WS over the last year”. Further details of the LSC have been described previously [34-36].
Most LSC participants were recruited through newspaper or television advertisements, and
ongoing recruitment continues using these methods in Albuquerque, an urban, diverse,
high-altitude Southwestern community.

2.2. Study Design

This analysis was part of a larger study that tested the development of a self-report
questionnaire concerning exposure to household WS. Exposure to WSwas self-reported in
response to a question administered at study entry as part of the general health survey. The
question “Have you ever been exposed to WS for 12 months or longer” provided no addi-
tional details about the type, intensity, and duration of WS exposure. The original research
design was a cross-sectional sample, monitoring the particulate matter and levoglucosan
concentrations over seven days in 30 homes. The homes (1 = 30) were selected from those
originally contacted by a study coordinator and those contacted by word of mouth. All
individuals were enrolled during the heating season when wood stoves were active in the
home to obtain real-world experience. This analysis reports on these 30 homes’ internal
environment exposures.

Demographic information such as age, gender, ethnicity, race, smoking history, and
history of respiratory disease was obtained using the American Thoracic Society (ATS)-
DLD-78 questionnaire, with some questions added about in-home exposures to smoking.
Demographic information concerning wood stove maintenance and burning details were
also asked, including what type of fuel was burned and cleaning of the flue and stove. The
thirty homes were monitored over the seven-day period using in-home particulate monitors
placed in a common living area during the winter months of 2013-2014. The Teflon filter
was conditioned a minimum of 24 h prior to and after sample collection at 25 °C and 40%
relative humidity. Filter samples were collected with a Personal Environmental Monitor
that had a 2.5-micron size selective inlet (PEM, Model 200, PEM-10-2.5, MSP Corporation,
Shoreview, MN, USA) (Figure S1). Real-time aerosol monitoring was performed by using
a DustTrak Aerosol Monitor (Model 8520, TSI, Inc., Shoreview, MN, USA). The aerosol
sample enters through a multi-nozzle, single-stage impactor to remove particles with an
aerodynamic diameter (AD) larger than 2.5-pm in diameter. Particles smaller than the
impactor cut-point were collected on a 37 mm diameter filter. Two different types of filters
were used during this study. For the first 12 deployments, PTFE Zefluor filters, pore size,
3.0-um (Part No. 60230, Pall Life Sciences, Ann Arbor, MI, USA) were used. However, it
was observed that due to heavy particulate loading in some residences and a long sampling
time (1 week), the pressure dropped across the filters and reduced the sampling flow rate
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or caused the failure of the pump. Due to this consequence, Zefluor filters were replaced
with PallFlex Membrane Filters (Type: Fiberfilm T60A20, Pall Life Sciences, Ann Arbor,
M1, USA) for the remaining household deployments. With this change, no drops in the
sampling flow rate were observed despite the high loading of the filters.

2.3. In-Home Particulate Samples and Analysis

PMj; 5 Filter Sampling System: Dust Track was set up in the room with the wood stoves,
and PM was measured. The measurement of PM in Dust Track identified WS as the major
constituent of the filter particulate loading. The PM; 5 filter sampling system consisted of
two major parts: the PEM and the Leland Legacy Air Sampling Pump. The PEM (Model
200, PEM-10-2.5, MSP Corporation, Shoreview, MN, USA) is a lightweight personal sampler
for collecting airborne particles in the PM;y and PM; 5 size range with a cut-point of 2.5 pm
AD, as used in this study (Figure 52). The flow rate through the sample was maintained
at 10 & 1 L/min to maintain a 2.5 um cut-point. The Leland Legacy Air Sampling Pump
(SKC, Inc., Eighty-Four, PA, USA) was used to provide the required sampling flow rate
through the PEM. The PEM sampler was installed on a vertical rod about 4-5 ft. from the
ground (typical breathing zone while sitting), with the inlet holes aligned parallel with the
floor to avoid gravitational settling. Additional detail on the sampling system can be found
in the Supplementary Materials.

Sampling Deployment Procedure: Pre-deployment began with the Personal Environ-
mental Monitor (PEM) being prepared by cleaning the impaction surface, and a thin film of
grease was applied to the impaction surface to minimize particle bounce and re-entrainment.
The filter was weighed using a microbalance (Model MX5, Mettler Toledo, Columbus, OH,
USA) and installed in the PEM. Then, the PEM was connected to the sampling pump, and
the sampling flow rate was adjusted to achieve a 10 £ 1 L/min flow rate. The flow rate
was measured by installing a TSI flow meter (Model: 4100, TSI, Inc., Shoreview, MN, USA)
between the sampling pump and the PEM. Pickup and post-deployment began with both
samplers (DustTrak and PEM) being stopped with the final flow rate, and the pressure
drop across the PEM sampler was measured and recorded similarly to pre-deployment.
The filter was weighed and stored in a —80 °C freezer until levoglucosan analysis could be
performed. Additional detail on the sampling deployment procedure is described in the
Supplementary Figure S2.

Chemical Analysis: Levoglucosan (1, 6-anhydro-b-D-glucopyranose), a cellulose com-
bustion product, is a tracer species for WS, mainly because of its high resistance to degrada-
tion. Levoglucosan levels were determined in the collected PM to determine whether the PM
was primarily from wood burning, as 23% of the study participants were also current cigarette
smokers. The amount of levoglucosan analysis of the filter extraction solution was determined
by GC-MS. The analysis was performed by Desert Research Institute, Reno, Nevada, USA,
using the following analytical method. Details of the chemical analyses are described
in Supplementary Materials. Due to storage and chemical analysis failure, levoglucosan
values were obtained in only 23 of 30 homes. Data were reported in ng/m? units.

Statistical Analysis: Summary demographic statistics for continuous variables con-
sisted of means and standard deviation (5.D.), and categorical variables are presented as
proportions. We conducted Pearson’s correlations to examine associations of the woodstove
age with the average of PM; 5, peak value of PMj; 5, or levoglucosan levels of in-home par-
ticulate measures (n = 30) and whether or not the stove was maintained regularly (yes/no)
or the flue cleaned (yes/no). Based on our hypothesis of associations with the subject’s
proximity to the stove (based on three questions: (a) Over the past week, when wood was
burning in the stove/fireplace, there was some smoke in the room? (b) When wood is
burning, how close to the stove/fireplace are you? (c) Usually, when wood was burning in
the stove/fireplace, I was in the same room?), stove age, number of cigarettes smoked per
day, cleaning the flue, cleaning the stove, income, and education, we performed a linear
regression model with backward stepwise elimination to determine the factors that would
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predict household air pollution measures. All analyses were conducted using SAS version
9.4 (Cary, NC, USA).

3. Results
3.1. Demographic Characteristics of Subjects and the Homes

The mean age of the study participants was almost 60 years, 43% were male, and
about half were Hispanic (Table 1). Approximately a quarter (23%) were current smokers,
and two-thirds (66.7%) of the individuals reported some chronic conditions (Table 1).
The majority of the study participants reported living in a home with 5 rooms and 1-2
individuals residing in the home. The stove was reported to be serviced in the last year in
65.5% of the households, with the flue being cleaned in over half of the sample within the
past year. Only 30% reported using a humidifier, and only one household used an air filter
in their home.

Table 1. Characteristics of the study participants in 30 homes studied.

Variable Mean/Number Percentage/SD

Age (<46 years) 3 10.0%

Gender Male 13 43.3%

Hispanic 14 46.7%

Reported Chronic Illness 20 66.7%

Currently Smoking 7 23.3%

Education (>high school) 27 90.0%

Annual Household Income (expense less than income) 3 10.0%
Number of individuals in the home 2.29 0.87
Number of rooms in the home 4.87 0.51

Stove maintained in last year (%Yes) 19 65.5%

Flue cleaned in the last year (%Yes) 16 53.3%
Used a humidifier (% Yes) 9 30%
Used an air filter (%Yes) 1 3.3%

Among the 30 households in this study, 73.3% used wood as their primary source of
heating, and 60% burned wood daily or almost daily. The mean burn time over the test
week was 50 =+ 38 h, with only one home burning 24 h a day (Figure 1A). On average, the
measured PM; 5 ranged between 0-15 ng/ m? and >100 ug/ m3 (Figure 1B). Over the 6 days,
the average PM, 5 was >100 pg/m? in only 1 home, 15 homes (50% of the sample) showed
0-15, 6 homes (20%) measured 15-35 pg/ m3, and in 8 homes, PM, 5 ranged between 35 and
100 pg/m? (Figure 1B). Interestingly, the peak measurements ranged from 100-200 pg/m?
to >3000 pg/m? in four homes (Figure 2).

B
Total number of hours wood was burned over seven days 20+
w
g 15-
o
=
S 10
12hrs/Da =
/ Day 8
E 5 | I—] H
Mean =
H |_| 0 |
- I
|_| 1 mmll-mAL @ |LIA0 & & 6;»@ >
2 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 ) 2
Subjects Average PM,, pg/m

Figure 1. Total number of hours of wood burning in 30 homes. Total wood-burning time over the
7 days was calculated, and the mean wood-burning time over the test week was 50 £ 38 h with only
one home burring 24 h a day (A). Average PM, 5 frequency in different homes. Particulate mass
was collected on filter, and total PM; 5 emission was recorded over the test week from the 30 homes.
Average PM; 5 range was >100 pg/ m? in 1 home, 0-15 pg/m3 in 15 homes, 15-35 pg/ m?3 in 6 homes,
and 35-100 pg/ m? in 8 homes (B).
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Figure 2. PM,; 5 concentration in DustTrack from 30 homes. A DustTrak Aerosol Monitor was used to
monitor real time aerosol. Mean PM; 5 ranged from 100-200 pg/ m? to >3000 ug/ m? in the 30 homes.

3.2. WS Was the Cause of the Measured PM

There was a linear relationship (R? = 0.83) between PM; 5 in the filter measurement
concentration and DustTrak average concentration reading. Levoglucosan collected by
filters showed a positive linear relationship with (R? = 0.92, p < 0.01) the particulate mass
collected on the filter (Figure 3).

5x10° -
 4x10°-
S 3x10°-
S
= 2x105-
3 1x10°-
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0

0g

0 5 10 15 20
Filter Mass (mg)

Figure 3. Linear association between levoglucosan and filter mass. Levoglucosan was extracted
from the filter, and the amount of levoglucosan was determined by GC-MS analysis from the filter
extraction solution. The level of levoglucosan was associated with filter mass, R? =0.92, p =<0.01.
3.3. Age of Wood Stoves Was Not Associated with the PM and Levoglucosan

The result was shown as Figure 4.

A Peak PM, B Mean PM, . C Levoglucosan
15,000 600 300
L 0 L)
£10,000 | ¢ E 400 E 2001
P . + » . ) *
= 5000 200 = 100
. .o ® N
0 0 * 0 . 0
0 10 20 30 40 1 20 30 40 0 10 20 30 40
Stove Age Stove Age Stove Age

Figure 4. Age of the wood stoves was not correlated with PM; 5 or levoglucosan. Neither Peak (A)
nor mean (B) of PM, 5 emission was associated with the age of the wood stoves. Similarly, the level
of levoglucosan was not associated with the age of the stoves (C).
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3.4. The Age of Wood Stoves Did Not Play a Role in PM, 5 or Levoglucosan Levels

The age of wood stoves was not correlated with either PM; 5 or levoglucosan (Figure 4).
Over the seven-day measurement period, peak PM;5 emission (R? = 0.01, p = 0.555)
(Figure 4A) or mean PM; 5 values (R% = 0.00, p = 0.893) (Figure 4B) were not associated
with the age of the stoves. Similarly, the mean concentration of the levoglucosan (R? = 0.07,
p = 0.230) was not associated with the age of the wood stoves (Figure 4C).

3.5. Cleaning of Wood Stoves Was Associated with PM; 5 Emission

Using a univariate linear regression model, we identified that only the variable “flue
cleaning” was associated with PM emission (Table 2). When using the full model that
includes all variables in multivariate linear regression, we did not find an association of any
of the co-variates with PM (Table 3). After backward selection, only stove flue was left in
the model, so the final model is the same as the result from the univariable table. The linear
regression model showed that the average PM; 5 was associated with reports of cleaning
the flue with a beta estimate for stove flume of 35.56 (3.47-67.65) and R? = 0.16 (p=0.03).

Table 2. Univariate linear regression.

Variable Beta-Est. 95% CI p-Value

Income 8.416 —8.7-25.6 0.35
Education 0.8414 —27.6-29.2 0.95
Stove_Clean 9.3082 —27.5-446.1 0.62
Stove_flue 35.5638 3.1-68.0 0.04
Cig.per.Day —0.6049 —3.9-2.6 0.72
Proximity 0.6271 —15.5-16.8 0.94
Stove Age —0.2954 —24-1.8 0.78

Table 3. Multivariate linear regression.

Est. 95% CI p-Value

Intercept 11.22 —196.1-173.7 091
Income 7.02 —-17.1-31.2 0.58
Education 4.15 —35.9-44.3 0.84

Stove_Clean 2.7 —39.8-45.2 0.9
Stove_flue 32.84 —9.3-75.0 0.15
Cig.per.Day 0.44 —3.6-4.5 0.83
Proximity —0.47 —17.7-16.8- 0.577
Stove Age 0.02 —22-23 0.987

4. Discussion

The current study identified that the age of wood stoves is not correlated with PM
emission, but it is rather the maintenance and cleaning of the flue that is correlated with
household air pollution due to wood stoves. Furthermore, the PM; 5 emission level was
positively associated with the level of levoglucosan. In the current study, the level of indoor
PM, 5 was significantly higher than the WHO’s recommended levels, suggesting that people
who use wood stoves are exposed to high levels of WS, even in high-income countries. Our
findings are similar to the levels of indoor PM; 5 in homes with wood stoves that were
measured in earlier studies [10,11,31,37,38]. Over 24 h, PM; 5 concentrations ranged from
24 to 60 pg/m?3, whereas sampling over a 2 h cooking period exceeded 1000 pg/m?3 [38].
The peak levels of PM emission are expected to be high during the cooking or heating
periods. In another study, the measured PM; 5 levels were higher (1910 to 6030 ug/ m3)
than in our study when the measurements were taken during the cooking period [39].
However, these high concentrations in PM emissions may be the result of the types of
stoves used. Mean PM 5 levels of 5310 pg/m3 and maximum PMj 5 levels of 13,800 jig/m?
were measured in the homes that used open fire and in some homes with Plancha or Lorena
wood stoves. However, all the homes in our study used stoves with chimneys, and the
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PM; 5 was measured over the 7-day period. The peak value of PM; 5 in our study exceeded
3000 pg/m?3 during the cooking and heating period in four homes (>10% of homes studied).
These levels of PM; 5 concentrations are usually thought to be present only in low-income
countries [40].

Changing older wood stoves with newer EPA-certified wood stoves was widely en-
couraged to help reduce household air pollution [10,31,37,41]. The wood stove changeout
program in Libby reduced indoor PM; 5 concentrations by >70%, but the first study did not
provide any information on the sustainability of the effect. The follow-up study conducted
multiple samplings over subsequent winters and found large variability in the average
PMj; 5 levels across the homes: several homes had higher concentrations than the concen-
tration pre-changeout [11]. In the original study [10], only one measurement was taken
following the changeout. Although multiple samplings from 21 homes in the follow-up
study suggested, on average, a 53% reduction in PMj; 5 in 16 homes, 7 homes demonstrated
no reduction post-changeout. Interestingly, samplings from seven of the homes exhibited
even higher levels of PM; 5 than pre-changeout [10]. Another study revealed [41] that the
wood stove changeout program reduced phenolics and PAH compounds on average by
64%, while the mass of PM; 5 was reduced by only 20%. However, in that study, EPA-
certified stoves were installed with efficient burning woods. The efficient combustion of
wood in modern, certified stoves may also contribute to lowering PM emissions. Wood with
higher moisture content produces a higher quantity of PM compared to dry wood [42,43].
High moisture content causes incomplete wood combustion resulting in high emission of
PM. Therefore, indoor WS levels are likely determined by the type of wood used, moisture
content, the combustion appliances, as well as the combustion phase, which affects PM
generation [44—46]. These studies determined that types of wood and airflow play a role
in the amount and different types of PM, including the generation of pyrolysis products.
Studies with more controlled burning conditions are needed to determine the contribution
of these factors to PM generation by wood burning.

Next, we measured levoglucosan, which forms from the pyrolysis of starch and cellulose
of wood. Hydrolysis or biodegradation, even the combustion of fossil fuel, does not produce
levoglucosan. Cellulose combustion generates levoglucosan, which is considered a tracer
for biomass burning [47-50]. Depending on the air supply, the relative range of levoglu-
cosan to total particle emission from wood burning was reported to be 3-17%. Although,
as a fine particle, levoglucosan constitutes a large fraction of total emitted particles from
wood burning. Studies with levoglucosan measurements as a marker of wood smoke from
wood stoves are sparse. The measurements of levoglucosan in our study were carried out
over 7 days, and levoglucosan is stable over 10 days [51]. The levoglucosan level detected
in the homes of the current study was similar to the levels previously reported (mean
300 ng/ m?) in a different study [52]. The PMj; 5 level was associated with levoglucosan,
but no association was found between levoglucosan and the age of the stoves, which is in
line with the finding on the association between PM; 5 and the age of the stoves. However,
reports of cleaning the flue were able to explain 16% of the variance in the PM; 5 level [32].
In addition to best burning practices, operating and maintenance, including flue cleaning,
may have a significant influence on the emission of PM. A previous study [32] showed
higher PM, 5 in the homes that reported cleaning their chimney more than 12 months
before the sampling period compared to those that cleaned chimneys within 6 months
of the sampling period. Regular cleaning of the flue is crucial to reduce indoor PM emis-
sions, as the ashes can accumulate and clog the passage of the WS outdoors. Further, air
intake vents can improve wood-burning efficiency [47]. Cleaning of the flue may increase
wood-burning efficiency by air intakes and generate less PM, thus reducing PM emissions.
To reduce indoor household pollution, education on wood stove maintenance and safe
burning practices are more important than replacing old stoves with new stoves.

The limitations of this study include the relatively small number of homes studied,
and extensive characterization of the WS in all 30 homes could provide detailed information
on exposures experienced by all study participants. Future studies should inquire about
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the experience and skill of the individual who operates and maintains the wood stove and
include homes without wood stoves for comparison. Furthermore, determining the effect
of different types of wood in smoke generation and identifying the wood type that may be
less likely to clog the flue would be the most efficient path to reduce indoor PM emissions.
Although all the homes were in the same area, the effect of ambient air pollution on the indoor
air should be considered. Further, 23% of the household participants currently smoked, and
although smoking did not seem to be a factor associated with PM, it is possible that it could
have affected the measurement. The strengths of our studies are the positive association of
PMj; 5 with levoglucosan levels, confirming that the PM indeed represents WS.

5. Comparative Section

In line with earlier studies (45-58), our study further determined that levoglucosan is a
useful wood-burning marker to study indoor air pollution in connection with WS. Further-
more, the homes included in this study were selected at random, but all the homes were
with similar architecture and ventilation, and the type of wood stoves are representative of
the stoves used in the area. Indoor air pollution varies in different geographical regions
or areas. We are not aware of an earlier study that was conducted in New Mexico that
investigated the age of wood stoves and household air pollution.

6. Conclusions and Future Perspectives

Although changeout with EPA-certified woodstoves was suggested as a strategy to
minimize exposure to PM, 5, our study suggests that the age of wood stoves is not associated
with the level of indoor PM but rather with flue cleaning. In addition, better characterization
of PM; 5 is recommended to ensure the origin is warranted. Additionally, further studies
with bigger sample sizes are needed to elucidate whether moisture content in the wood and
cleaning the flue improve indoor air quality. Installation of proper stoves, operation follow-
ing best burning practices with proper wood selection with maintenance, and regularly
cleaning flue may reduce the level of PM emissions from wood stoves. Whether smoke
from different types of wood or moisture content may result in the rapid clogging of the
flue should also be investigated. Finally, whether flue cleaning will reduce household air
pollution to an extent that translates into health benefits will need further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics10100615/s1, Figure S1: PEM-10-2.5 in disassembled form.
Multiple jets of single stage impactor can be seen on the red inlet part. The impaction surface on the
left shows collected particles greater than 2.5-um. The center part shows the filter (mostly black with
a white boundary).; Figure S2: PEM installed on a rod attached to an electric cooler enclosure

Author Contributions: Data acquisition was by PM.M., A.S., H.I,, .M. and Y.T.; data analysis by
PMM., HP, AS. and Y.T.; manuscript writing by M.R.,, PM.M., A.S., J M., HI. and Y.T.; detailed
review of final version by M.R., H.P, H.I,, A.S.,, PM.M. and Y.T.; formal analysis by C.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by NIH R15 HL115544 and RO1 HL140839 and RO1 HL068111.

Institutional Review Board Statement: All procedures performed for the study were in accordance
with the approval of the Ethical Review Authority.

Informed Consent Statement: All the subjects gave informed consent for the study.
Data Availability Statement: Not applicable.
Acknowledgments: We thank Elise Bennett for preparing the figures.

Conflicts of Interest: The authors do not have conflict to report.


https://www.mdpi.com/article/10.3390/toxics10100615/s1
https://www.mdpi.com/article/10.3390/toxics10100615/s1

Toxics 2022, 10, 615 10 of 12

References

1. Kang, J-H.; Hwang, H; Lee, S.-].; Choi, S.-D.; Kim, ].-S.; Hong, S.; Hur, S.D.; Baek, J.-H. Record of North American boreal forest
fires in northwest Greenland snow. Chemosphere 2021, 276, 130187. [CrossRef] [PubMed]

2. Black, C,; Tesfaigzi, Y.; Bassein, ].A.; Miller, L.A. Wildfire smoke exposure and human health: Significant gaps in research for a
growing public health issue. Environ. Toxicol. Pharmacol. 2017, 55, 186-195. [CrossRef] [PubMed]

3. Leung, D.Y.C. Outdoor-indoor air pollution in urban environment: Challenges and opportunity. Front. Environ. Sci. 2015, 2, 69.
[CrossRef]

4. Copiello, S.; Grillenzoni, C. The spread of 2019-nCoV in China was primarily driven by population density. Comment on
“Association between short-term exposure to air pollution and COVID-19 infection: Evidence from China” by Zhu et al. Sci. Total
Environ. 2020, 744, 141028. [CrossRef]

5. World Health Organization. Household Air Pollution and Health. Available online: https://www.who.int/news-room/fact-
sheets/detail /household-air-pollution-and-health (accessed on 27 July 2022).

6. Perrone, M.G; Larsen, B.R.; Ferrero, L.; Sangiorgi, G.; De Gennaro, G.; Udisti, R.; Zangrando, R.; Gambaro, A.; Bolzacchini, E.
Sources of high PM2.5 concentrations in Milan, Northern Italy: Molecular marker data and CMB modelling. Sci. Total Environ.
2012, 414, 343-355. [CrossRef]

7. Fullerton, D.G,; Bruce, N.; Gordon, S. Indoor air pollution from biomass fuel smoke is a major health concern in the developing
world. Trans. R. Soc. Trop. Med. Hyg. 2008, 102, 843-851. [CrossRef]

8.  Zhang, Y,; Zhao, B.; Jiang, Y.; Xing, J.; Sahu, S.K.; Zheng, H.; Ding, D.; Cao, S.; Han, L.; Yan, C.; et al. Non-negligible contributions
to human health from increased household air pollution exposure during the COVID-19 lockdown in China. Environ. Int. 2022,
158,106918. [CrossRef]

9.  Kan, H. World Health Organization air quality guidelines 2021: Implication for air pollution control and climate goal in China.
Chin. Med. J. 2022, 135, 513-515. [CrossRef]

10. Ward, T.; Palmer, C.; Bergauff, M.; Hooper, K.; Noonan, C. Results of a residential indoor PM; 5 sampling program before and
after a woodstove changeout. Indoor Air 2008, 18, 408—415. [CrossRef]

11.  Noonan, C.W.; Navidi, W.; Sheppard, L.; Palmer, C.P.; Bergauff, M.; Hooper, K.; Ward, T.]. Residential indoor PM; 5 in wood stove
homes: Follow-up of the Libby changeout program. Indoor Air 2012, 22, 492-500. [CrossRef]

12. Hedberg, E.; Johansson, C.; Johansson, L.; Swietlicki, E.; Brorstrom-Lundén, E. Is Levoglucosan a Suitable Quantitative Tracer for
Wood Burning? Comparison with Receptor Modeling on Trace Elements in Lycksele, Sweden. J. Air Waste Manag. Assoc. 2006, 56,
1669-1678. [CrossRef]

13. Balmes, J.R. When Smoke Gets in Your Lungs. Proc. Am. Thorac. Soc. 2010, 7, 98-101. [CrossRef]

14. Gordon, S.B.; Bruce, N.G; Grigg, J.; Hibberd, P.L.; Kurmi, O.P; Lam, K.B.H.; Mortimer, K.; Asante, K.P,; Balakrishnan, K.; Balmes,
J.; et al. Respiratory risks from household air pollution in low and middle income countries. Lancet Respir. Med. 2014, 2, 823-860.
[CrossRef]

15. Camp, P.G.; Ramirez-Venegas, A.; Sansores, R.H.; Alva, L.F.; McDougall, ].E.; Sin, D.D.; Paré, P.D.; Miiller, N.L; Silva, C.I.S.; Rojas,
C.E.; et al. COPD phenotypes in biomass smoke- versus tobacco smoke-exposed Mexican women. Eur. Respir. ]. 2014, 43, 725-734.
[CrossRef]

16.  Viniol, C.; Vogelmeier, C.F. Exacerbations of COPD. Eur. Respir. Rev. 2018, 27, 170103. [CrossRef]

17.  Ezzati, M.; Kammen, D.M. Quantifying the effects of exposure to indoor air pollution from biomass combustion on acute
respiratory infections in developing countries. Environ. Health Perspect. 2001, 109, 481-488. [CrossRef]

18.  Honicky, R.E.; Osborne, |.S., 3rd; Akpom, C.A. Symptoms of Respiratory Illness in Young Children and the Use of Wood-Burning
Stoves for Indoor Heating. Pediatrics 1985, 75, 587-593. [CrossRef]

19. Koenig, ].Q.; Larson, T.V.; Hanley, Q.; Rebolledo, V.; Dumler, K.; Checkoway, H.; Wang, S.Z.; Lin, D.Y.; Pierson, W.E. Pulmonary
Function Changes in Children Associated with Fine Particulate Matter. Environ. Res. 1993, 63, 26-38. [CrossRef]

20. Reed, M.D.; Campen, M.].; Gigliotti, A.P; Harrod, K.S.; McDonald, ].D.; Seagrave, J.C.; Mauderly, J.L.; Seilkop, S.K. Health Effects
of Subchronic Exposure to Environmental Levels of Hardwood Smoke. Inhal. Toxicol. 2006, 18, 523-539. [CrossRef]

21. Ghio, A.].; Soukup, ].M.; Case, M,; Dailey, L.A.; Richards, J.; Berntsen, J.; Devlin, R.B.; Stone, S.; Rappold, A. Exposure to wood
smoke particles produces inflammation in healthy volunteers. Occup. Environ. Med. 2011, 69, 170-175. [CrossRef]

22.  Kurmi, O.P; Semple, S.; Simkhada, P.; Smith, W.C.S.; Ayres, ].G. COPD and chronic bronchitis risk of indoor air pollution from
solid fuel: A systematic review and meta-analysis. Thorax 2010, 65, 221-228. [CrossRef]

23. Sillsten, G.; Gustafson, P.; Johansson, L.; Johannesson, S.; Molnar, P; Strandberg, B.; Tullin, C.; Barregard, L. Experimental Wood
Smoke Exposure in Humans. Inhal. Toxicol. 2006, 18, 855-864. [CrossRef]

24. Barregard, L.; Sdllsten, G.; Gustafson, P.; Andersson, L.; Johansson, L.; Basu, S.; Stigendal, L. Experimental Exposure to Wood-
Smoke Particles in Healthy Humans: Effects on Markers of Inflammation, Coagulation, and Lipid Peroxidation. Inhal. Toxicol.
2006, 18, 845-853. [CrossRef]

25. Walker, E.S.; Semmens, E.O.; Belcourt, A.; Boyer, B.B.; Erdei, E.; Graham, ]J.; Hopkins, S.E.; Lewis, J.L.; Smith, P.G.; Ware, D.;

et al. Efficacy of Air Filtration and Education Interventions on Indoor Fine Particulate Matter and Child Lower Respiratory Tract
Infections among Rural U.S. Homes Heated with Wood Stoves: Results from the KidsAIR Randomized Trial. Environ. Health
Perspect. 2022, 130, 47002. [CrossRef]


http://doi.org/10.1016/j.chemosphere.2021.130187
http://www.ncbi.nlm.nih.gov/pubmed/33740646
http://doi.org/10.1016/j.etap.2017.08.022
http://www.ncbi.nlm.nih.gov/pubmed/28892756
http://doi.org/10.3389/fenvs.2014.00069
http://doi.org/10.1016/j.scitotenv.2020.141028
https://www.who.int/news-room/fact-sheets/detail/household-air-pollution-and-health
https://www.who.int/news-room/fact-sheets/detail/household-air-pollution-and-health
http://doi.org/10.1016/j.scitotenv.2011.11.026
http://doi.org/10.1016/j.trstmh.2008.05.028
http://doi.org/10.1016/j.envint.2021.106918
http://doi.org/10.1097/CM9.0000000000002014
http://doi.org/10.1111/j.1600-0668.2008.00541.x
http://doi.org/10.1111/j.1600-0668.2012.00789.x
http://doi.org/10.1080/10473289.2006.10464572
http://doi.org/10.1513/pats.200907-081RM
http://doi.org/10.1016/S2213-2600(14)70168-7
http://doi.org/10.1183/09031936.00206112
http://doi.org/10.1183/16000617.0103-2017
http://doi.org/10.1289/ehp.01109481
http://doi.org/10.1542/peds.75.3.587
http://doi.org/10.1006/enrs.1993.1123
http://doi.org/10.1080/08958370600685707
http://doi.org/10.1136/oem.2011.065276
http://doi.org/10.1136/thx.2009.124644
http://doi.org/10.1080/08958370600822391
http://doi.org/10.1080/08958370600685798
http://doi.org/10.1289/EHP9932

Toxics 2022, 10, 615 11 of 12

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Steenland, K,; Pillarisetti, A.; Kirby, M.; Peel, J.; Clark, M.; Checkley, W.; Chang, H.H.; Clasen, T. Modeling the potential health
benefits of lower household air pollution after a hypothetical liquified petroleum gas (LPG) cookstove intervention. Environ. Int.
2018, 111, 71-79. [CrossRef]

Sood, A.; Petersen, H.; Blanchette, C.M.; Meek, P,; Picchi, M.A_; Belinsky, S.A.; Tesfaigzi, Y. Wood Smoke Exposure and Gene
Promoter Methylation Are Associated with Increased Risk for COPD in Smokers. Am. ]. Respir. Crit. Care Med. 2010, 182,
1098-1104. [CrossRef]

Linak, W.P; Miller, C.A.; Wendt, J.O. Comparison of Particle Size Distributions and Elemental Partitioning from the Combustion
of Pulverized Coal and Residual Fuel Oil. J. Air Waste Manag. Assoc. 2000, 50, 1532-1544. [CrossRef]

Goodarzi, F. Morphology and chemistry of fine particles emitted from a Canadian coal-fired power plant. Fuel 2006, 85, 273-280.
[CrossRef]

Sigsgaard, T.; Forsberg, B.; Annesi-Maesano, I.; Blomberg, A.; Belling, A.; Boman, C.; Benlekke, J.; Brauer, M.; Bruce, N.; Héroux,
M.-E; et al. Health impacts of anthropogenic biomass burning in the developed world. Eur. Respir. ]. 2015, 46, 1577-1588.
[CrossRef]

Ward, T.].; Palmer, C.P.; Noonan, C.W. Fine Particulate Matter Source Apportionment Following a Large Woodstove Changeout
Program in Libby, Montana. J. Air Waste Manag. Assoc. 2010, 60, 688—693. [CrossRef]

Walker, E.S.; Noonan, C.W.; Semmens, E.O.; Ware, D.; Smith, P.; Boyer, B.B.; Erdei, E.; Hopkins, S.E.; Lewis, ].; Belcourt, A.; et al.
Indoor fine particulate matter and demographic, household, and wood stove characteristics among rural US homes heated with
wood fuel. Indoor Air 2021, 31, 1109-1124. [CrossRef] [PubMed]

Gall, E.T; Carter, EM.; Earnest, C.M.; Stephens, B. Indoor Air Pollution in Developing Countries: Research and Implementation
Needs for Improvements in Global Public Health. Am. J. Public Health 2013, 103, e67—72. [CrossRef] [PubMed]

Lange, P; Celli, B.R.; Agusti, A.; Jensen, G.B.; Divo, M.; Faner, R.; Guerra, S.; Marott, ].L.; Martinez, ED.; Martinez-Camb]or,
P; et al. Lung-Function Trajectories Leading to Chronic Obstructive Pulmonary Disease. New Engl. . Med. 2015, 373, 111-122.
[CrossRef] [PubMed]

Hunninghake, G.M.; Cho, M.H.; Tesfaigzi, Y.; Soto-Quiros, M.E.; Avila, L.; Lasky-Su, J.; Stidley, C.; Melén, E.; Soderhill, C.;
Hallberg, J.; et al. MMP12, Lung Function, and COPD in High-Risk Populations. New Engl. ]. Med. 2009, 361, 2599-2608.
[CrossRef] [PubMed]

Silverman, E.K.; Vestbo, J.; Agusti, A.; Anderson, W.; Bakke, P.S.; Barnes, K.C.; Barr, R.G.; Bleecker, E.R.; Boezen, H.M.; Burkart,
K.M,; et al. Opportunities and Challenges in the Genetics of COPD 2010: An International COPD Genetics Conference Report.
COPD |. Chronic Obstr. Pulm. Dis. 2011, 8, 121-135. [CrossRef] [PubMed]

Fleisch, A.F,; Rokoff, L.B.; Garshick, E.; Grady, S.T.; Chipman, J.; Baker, E.R.; Koutrakis, P.; Karagas, M.R. Residential wood stove
use and indoor exposure to PM2.5 and its components in Northern New England. J. Expo. Sci. Environ. Epidemiol. 2020, 30,
350-361. [CrossRef]

Ranathunga, N.; Perera, P.; Nandasena, S.; Sathiakumar, N.; Kasturiratne, A.; Wickremasinghe, R. Effect of household air pollution
due to solid fuel combustion on childhood respiratory diseases in a semi urban population in Sri Lanka. BMC Pediatr. 2019, 19,
306. [CrossRef]

Naeher, L.P,; Smith, K.R.; Leaderer, B.P.; Mage, D.; Grajeda, R. Indoor and outdoor PM2.5 and CO in high- and low-density
Guatemalan villages. J. Expo. Anal. Environ. Epidemiol. 2000, 10, 544-551. [CrossRef]

Mannucci, PM.; Franchini, M. Health Effects of Ambient Air Pollution in Developing Countries. Int. J. Environ. Res. Public Health
2017, 14, 1048. [CrossRef]

Ward, T.J.; Palmer, C.P; Houck, J.E.; Navidi, W.C.; Geinitz, S.; Noonan, C.W. Community Woodstove Changeout and Impact
on Ambient Concentrations of Polycyclic Aromatic Hydrocarbons and Phenolics. Environ. Sci. Technol. 2009, 43, 5345-5350.
[CrossRef]

Singh, D.; Tassew, D.D.; Nelson, J.; Chalbot, M.-C.G.; Kavouras, I.G.; Demokritou, P; Tesfaigzi, Y. Development of an Integrated
Platform to Assess the Physicochemical and Toxicological Properties of Wood Combustion Particulate Matter. Chem. Res. Toxicol.
2022, 35, 1541-1557. [CrossRef]

Singh, D.; Tassew, D.D.; Nelson, J.; Chalbot, M.-C.G.; Kavouras, 1.G.; Tesfaigzi, Y.; Demokritou, P. Physicochemical and
Toxicological Properties of wood Smoke Particulate Matter as a Function of Wood Species and Combustion Condition. J. Hazard.
Mater. 2022, 441, 129874. [CrossRef]

Johansson, L.S.; Leckner, B.; Gustavsson, L.; Cooper, D.; Tullin, C.; Potter, A. Emission characteristics of modern and old-type
residential boilers fired with wood logs and wood pellets. Atmospheric Environ. 2004, 38, 4183—4195. [CrossRef]

Bolling, A.K.; Pagels, J.; Yttri, K.E.; Barregard, L.; Sallsten, G.; Schwarze, P.E.; Boman, C. Health effects of residential wood smoke
particles: The importance of combustion conditions and physicochemical particle properties. Part. Fibre Toxicol. 2009, 6, 29.
[CrossRef]

Fitzpatrick, EIM.; Ross, A.B.; Bates, J.; Andrews, G.; Jones, J.; Phylaktou, H.; Pourkashanian, M.; Williams, A. Emission of
Oxygenated Species from the Combustion of Pine Wood and its Relation to Soot Formation. Process Saf. Environ. Prot. 2007, 85,
430-440. [CrossRef]

Rokoff, L.B.; Koutrakis, P.; Garshick, E.; Karagas, M.R.; Oken, E.; Gold, D.R.; Fleisch, A.E. Wood Stove Pollution in the Developed
World: A Case to Raise Awareness Among Pediatricians. Curr. Probl. Pediatr. Adolesc. Health Care 2017, 47, 123-141. [CrossRef]


http://doi.org/10.1016/j.envint.2017.11.018
http://doi.org/10.1164/rccm.201002-0222OC
http://doi.org/10.1080/10473289.2000.10464171
http://doi.org/10.1016/j.fuel.2005.07.004
http://doi.org/10.1183/13993003.01865-2014
http://doi.org/10.3155/1047-3289.60.6.688
http://doi.org/10.1111/ina.12808
http://www.ncbi.nlm.nih.gov/pubmed/33620109
http://doi.org/10.2105/AJPH.2012.300955
http://www.ncbi.nlm.nih.gov/pubmed/23409891
http://doi.org/10.1056/NEJMoa1411532
http://www.ncbi.nlm.nih.gov/pubmed/26154786
http://doi.org/10.1056/NEJMoa0904006
http://www.ncbi.nlm.nih.gov/pubmed/20018959
http://doi.org/10.3109/15412555.2011.558864
http://www.ncbi.nlm.nih.gov/pubmed/21495840
http://doi.org/10.1038/s41370-019-0151-4
http://doi.org/10.1186/s12887-019-1674-5
http://doi.org/10.1038/sj.jea.7500113
http://doi.org/10.3390/ijerph14091048
http://doi.org/10.1021/es8035253
http://doi.org/10.1021/acs.chemrestox.2c00183
http://doi.org/10.1016/j.jhazmat.2022.129874
http://doi.org/10.1016/j.atmosenv.2004.04.020
http://doi.org/10.1186/1743-8977-6-29
http://doi.org/10.1205/psep07020
http://doi.org/10.1016/j.cppeds.2017.04.001

Toxics 2022, 10, 615 12 of 12

48.

49.

50.

51.

52.

Elias, V.O.; Simoneit, B.R.; Cordeiro, R.C.; Turcq, B. Evaluating levoglucosan as an indicator of biomass burning in Carajds,
amazonia: A comparison to the charcoal record. Geochim. Cosmochim. Acta 2001, 65, 267-272. [CrossRef]

Simoneit, B.R.T.; Elias, V.O. Detecting Organic Tracers from Biomass Burning in the Atmosphere. Mar. Pollut. Bull. 2001, 42,
805-810. [CrossRef]

Simoneit, B.R.T.; Schauer, J.J.; Nolte, C.; Oros, D.R; Elias, V.O.; Fraser, M.P,; Rogge, W.E,; Cass, G.R. Levoglucosan, a tracer for
cellulose in biomass burning and atmospheric particles. Atmospheric Environ. 1999, 33, 173-182. [CrossRef]

Fraser, M.P,; Lakshmanan, K. Using Levoglucosan as a Molecular Marker for the Long-Range Transport of Biomass Combustion
Aerosols. Environ. Sci. Technol. 2000, 34, 4560—4564. [CrossRef]

Weichenthal, S.; Kulka, R.; Lavigne, E.; van Rijswijk, D.; Brauer, M.; Villeneuve, PJ.; Stieb, D.; Joseph, L.; Burnett, R.T. Biomass
Burning as a Source of Ambient Fine Particulate Air Pollution and Acute Myocardial Infarction. Epidemiology 2017, 28, 329-337.
[CrossRef] [PubMed]


http://doi.org/10.1016/S0016-7037(00)00522-6
http://doi.org/10.1016/S0025-326X(01)00094-7
http://doi.org/10.1016/S1352-2310(98)00145-9
http://doi.org/10.1021/es991229l
http://doi.org/10.1097/EDE.0000000000000636
http://www.ncbi.nlm.nih.gov/pubmed/28177951

	Introduction 
	Materials and Methods 
	Study Population 
	Study Design 
	In-Home Particulate Samples and Analysis 

	Results 
	Demographic Characteristics of Subjects and the Homes 
	WS Was the Cause of the Measured PM 
	Age of Wood Stoves Was Not Associated with the PM and Levoglucosan 
	The Age of Wood Stoves Did Not Play a Role in PM2.5 or Levoglucosan Levels 
	Cleaning of Wood Stoves Was Associated with PM2.5 Emission 

	Discussion 
	Comparative Section 
	Conclusions and Future Perspectives 
	References

