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ARTICLE INFO ABSTRACT

Editor: Hai Guo Residential wood combustion (RWC) remains a significant global source of particulate matter (PM) emissions
with adverse impacts on regional air quality, climate, and human health. The lung-deposited surface area (LDSA)

Keywords: and equivalent black carbon (eBC) concentrations have emerged as important metrics to assess particulate
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pollution. In this study we estimated combustion phase-dependent emission factors of LDSA for alveolar,
tracheobronchial, and head-airway regions of human lungs and explored the relationships between eBC and
LDSA in fresh and photochemically aged RWC emissions. Photochemical aging was simulated in an oxidative
Emission reduction flow reactor at OHe exposures equivalent to 1.4 or 3.4 days in the atmosphere. Further, the efficiency of a small-
Oxidative flow reactor scale electrostatic precipitator (ESP) for reducing LDSA and eBC from the wood stove was determined. For fresh
emission eBC correlated extremely well with LDSA, but the correlation decreased after aging. Soot-dominated
flaming phase showed the highest eBC dependency of LDSA whereas for ignition and char burning phases
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non-BC particles contributed strongly the LDSA. Deposition to the alveolar region contributed around 60 % of the
total lung-deposition. The ESP was found as an effective method to mitigate particulate mass, LDSA, as well as
eBC emissions from wood stoves, as they were reduced on average by 72%, 71%, and 69%, respectively. The
reduction efficiencies, however, consistently dropped over the span of an experiment, especially for eBC. Further,
the ESP was found to increase the sub-30 nm ultrafine particle number emissions, with implications for LDSA.
The results of this study can be used for assessing the contribution of RWC to LDSA concentrations in ambient air.

1. Introduction

Particulate emissions from global traffic and industries have
decreased continuously over the years due to stricter emission regula-
tions, but the level of residential scale wood combustion (RWC) emis-
sions has remained stable or, in many cases, steadily increased
(Savolahti et al., 2019a; Chen et al., 2017; Kukkonen et al., 2020). RWC
emissions have been found to dominate urban air particle pollution in
several European cities, and have been estimated to cause severe
climate, air quality, and health impacts (Kaskaoutis et al., 2022; Lelie-
veld et al., 2015; Janssen et al., 2011; Moreno-Rios et al., 2022; Savo-
lahti et al., 2019b; IPCC, 2014). When inhaled, RWC exhaust particles
may, for example, induce formation of reactive oxygen species (ROS)
and cause adverse pulmonary, cardiovascular, and carcinogenic effects
(Moreno-Rios et al., 2022). Particles from batch-wise logwood com-
bustion are typically dominated by soot formed in the flame and exhibit
fractal agglomerate structures composed of small elemental carbon (EC)
spherules and complex mixtures of organic matter (Kortelainen et al.,
2018; Michelsen et al., 2020). The main carbonaceous and highly light
absorbing part of soot is routinely measured as equivalent black carbon
(eBC) in several ambient sites across the world (Ni et al., 2014; Helin
et al., 2018). Part of the fine particulate matter is also formed by ash
released from fuel, the predominant compounds being potassium and
sodium sulfates, chlorides, carbonates and zinc oxide (e.g., Chen et al.,
2017; Czech et al., 2018; Kortelainen et al., 2018; Lamberg et al., 2018;
Sippula et al., 2007). Further, organic matter can be either internally or
externally mixed with soot and ash particles. In the first case, organic
coating is typically formed around soot or ash particles via condensation
of initially released organic vapours during the flue gas cooling (Tissari
et al., 2008; Torvela et al., 2014). In the second case, particles may be
formed entirely of organic matter (Chakrabarty et al., 2006; Torvela
et al., 2014). Particle transformation also continues in the atmosphere
due to, for example, coagulation and formation of secondary organic
aerosol (SOA) via oxidation of organic precursor gases emitted from
RWC (Bruns et al., 2015; Tiitta et al., 2016; Bertrand et al., 2017).

The surface area of particles deposited in the human respiratory tract
has been proposed as potential metric to assess health effects of ambient
fine particulate matter, as the particle toxicity seems to correlate with
the nanoparticle surface area, which can be explained by the surface
interactions of the non-soluble particles with respiratory track mem-
branes (Oberdorster et al., 2005; Londahl et al., 2009; Schmid and
Stoeger, 2016; Nicolaou et al., 2021). For northern European modern
wood stoves, the non-soluble particles are mostly composed of EC
(Basnet et al., 2024; Kortelainen et al., 2018). Concerning lung toxicity,
the major particle deposition regions can be divided into the upper
respiratory tract or head airways (HA), tracheobronchial (TB), and
alveolar (ALV) regions (Guarnieri and Balmes, 2014; Koullapis et al.,
2020; Vicente et al., 2021). The lung-deposited surface areas (LDSA) at
different parts of the human respiratory tract can be estimated by
measurements of the particle size distributions, and by using a model
predicting the size-dependent deposition efficiencies of particles in the
human respiratory tract (ICRP, 1994). However, unlike traditional
metrics for particulate emissions such as particulate mass (PMy 5 or
PMj(), LDSA concentrations remain largely unregulated (WHO, 2021).
This is due to lack of widespread standardised measurements, as well as
the scarcity of studies combining estimates of LDSA with toxicological or
epidemiological findings (Liu et al., 2023).

In ambient air of major cities, the LDSA concentrations tend to be at
their peak near the particle size of 100 nm (Fierz et al., 2011; Reche
et al., 2015; Kuuluvainen et al., 2016; Hama et al., 2017; Kuula et al.,
2020; Cheristanidis et al., 2020), which concurs with the typical size
range of black carbon particles (Kumar et al., 2010; Grahame et al.,
2014). eBC and LDSA concentrations have been shown to correlate in
traffic emissions (Hama et al., 2017; Cheristanidis et al., 2020; Kuula
et al., 2020; Liu et al., 2023), in harbour environment (Lepisto et al.,
2022), and in wood combustion emissions in residential areas (Kuula
et al., 2020). These findings emphasize the importance of black carbon
containing particles towards lung toxicity, especially as they may serve
as carriers of toxic materials into the lung alveoli (so-called Trojan horse
effect) (Ortega et al., 2014). Despite the observed correlations between
eBC and LDSA in ambient air, the connection between eBC and the lung-
deposition of particles has not been established for RWC, and the effects
of combustion conditions on this connection are not known. Further,
atmospheric transformation likely influences the LDSA of RWC-derived
aerosols due to secondary aerosol formation and morphological changes
of primary particles, including particle growth and compaction
(Leskinen et al., 2023; Corbin et al., 2023). Changes in particle size and
density may influence deposition efficiencies and alter both the corre-
lation of LDSA and eBC and the potential toxicity of RWC emissions in
the lungs.

Currently, European regulations are implemented partly within the
European Ecodesign Directive (Directive 2009/125/EC), national air
pollution acts, and via voluntary “Ecolabels” of woodstoves (e.g.,
German Blue Angel; Tebert et al., 2020). In the near future, there is an
urgent need for more stringent emission regulations to RWC appliances
due to the growing concerns of air pollution by residential heating.
Small electrostatic precipitators (ESP) show promise for abating par-
ticulate emissions from wood stoves and several different small-scale
ESPs have recently been introduced to the market (Jaworek et al.,
2021; Brunner et al., 2018). Previous studies have reported large vari-
ation in particle matter reduction efficiencies (30-98 %) by ESPs for
RWC emissions, depending on the ESP operating conditions and the used
measurement methods and metrics (Brunner et al., 2018; Cornette et al.,
2024). In addition, long-term usage may considerably impair the
reduction efficiencies of ESPs (Oehler and Hartmann, 2014). Due to the
ESP’s particle size dependent charging efficiencies, combustion phase
dependent reduction efficiencies, potential promotion of ultrafine par-
ticle formation by nucleation and re-entrainment of collected particles
to the flue gas flow, the ESPs also considerably change size distributions
of the emitted particles (Suhonen et al., 2021; Omara et al., 2010;
Cornette et al., 2024), which would also influence LDSA in the exhaust.
To our knowledge, the efficiency of small wood stove ESPs towards
LDSA reduction has not been studied previously.

The objective of this work was to estimate the emission factors of
particulate LDSA from RWC during the different phases of residential
wood combustion in fresh and photochemically aged exhausts. The
connection between the LDSA and eBC emissions over the ignition,
flaming, and residual char burning phases was studied in order to
evaluate the role of RWC-derived eBC emissions for ambient air LDSA
concentrations. Further, the particle morphologies and the size-
dependent effective densities of fresh and photochemically aged parti-
cles from the different combustion phases were assessed with the aim of
understanding the impact of atmospheric transformation and restruc-
turing of particulate emissions to LDSA. Finally, the eBC and LDSA
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reduction efficiencies of an ESP were determined and the impact of an
ESP on the relationship of LDSA and eBC emissions from RWC estab-
lished. The results help to evaluate the efficiency of ESP as a mitigation
method to decrease the BC and LDSA emissions from RWC to ambient
air.

2. Material and methods
2.1. Experimental setup

The experiments were conducted in the ILMARI research facility at
University of Eastern Finland. A modern chimney stove (Aduro 9.3,
Aduro A/S) equipped with combustion air staging system was fired with
beech logwood. The composition of the beech wood is shown in Sup-
plementary Table S1. Each 4 h experiment consisted of in total six
consecutive batches of 2 kg logwood, each burning for 35 min, and a
residual char-burning phase for the final 30 min. For studying the impact
of an ESP on the particulate emissions, an OekoTube (Oekosolve)
‘electrostatic precipitator inside’ -unit was installed in the flue gas stack.
This device is a tube-type ESP specifically designed for small-scale wood
combustion appliances and represents a typical small-scale ESP tech-
nology commercially available in European market. In it, the particles
are electrically charged and separated from the flue gas flow by elec-
trostatic forces (Brunner et al., 2018). The metallic inner wall of the
chimney is used as the ground electrode to which the particles are
deposited. The wood stove was operated either with ESP off or on
throughout the 4-h fresh experiments, and the removal efficiencies were
determined by comparing the average emission factors in fresh emis-
sions from experiments with the ESP turned on with those recorded with
the ESP off. Furthermore, the effect of atmospheric processing, i.e.,
‘aging’, on the wood combustion emissions were investigated using an
oxidation flow reactor as described in Section 2.2. A total of 12 indi-
vidual experiments were carried out with 3 replicates for each type of
experiment (fresh emissions with ESP off and ESP on, and aged emis-
sions with two different aging settings).

The flue gas was sampled through a pre-cut PM;( cyclone and a
heated (180 °C) tube into a two-stage diluter consisting of a porous tube
diluter and an ejector diluter (DAS, Venacontra). A dilution of 1:60 was
performed on the flue gas before passing it either through the Photo-
chemical Emission Aging flow tube Reactor (PEAR; Section 2.3) to
measure aged emissions, or a bypass tube to measure fresh emissions.
Dilution in the porous tube dilutor was very stable throughout the
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experiments, with a temporal variation in the range of 0.2-0.3 %.
Dilution of the aged emissions was 1:65 due to the internal dilution in
the PEAR by H,0 and Os. Samples were additionally diluted by ejector
dilutors (Palas) before the particle phase instrumentation. The degree of
dilution was defined from CO, concentrations in the raw gas, in the
diluted sample, and after the PEAR. A schematic view of the experi-
mental setup is available in the Supporting Information (Fig. 1).

2.2. Gas phase measurements

A multicomponent Fourier Transform Infrared Spectrometer (FTIR,
DX4000, Gasmet Technologies Oy) was incorporated to the stack to
characterize the fresh exhaust gases in all 12 experiments. The FTIR
measurements included online monitoring of, e.g., O3, CO,, CO, NO,
NO,, CHy, and 30 non-methane volatile organic compounds (NMVOCs)
typical for combustion emissions. NMVOCs were further grouped into
aliphatic hydrocarbons, aromatic compounds, and non-aromatic
oxygenated compounds (Supplementary Table S2). CO, concentrations
in the fresh exhaust, diluted sample, and after the PEAR were monitored
by nondispersive infrared COy monitors (ULTRMAT 23; Siemens,
A02040; ABB and GMP343; Vaisala respectively).

2.3. Photochemical Emission Aging flow tube Reactor (PEAR)

Photochemical aging of the exhaust aerosol sample was carried out
using the Photochemical Emission Aging flow tube Reactor (PEAR;
Thalainen et al., 2019). The PEAR has a volume of 139 | and it was
operated at a total flow rate of 130 1 per minute (Ipm)resulting in an
average residence time of 64 s. In the PEAR, UV lights, centred at 254
nm, photolyze the externally fed O3, leading to extensive production of
hydroxyl (OHe) radicals and consequently rapid photochemical pro-
cessing of the aerosol sample. Relative humidity in the PEAR varied
slightly depending on the flue gas moisture and was 54 % =+ 5 % over all
the experimental time. Temperature in the PEAR was 23.8 + 1.0 °C. The
input concentration of O3 was 9 ppm. Two different lamp settings were
utilized to generate either “short aged” or “medium aged” conditions
with respect to the maximum PM atmospheric lifetime of approximately
two weeks. OHe exposure was determined using d9-butanol as an
external ‘OH clock’ (Barmet et al., 2012). d9-butanol was fed to the
PEAR alongside the sample throughout the combustion experiments at a
rate of 0.008 lpm, and the concentration downstream the PEAR was
monitored with a proton-transfer reaction time-of-flight mass
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Fig. 1. A schematic diagram of the experimental setup.
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spectrometer (PTR-ToF 8000, Ionicon). The short and long conditions
were estimated to correspond to 1.4 + 0.3 or 3.4 + 0.4 equivalent
photochemical days of aging, respectively, assuming ambient OH con-
centration of 1.5 x 10% cm ™ (Supplementary Fig. Sla-b).

The external OHe reactivity in the sample (OHR.y) was retained by
dilution of the exhaust gases. OHR¢y; in the PEAR was estimated based
on the gaseous components measured by the Fourier Transform Infrared
Spectrometer (FTIR, DX4000, Gasmet Technologies Oy, Supplementary
Table S2) similarly to previous work (Hartikainen et al., 2020) and was
on average 670 s * over the duration of the aging experiments. Due to
the natural variance in the flue gas contents, aging also varied during the
experiments, with the highest OHe exposures achieved during the re-
sidual char burning phase when the OHR¢y was the lowest (Supple-
mentary Fig. Slc-d). The reaction pathways in the PEAR may deviate
from those in the atmosphere, for example due to the rapid processing
not allowing for isomerization of formed peroxyl radicals, while UVC
photolysis is more pronounced than in the troposphere (e.g., Peng and
Jimenez, 2020). However, the exposure conditions remained generally
relevant of tropospheric conditions, with average photolysis/OHe
exposure-ratios of 2.6 x 10° and 1.7 x 10° cm second ™! for short and
medium aging experiments, respectively (Supplementary Fig. Sle-f).

2.4. Measurements of particle morphology, size, and mass

The particle effective densities (peff) and mass mobility exponents
(Dfm), describing the size-dependency of pefr, were measured using an
Aerosol Particle Mass Analyzer (APM 3602, Kanomax Inc.) coupled with
a Scanning Mobility Particle Sizer (SMPS, with CPC 3776 and DMA
3081, TSI Inc.), similarly to Leskinen et al., 2023. Details of the meth-
odology can be found in the supplemental material (Supp. Section S1).
The APM-SMPS measurements were performed separately for each of
the three combustion phases using a stabilizing chamber. The specific
sampling periods for the APM-SMPS measurements are available in
Supplementary Table S3. Mean effective densities were calculated for
each combustion phase by weighting the size-resolved peft by the particle
number size distributions measured from the stabilizing chamber by the
SMPS without the APM (Charvet et al., 2015). In addition, particles were
collected from the APM-SMPS stabilizing chamber on holey carbon grids
(S147-4 Holey carbon film 400 Mesh Cu, Agar Scientific Inc.) for elec-
tron microscopy. The sampling was performed through an aspiration
sampler at a flowrate of 0.3 Ipm. The particle morphologies of the non-
aged and aged particles from the different combustion phases were then
viewed with a scanning electron microscope (SEM, Sigma HD/VP, Carl
Zeiss NTS).

Particle size distributions in the diluted exhaust were continuously
monitored by an additional SMPS (with DMA 3081 and CPC 3750, TSI
Inc.) and an Electrical Low Pressure Impactor (Classic ELPI, Dekati Ltd.)
with sintered impactor plates and the filter stage in use. For the ELPL, the
eight lowest size bins were utilized for determining the particle number
(NgLpp), mass (PMy ¢), and surface area of particles below the size of 0.9
pm in aerodynamic diameter. The submicron particle mass (PMy ) was
estimated from the particle number values using the particle-size
dependent effective densities measured for the different combustion
phases.

Equivalent (e)BC was measured by a dual-spot aethalometer (AE33,
Magee Scientific), which measures the light attenuation at seven
wavelengths (Drinovec et al., 2015). The absorption coefficient at 880
nm was converted to eBC mass using the standard mass absorption cross-
section of 7.77 m> g’1 at 880 nm. Multiple scattering coefficient (C) of
1.39 was applied as recommended by the filter manufacturer for the
PTFE/PET-coated glass fiber filter tape (M8060) in use. C depends on the
optical properties of the sampled exhaust particles, and differences with
the actual and applied C would cause proportional changes in the ab-
solute black carbon concentrations (Yus-Diez et al., 2021). ELPI and
SMPS measurements were carried out at a dilution of 1:600 (1650 for
aged emissions), whereas an additional ten-fold dilution (in total 1:6000
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for fresh, 1:6500 for aged emissions) was applied for the aethalometer.
2.5. LDSA determination

The surface area of lung-deposited particles was determined using
two different online methods. Firstly, the tracheobronchial LDSA con-
centration was measured from the fresh or aged exhaust using the
Nanoparticle Surface Area Monitor (NSAM, model 3550, TSI) at the
dilution of 1:600. NSAM charges the particles by a unipolar diffusion
charger, which is followed by an adjustable ion trap to remove particles
that have electrical mobility above the selected threshold (Shin et al.,
2007). The total current of the particles passing through the ion trap are
then measured by an electrometer and converted to the LDSA concen-
tration using a single conversion factor, which is calibrated by the in-
strument manufacturer. The NSAM has been suggested to be reasonably
accurate up to particle sizes of 400 nm, while the LDSA of larger parti-
cles may be underestimated (Asbach et al., 2009; Lepisto et al., 2020).
NSAM can be set to measure the particle LDSA concentrations either in
the alveolar (ALV) or the tracheobronchial (TB) regions of human lungs
by pre-defining the ion trap voltage. Here, the tracheobronchial LDSA
concentrations were measured over the whole duration of the combus-
tion (4 h) in 10 s time resolution. The instrument default conversion
factor of 80 (umz/cms)/pA was used.

Secondly, the size resolved submicron LDSA concentrations in all
three major regions of the human respiratory tract, namely the ALV, TB,
and HA, were assessed based on the data from the ELPI, which measured
the number size distributions of emitted particles with high temporal
resolution (10 s) across the entire experiment durations. Both NSAM and
ELPI utilize similar unipolar charging of aerosols, after which the charge
carried by the particles are measured by using electrometers. The major
differences between NSAM and ELPI are that ELPI measures particle
charges for several different particle size channels, whereas NSAM
measures particle size fraction adjusted by a pre-defined trap voltage
prior to the electrometer. We used the eight lowest size bins of the ELPI
to account for submicron (PMy g) LDSA. The particle number weighted
average effective Fig. 2 for each combustion phase were applied for the
conversion of the aerodynamic size distributions measured by ELPI to
mobility size distributions for particles below 500 nm in mobility
diameter, which were then used for estimation of the particle surface
areas for each individual size bin. For particles larger than 500 nm, the
aerodynamic size distributions were used for the LDSA calculation, as
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Fig. 2. Characteristics of the fresh RWC emissions: concentrations of CO, and
CO, and MCE (a), emission factors of volatile organic compounds measured by
FTIR (b), and emission factors of eBC and PMy g (c). The solid lines represent
the average concentration at each timepoint over all experiment days, while the
shaded areas represent the standard deviations. The vertical dotted lines denote
the addition of a new batch. The colorbar at the top denotes the average periods
for the three combustion phases, namely ignition (yellow), flaming (orange),
and char burning (grey), exemplary images of which are shown on the left.
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suggested by Hinds (1999). The lung-deposition efficiency of a particle
depends highly on the particle size and the region of the human respi-
ratory system in question. The particle deposition curves modelled by
the International Commission for Radioactive Protection (ICRP) were
used for determining the particle LDSA concentration for the different
regions of the human respiratory track based on the ELPI results (Hinds,
1999; Lepisto et al., 2020). These models represent the average depo-
sition efficiencies for male and female respiratory tracks at three
different exercise levels (sitting, light exercise, and heavy exercise) for
spherical particles with constant density across the size range (Hinds,
1999). Exemplary deposition efficiency curves are shown in Supple-
mentary Fig. S2 for densities 1 and 2 g/cc.

2.6. Data management

Each batch of combustion was divided into three phases: ignition,
flaming, and residual char burning. The ignition phase was determined
to last from the beginning of the batch to the moment of batch maximum
flue gas CO, concentration, while the residual char burning phase began
from the moment when the CO concentration started to elevate and
remained at an elevated level until the end of the batch (Fig. 2a). In
addition, modified combustion efficiency (MCE) was calculated as a
simple indicator for the efficiency of the combustion process by Eq. (1):

CO,

MCE=_—"2__
°E=%0,+co

(€8]

where CO; and CO are the flue gas carbon dioxide and carbon monoxide
concentrations measured by FTIR (Stockwell et al., 2014; Yokelson
et al., 1997).

The emission factors (EF) of the emitted components were deter-
mined as in Reda et al., 2015. In short, the measured emission contents
were corrected for the dilution, the air-fuel equivalence ratio (A, Eq. (2)),
and the flue gas moisture content. The air-fuel equivalence ratio (1) is
defined as:

4 _ COas

"~ COyp 2)

where CO, is the carbon dioxide concentration in stoichiometric
combustion of the beech logs (20.2 vol%) and COg3 , is the dry carbon
dioxide concentration measured from flue gas. The dry fuel net calorific
value (NCV) was determined as 18.42 MJ/kg using a bomb calorimeter
(European Standard ISO 18125:2017). The calculated EFs are presented
as emission quantity per fuel embodied energy (#/MJ). Averaged values
are presented as arithmetic means + standard deviation during the
whole experimental period.

3. Results and discussion
3.1. Combustion conditions

In general, the obtained combustion conditions can be considered
good for a batch-wise wood combustion appliance, with average MCE of
0.97 + 0.02 over the full 35 min batches when excluding the residual
char burning at the end of experiments. The average MCE values were
0.98 + 0.01 for the flaming combustion and 0.86 + 0.05 for residual
char burning. The cold start of the first wood batch of each experiment
led to long ignition periods (15.6 + 2.4 min) compared to the later
batches, for which the ignition periods lasted only for 4.3 + 2.9 min
(Fig. 2). ‘Smouldering’ combustion with MCE below approximately 0.9
occurred only for the residential char burning phase of the last batch,
which was allowed to burn out without addition of new logs. The
average concentration of CO gradually increased along the 6 batches of
combustion (Fig. 2a), with average EFs starting from 102 g/MJ for first
batch to 596 g/MJ for the last batch. EF of NMVOCs averaged over total
duration of all experiments was 4.2 + 4.4 gC/MJ of fuel, with 34.4 %
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and 56.5 % contribution from the aromatic and aliphatic hydrocarbons
measured by FTIR, respectively. The time resolved EFs for total
NMVOCs, and the classified VOC groups measured by FTIR are shown in
Fig. 2b. The majority of the NMVOC were released during the first few
minutes after the ignition of a new batch, in agreement with previous
studies on RWC emissions (Hartikainen et al., 2020; Kortelainen et al.,
2018; Miersch et al., 2019). Mean concentrations of CO, MCE, and
NMVOC EFs from the 4 h combustion procedure were also comparable
to available literature data of conventional modern European wood
stoves with a combustion air staging system (Czech et al., 2016; Harti-
kainen et al., 2020; Klauser et al., 2018).

The mean PMj g emissions of the total combustion experiments were
79.5 + 55.8 mg/MJ (approximately 120 mg/m> normalized to 13 % flue
gas oxygen) (Table 1, Fig. 2¢). These emissions are similar or somewhat
higher than emissions of modern wood stoves reported in our previous
studies with beech and spruce (Hartikainen et al., 2020; Ihantola et al.,
2020; Suhonen et al., 2021), but clearly above the emission limits
enforced for the total PM of logwood-fired stoves in the Ecodesign
Directive (40 mg/m?’; European Commission, 2009). However, the
emission values obtained in this study represent mostly real-world
emissions of the stove, rather than standard emission test measure-
ments. On average, the ratio of eBC to the total PMyg in the fresh
emissions was 0.35 + 0.15, 0.36 + 0.1, 0.15 + 0.08 for ignition,
flaming, and char burning phases, respectively, which generally fall into
the range of studied eBC fractions in modern wood stove particulate
emissions (Alves et al., 2011; Gongalves et al., 2012).

3.2. Particle size distributions, effective density, and morphology

In the beginning of the ignition phase, the majority of the particles in
the fresh emission were below 100 nm in mobility size, but quickly grew
to above 100 nm when reaching flaming conditions. Finally, for the
residual char burning dominated combustion, the size distribution was
again dominated by small particles, with geometric mean diameter
(GMD) of 48.8 + 16.3 nm averaged over all experiment days (Table 1).
The average particle mobility size distributions for different combustion
phases are illustrated in Fig. 3. Time-resolved particle number size dis-
tributions measured by SMPS and ELPI are illustrated in Supplementary
Figs. S3 and S4, respectively.

The effective density of fresh particles decreased with increasing
particle diameter in the ignition and flaming phases (Supplementary
Fig. S5a), consistent with previous assessments of RWC particle
morphology (Leskinen et al., 2014, 2023). This size dependency of
effective density is attributed to the fractal-like chain structures of the
soot agglomerates, as also observed by electron microscopy (Supple-
mentary Fig. S6). Further, there may be differences in the chemical
compositions, as char burning phase mainly generates alkali salt parti-
cles with closed morphology, whereas the particles in other phases are
dominated by soot and organics (Kortelainen et al., 2018; Leskinen et al.,
2014). The mass mobility exponents of the fresh particles emitted from
ignition and flaming phases were 2.5-2.7, which is corresponding to
previous assessments of fresh soot agglomerates from RWC and other
combustion sources (Leskinen et al., 2014; Olfert and Rogak, 2019;
Pokhrel et al., 2021; Rissler et al., 2013; Wu et al., 2019). For the char
burning phase, there was no mass dependency in effective densities,
indicating spherical particle morphology. The effective density also
varied for the different combustion conditions, with ignition, flaming
and residual char burning phases having mean densities of 0.7 g/cm?,
0.91 g/cm® and 2.1 g/cm?®, respectively (Table 1). The relatively higher
density measured for the char burning phase are likely caused by the
spherical morphology of particles and a high fraction of alkali salts in
them, as concluded by Leskinen et al. (2014).

Photochemical aging led to the momentary formation of a distinct
nucleation mode in the particle size distribution, centred at 45 nm, while
the primary particle mode was centred at 120 nm (Supplementary
Fig. S3). Nucleation of condensable vapours occurs frequently during
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Fig. 3. Fresh particle number size distributions measured by SMPS for different combustion batches and phases without an ESP (black) and with the ESP (red). The
ratios of the two number size distributions are shown as blue lines. The distributions are averaged over all experiments, with the shaded areas denoting the standard
deviation over the experiments (n = 3 for both conditions). The ESP on/ESP off -ratios of 1 (zero reduction efficiency) and 0.5 (reduction efficiency of 50 %) are

highlighted as horizontal lines.

The alveolar particle fraction is considered very important for human
health effects because particles deposited in the deepest region of human
lungs cannot be evicted out naturally, while the alveolar region is also
where the particles may pass into blood circulation (Kocbach Bglling
etal., 2009; Nakane, 2012). The highest submicron LDSA concentrations
were observed during the flaming phase combustion by particles in the
4th and 5th size bin of ELPI in the range of 50-214 nm (Supplementary
Fig. S8), which is also the particle size range with largest deposition
efficiency in the alveolar region compared to trachea-bronchial and
Head airways region (Supplementary Fig. S2). On the other hand, par-
ticles larger than 300 nm deposit mainly on the upper respiratory track.
The LDSA concentration in HA region was around 30 % of the total,
because of the lower number fraction of particles >300 nm compared to
sub-100 nm particles in RWC emissions. LDSA deposition into the TB
region accounted only 10.5 % of total LDSA deposition, which might
partly be a consequence of the instrumental limitation of ELPI (and
NSAM) in measuring particles below 20 nm in size, since TB deposition
is the most efficient for particles in the size range 1-10 nm according to
the ICRP deposition model (Supplementary Fig. S2b).

We estimated that ALV-LDSA EF from ignition, flaming and char
burning phases were (2.07 + 1.09) x10!! me/MJ, (2.77 +£1.32) x10M!
pm?2/MJ, and (1.42 + 0.46) x10'! ym?/MJ, respectively, covering 58 %,
59 %, and 64 % of the total LDSA, respectively. This suggests residual
char burning emitted particles are slightly more prone to deposit in the
ALV region, but overall particle number concentrations of ignition and
flaming phases were much higher leading to higher ALV LDSA concen-
trations for these two phases. The particle mass normalized LDSA values
(LDSA/PMy. 9, Table 1, Fig. 4) indicate the highest ALV-LDSA per unit

ign fla cha
fresh

ign fla cha
fresh + ESP

ign fla cha
short aged

ign fla cha
medium aged

Fig. 4. Average LDSA per unit mass of PMy g for the different regions of human
respiratory track (head airways (HA), tracheobronchial (TB) and alveolar
(ALV)) in the different combustion phases(ign = ignition, fla = flaming, cha =
residual char burning) as estimated for fresh, fresh with ESP on, short aged and
medium aged RWC emissions (n = 3 for each). Percentages indicate the fraction
of total LDSA in different regions of a respiratory track.

mass of emission for char burning phase and lowest for ignition phase.
This trend was same for mass-normalized TB-LDSA concentrations. For
HA region, the highest average LDSA per unit of submicron particulate
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mass was observed for flaming phase and the lowest for ignition phase,
although the average HA-LDSA/PMj ¢ values had little difference among
all phases (Table 1, Fig. 4).

The LDSA emissions peaked during stable flaming phase at the
middle of individual combustion batches (Fig. 5a; timeseries of the
NSAM TB-LDSA are available in Supplementary Fig. S9), simultaneously
with the eBC and PMjg concentrations (Fig. 2c, Supplementary
Fig. S10), indicating BC particles as an important contributor to LDSA.
The eBC and total LDSA emissions had a strong correlation for fresh
RWC emission (R? = 0.86, Supplementary Fig. S11). The correlation of
eBC and LDSA was highest for flaming phase (R? = 0.86, Supplementary
Fig. S12a), when the BC mass fraction in the emitted particulate mass
was the highest (Supplementary Fig. S13a). The lower correlation dur-
ing the ignition phase (R? = 0.63) was likely caused by the larger
contribution of organic matter to the total PMy ¢ and subsequently the
LDSA. As expected for the char burning phase with negligible eBC
emissions, there was no correlation between eBC and LDSA (R? = 0.01).
Correlations with the NSAM TB-LDSA and eBC follow similar trends, and
are shown in Supplementary Fig. S9. BC particles have previously been
shown to be the key constituent of PM that dominates deposition in
respiratory track in urban environment (Lepisto et al., 2022). This
observation seems to hold for RWC emissions as well, especially from
flaming phase combustion.

3.5. Effects of aging on LDSA

The total LDSA concentrations averaged over the whole duration of
the experiments were 29 % and 33 % higher in short and medium aged
emissions compared to fresh emission, respectively, while average PMg o
emissions were 22 % and 16 % higher, respectively. Thus, the average
LDSA concentrations per unit mass also increased (Fig. 4, Supplemen-
tary Fig. S13). It should be noted that in addition to impacts of aging,
there may also have been differences in the primary emission contents
because of the overall repeatability of batchwise combustion of wood.
Due to this reason, the LDSA results have been normalized by the PMj o.
The increment in LDSA was most prominent for the ignition phase, for
which 27 % and 41 % increases in LDSA/PM, g were measured for short
and medium aged emissions (Table 1), respectively, in comparison with

Total LDSA
Tracheo-Bronchial (TB) LDSA

sxt0' . @)
6x10""
4x10""
2x10"" 1

0

Science of the Total Environment 952 (2024) 175840

fresh emission. The increase can be explained by the gas to particle
conversion in the sub-100 nm size range driven by photochemical re-
actions, leading to new particle formation. LDSA is also impacted by the
compaction of the particles (Supplementary Figs. S5 and S6) due to two
reasons. Firstly, the densification of particles modifies their inertial
deposition characteristics in the respiratory track, especially for the HA
(Supplementary Fig. S2c). However, the HA-LDSA didn’t notably in-
crease by aging (Table 1), due to the overall small size of the RWC
emitted particles (Supplementary Figs. S3-S4). So, in our experiments,
densification did not play a significant role in the observed LDSA in-
crease. Secondly, in reality, the compaction of soot agglomerates will
lead to decrease in their specific surface area. However, in ELPI-based
LDSA estimation particles are considered spherical, thereby neglecting
the differences in specific surface areas of agglomerate particles. Over-
all, the decrease in surface area due to compaction or inertial deposition
to HA region plays only a minor role compared to photochemical aging
induced new particle formation.

The temporal trends of LDSA concentrations in aged emissions also
differed compared to the fresh emissions. For example, while the LDSA
of fresh emissions peaked at the middle of individual combustion
batches, the long-aged particles exhibited the largest LDSA concentra-
tions at the beginning of every batch (Fig. 5d) with typically high
NMVOC emissions (Fig. 2b), which serve as SOA precursors. Conse-
quently, the correlation between the eBC and LDSA was weak for short
aged and very weak for medium aged particles (R?> = 0.24 and R> = 0.18
respectively; Supplementary Fig. S11). This indicates SOA particles were
likely the major source of LDSA in aged RWC emissions and that lung-
deposition characteristics of aged particles were not dictated by BC
particles. There were however clear differences between the phases
depending on the VOC emissions. We observed medium correlation
between eBC and total LDSA (Supplementary Fig. S12c) for short aged
particles during the flaming phase (R? = 0.56), when soot emissions
dominated over secondary aerosol emissions from VOC. After further
aging, this correlation became very weak for medium aged even during
flaming phase (R? = 0.26; Supplementary Fig. S12d).

Alveolar (ALV) LDSA
Head Airways (HA) LDSA
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Fig. 5. Timeseries of LDSA emission factors for the different regions of human respiratory track as estimated by ELPI-ICRP model for a) freshly emitted particles, b)
fresh emission in presence of ESP, c¢) short aged particles, and d) medium aged particles. The solid lines represent the average at each timepoint over all experiment

days, while the shaded areas represent the standard deviations.
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3.6. Effects of electrostatic precipitation on fresh aerosol emissions

The usage of the ESP decreased fine particle mass (PMyg) EFs on
average 71 %, which is well in agreement with previous studies on ESP
particle reduction efficiency with wood log stoves (Brunner et al., 2018;
Oehler and Hartmann, 2014). For eBC and particle number (Nggpy) EFs,
the average reduction efficiencies were 69 % and 51 %. In general, the
particle removal efficiency of ESP decreased with progressive batches of
combustion (Fig. 6). During the first batch the PMj 9, eBC, and particle
number reduction efficiencies were 85 %, 89 %, and 65 %, respectively.
For the 5th and 6th batches of the experiments the average reduction
efficiencies for PMy 9, eBC, and particle number dropped to 64 %, 67 %,
and 46 % respectively. The decrease in reduction efficiency appears to
be related to the decrease in the measured ESP power as the experiment
progressed (Supplementary Fig. S14). The reduction in power was
probably due to elevated flue gas temperature in ESP, which influences
the stability of the corona discharge resulting in a decrease in the
breakthrough voltage (Suhonen et al., 2021). The ESP control tries to
maximize the ESP voltage and a drop in ESP power is related to the
automatic ESP function to avoid breakthroughs during operation
(Brunner et al., 2018). In addition, slow decline in collection efficiency
was observed day to day which was probably caused by soot deposit
formation on the electrode and the walls (Brunner et al., 2018).

The comparison of particle size distributions with ESP on and off
show that the removal of particles was dependent on combustion phase
as well as particle size (Fig. 3). RWC emitted particles can be chemically
classified into three components with significantly different electrical
conductivities: (i) inorganic salts, (ii) EC, and (iii) condensable organic
compounds (Vicente et al., 2022). However, these components can exist
both as internally and externally mixed in RWC exhausts (Tissari et al.,
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2009). The combustion conditions dictate the relative abundance of
these three components, with flaming combustion emission primarily
being rich in EC-dominated soot and char burning emission dominated
by inorganic salts (Kortelainen et al., 2018). For our experiments, the
PMy ¢ and number reduction efficiencies were the highest for the char
burning phase (87 % and 68 % respectively), which can be explained by
the abundance of inorganic-rich particles. The average PMy g reduction
efficiencies for organic-dominated emissions during ignition phase and
soot dominated emission of flaming phase were 74 % and 68 %,
respectively (Fig. 6). For Ngip, the average ESP reduction efficiencies
were only 51 % for ignition phase and 57 % for flaming phase. Electrical
conductivity of inorganic salts has been found to be ideal for removal by
ESP, while the high conductivity of soot may lead to the re-entrainment
of agglomerated particles (Nussbaumer and Lauber, 2010). Further, ESP
efficiency may also go down simply because of high particulate load
during the eBC-rich flaming phase.

Interestingly, the number concentrations of particles smaller than 50
nm, especially sub-30 nm particles, were observed to increase in pres-
ence of ESP compared to the fresh emission without ESP during ignition
and flaming phases (Fig. 3). On average, an increase of 41 % and 33 % in
sub-50 nm Ng;p; EF was observed during the ignition and flaming pha-
ses, respectively. This observed new particle formation can result from
ESP efficiently decreasing particulate condensation sink in the flue gas
by the removal of seed particles, thereby promoting nucleation of par-
ticles from organic or inorganic vapours (Suhonen et al., 2021). Sec-
ondly, the ions and ozone produced by the ESP may also promote
oxidation of organic vapours leading to nucleation of new particles
(Xiang et al., 2016). The composition of OA in these experiments has
been comprehensively studied in a separate study (Schneider et al.,
2024), where the use of ESP was indeed found to lead to formation of
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additional oxygenated compounds. These effects are likely synergic, as
any ozone- and ion-induced oxidation of gaseous organic compounds
can decrease their vapour pressures, which together with the reduced
availability of seed particles will promote new particle formation by
nucleation.

The particle densities of fresh RWC emissions were also altered by
the variation in reduction efficiencies for different chemical constitu-
ents. For particles produced from ignition and flaming phases, there was
no significant change in particle densities between the ESP on and off
experiments (Supplementary Fig. S5b). For the residual char burning
phase, in contrast, the overall density of the remaining particles
decreased (Table 1) as the ESP efficiently removed the highly dense ash
derived salt particles. As a result of the ESP induced changes in particle
number size distribution and effective densities, the overall total LDSA
concentrations of fresh RWC seemed to decrease in presence of ESP. The
average LDSA emission factors over all three ESP-on experiments were
(6.5 = 8.5) x 10'° pm?/MJ, (1.1 + 1.5) x 10'° ym?/MJ and (3 + 3.8) x
10'° ym?/MJ for ALV, TB and HA regions, respectively. Compared to
fresh RWC emission, the overall reductions were 72 %, 73 %, and 74 %
in ALV-, TB-, and HA-LDSA EFs, respectively. The discrepancy between
the NSAM and ELPI-based TB-LDSAs was higher with the ESP on, pre-
sumably due to the production of ultrafine particles for which the NSAM
is known to have low response (Asbach et al., 2012; Todea et al., 2015).

For the ignition phase and flaming phases, the correlations of eBC
and total LDSA were similar with or without the ESP, with the exception
that the intercept for the eBC vs LDSA correlation is smaller for the ESP
case, and the ratios of LDSA to eBC slightly higher (Supplementary
Figs. S11 and S12b). For the residual char burning phase, the total LDSA
appeared to have no dependency on eBC, similarly to all other studied
cases. The use of the ESP reduced the LDSA/PMj o-ratio of the residual
char burning phase, specifically, by efficiently reducing the small inor-
ganic particles and changing the relative deposition fractions (Fig. 4,
Supplementary Fig. S13).

4. Conclusions

We estimated combustion phase specific LDSA emission factors of a
modern woodstove and explored the relationships between eBC and
LDSA in fresh and aged RWC emissions. Further, the impacts of utilizing
an electrostatic precipitator in the flue gas stack were assessed for fresh
emissions. For fresh RWC emission, flaming combustion-derived total
LDSA had the highest correlation with eBC R? = 0.93), which is in line
with the previous works that have highlighted BC particles to dominate
LDSA concentrations in urban and coastal environment. On the other
hand, eBC didn’t appear to have any contribution to LDSA concentra-
tions from residual char burning emissions. The LDSA concentrations
measured by a relatively simple nanoparticle surface area monitor
(NSAM) were constantly underestimated in comparison to the ELPI-
ICPR method, with higher discrepancy after photochemical aging or
with the ESP in use. Nevertheless, the excellent correlations between the
two methods applied for the LDSA estimation indicate that the NSAM
could be useful for assessing LDSA emissions of wood stoves.

We observed an overall increase in LDSA emission factors due to the
simulated photochemical aging, primarily aided by formation of ultra-
fine nucleated particles. On the other hand, the simultaneous compac-
tion and densification of the agglomerated particles would decrease the
LDSA. In total, photochemical aging decreased the eBC dependency of
LDSA. The decrease in correlation was most notable for ignition phase,
where organic gaseous emissions and consequent secondary aerosol
formation were the highest. For the flaming phase, in contrast, a strong
correlation between eBC and LDSA remained after short aging, but only
moderate correlation was observed after more extensive photochemical
aging. This implies that for ambient air monitoring, eBC would work as a
proxy for LDSA only in environments governed by fresh combustion
emissions.

The use of an ESP reduced the average PMy 9, eBC, and total LDSA
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emission factors by roughly 70 %, but increased the number emissions of
sub-30 nm nanoparticles. ESP removed alkali salts produced during
residual char burning very efficiently as seen by the reduction in particle
effective density specifically for the residual char burning phase. The
correlation between LDSA and eBC EFs for flaming phase emission
remained good even in presence of the ESP. The reduction efficiencies
decreased along consecutive combustion batches as the experiment
progressed, most likely caused by increase in flue gas temperature and
partly due to the formation of soot deposits in the ESP. Overall, the small
ESP was found to be a relatively efficient method for abating fine par-
ticulate mass, equivalent black carbon and LDSA emissions from a log
wood-fired wood stove. However, the long-term performance of such
ESPs and the observed increase in nanoparticle emissions still require
further investigation. Further, the effects of EPSs and other wood stove
exhaust after-treatment systems on the secondary aerosol pollutant
formation need to be studied.

The need to monitor and regulate LDSA on national and higher (e.g.,
EU) levels calls for thorough characterization of its sources in order to
mitigate the health effects of urban air pollution. Residential combustion
has been suggested to be an important source of LDSA in urban air
(Kuula et al., 2020; Kaskaoutis et al., 2022). The nature of batchwise
RWC is very variable, and depends on multiple factors, including stove
design, combustion protocol, and fuel characteristics, such as wood
species and wood log size and moisture content (Hartikainen et al.,
2020; Kortelainen et al., 2018; Rinta-Kiikka et al., 2024; Tissari et al.,
2009). In this work, we have thoroughly characterized LDSA emissions
of a modern wood stove utilizing combustion air-staging and a relatively
optimal user operation of the stove. The results can be utilized to eval-
uate the role of RWC in ambient LDSA levels and the efficiency of ESP as
a method to mitigate RWC-derived air pollution.
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