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Abstract. Residential biomass combustion significantly contributes to light-absorbing carbonaceous aerosols in the
atmosphere, impacting the Earth's radiative balance at regional and global levels. This study investigates the contribution
of brown carbon (BrC) to the total particulate light absorption in the wavelength range of 370 to 950 nm (BrCs70.950) and
the particulate absorption Angstrom exponents (AAE470050) in 15 different European residential combustion appliances
using a variety of wood-based fuels. BrCs7.950 was estimated to be from 1 % to 21 % for wood log stoves and 10 % for a
fully automatized residential pellet boiler. Correlations between the ratio of organic to elemental carbon (OC/EC) and
BrCs7o.050 indicated that a one unit increase in OC/EC corresponded to approximately a 14 % increase in BrCs7o.950.
Additionally, BrCs79.050 was clearly influenced by the fuel moisture content and the combustion efficiency, while the effect
of combustion appliance type was less prominent. AAE470950 of wood log combustion aerosols ranged from 1.06 to 1.61.
By examining the correlation between AAE4700050 and OC/EC, an AAE470950 close to unity was found for pure black
carbon (BC) particles originating from residential wood combustion. This supports the common assumption used to
differentiate light absorption caused by BC and BrC. Moreover, diesel aerosols exhibited an AAE470/950 of 1.02, with BrC
contributing only 0.66 % to the total absorption, aligning with the assumption employed in source apportionment. These
findings provide important data to assess the BrC from residential wood combustion with different emission
characteristics and confirm that BrC can be a major contributor to particulate UV and near-UV light absorption for

Northern European wood stove emissions with relatively high OC/EC ratios.

Lists of abbreviations

AAE470950 absorption Angstrém exponent for the wavelength-pair 470 nm and 950 nm

AAE370.950 absorption Angstrém exponent attained by fitting power law to the total absorption given by AE33
AAEgc absorption Angstrédm exponent for pure black carbon

AE33 Acthalometer model 33

Dabs absorption coefficient

BB biomass burning

BC black carbon

BrC brown carbon
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BrCs1o.950 contribution of BrC to the total absorption over wavelengths 370 nm to 950 nm

CMH conventional masonry heater

DR dilution ratio

eBC equivalent black carbon

EC elemental carbon

ED ejector diluter

EF emission factor

GMD number-based geometric mean diameter

ILMARI Aerosol physics, chemistry, and toxicology research unit
IMPROVE Interagency Monitoring of Protected Visual Environments
MAC mass absorption cross-section

MACietn standard mass absorption cross-section applied by AE33
MACsg0nm measured mass absorption cross-section of BC (880 nm)
MACoc measured mass absorption cross-section of the organic fraction
MCE modified combustion efficiency

MCS modern chimney stove

MMH modern masonry heater

NIOSH National Institute for Occupational Safety and Health
NrDE non-road diesel engine

OA organic aerosol

ocC organic carbon

PB pellet boiler

PM particulate matter

RWC residential wood combustion

SIMO residential wood combustion simulator

SS sauna stoves

STD standard deviation

uv ultraviolet

1 Introduction

Atmospheric aerosols play a crucial role in various atmospheric processes and have direct and indirect effects on the
Earth's radiative forcing and energy budget. Among these aerosols, black carbon (BC) is a significant component that
contributes to global warming due to its light-absorbing properties (Bond et al., 2013; IPCC, 2014). Here, we determine
BC as the optically defined fraction of soot (Petzold et al., 2013). It is primarily emitted into the atmosphere through
incomplete combustion of fossil fuels, biofuels, and biomass burning (BB), including activities such as forest fires,
residential combustion, engines, and industrial processes (Klimont et al., 2017). In addition to BC, certain fractions of
organic aerosols, known as "brown carbon" (BrC), exhibit significant light absorption in the visible and near-ultraviolet
(UV) wavelengths (Kirchstetter et al., 2004), thereby playing a role in radiative forcing (Cappa et al., 2019; Liu et al.,
2015). According to numerous studies, low-temperature biomass and biofuel burning, including small-scale residential
wood combustion (RWC), are the primary sources of atmospheric BrC (Cappa et al., 2019; Pokhrel et al., 2017; Saleh et
al., 2014; Cheng et al., 2011; Li et al., 2019b).

RWC is a significant contributor to the energy supply in Europe and many other parts of the world.
Unfortunately, RWC's sustainability is hindered by its high emissions of particulate matter (PM) and gases, which have

detrimental effects on climate, human health, and the environment. In the European Union (EU), small-scale combustion
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is recognized as a primary source of particulate pollution, accounting for over 45% of total fine particulate matter (PM s)
emissions (EEA, 2013). In Finland, RWC is the largest source of BC emission and is estimated to contribute up to 55 %
to the total BC emitted (Savolahti et al., 2016). The accurate quantifying of the amount and impacts of the absorbing
aerosols emitted from RWC is challenged by the gaps in knowledge regarding the particle optical properties and potential
variance in emission factors (EFs). However, only a few RWC appliance types and fuels have been studied (e.g., Fang et
al., 2022; Martinsson et al., 2015; Zhang et al., 2020; Saleh et al., 2013; Kumar et al., 2018; Saliba et al., 2018; Olsen et
al., 2020; Li et al., 2022; Leskinen et al., 2023; Tissari et al., 2019; Hartikainen et al., 2020; Savolahti et al., 2016, 2019;
Sun et al., 2021), which causes uncertainties in assessing the direct radiative forcing of RWC emissions. Inclusion of BrC
in emission inventories is further constrained by the lack of characterization and quantification of BrC emissions. Global
simulations have indicated that BrC contributes approximately 10-50 % of the total absorption by atmospheric aerosols
(Feng et al., 2013; Bahadur et al., 2012; Lack et al., 2012). In the case of biomass and wood log combustion, BrC has
been found to contribute up to 20-90 % of light absorption in fresh RWC emissions at shorter visible wavelengths (Fang
et al., 2022; Martinsson et al., 2015). In addition, the optical properties of emissions undergo changes in the atmosphere,
which adds further complexity to estimating their climate effects (Laskin et al., 2015; Kumar et al., 2018; Zhong and
Jang, 2014; Wang et al., 2019; Lack et al., 2012).

For the quantification of BrC, various optical measurement techniques have been employed (Fang et al., 2022;
Pani et al., 2021; Pokhrel et al., 2017; Olson et al., 2015; Martinsson et al., 2015; Bahadur et al., 2012; Zhang et al., 2020;
Lietal.,2022; Sunetal., 2021; Zhang et al., 2021; Rathod and Sahu, 2022; Massabo et al., 2015). The methods commonly
involve the determination of the wavelength-dependent light absorption and subtracting the inferred BC absorption at
specific wavelengths. The wavelength dependence of aerosol light absorption is generally described by the absorption
Angstrom exponent (AAE, Eq. 1) (Fang et al., 2022; Olson et al., 2015; Bahadur et al., 2012; Martinsson et al., 2015)

based on a selected wavelength pair.

_ ln(babs,ll /babs,lz)

AAEy, 12, = In(A1/2)

(1

BC exhibits strong light absorption across the visible spectrum, which typically results in an AAE of
approximately 1.0. Higher AAE values are often assumed to indicate the presence of BrC. However, AAEs in the range
of 0.8-1.4 have been measured and modelled even for pure BC particles (Liu et al., 2018; Virkkula, 2021), introducing
uncertainty when determining BrC absorption (Lack and Langridge, 2013). Furthermore, the use of aethalometers,
common instruments for real-time measurements of BC particles in ambient air, introduces additional uncertainties to BC
and BrC quantification. The aethalometer measures the optical attenuation by aerosol particles collected on a filter, and
converting the measured infrared light attenuation to the mass concentration of equivalent black carbon (eBC) requires
knowledge of the mass absorption cross-section (MAC) of the particles and the multiple scattering factor (C) in the filter
(Weingartner et al., 2003; Drinovec et al., 2015; Sandradewi et al., 2008; Virkkula et al., 2007). Typically, the MAC and
C predefined by the instrument manufacturer are applied. However, various experiments using alternative instruments in
conjunction with an aethalometer have shown higher C values for biomass combustion and ambient air aerosols than
those proposed by the instrument manufacturer (Kumar et al., 2018; Tasoglou et al., 2017; Yus-Diez et al., 2021; Backman
etal., 2017).

In this study, we define BC and BrC emissions from a range of different Northern European wood combustion

appliances using wavelength-dependent aerosol absorption data from a 7-wavelength aethalometer and thermal-optical
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carbon analysis of particle samples. The contribution of BC and BrC to the total light absorption is determined considering
both the whole aethalometer wavelength range and the specific wavelengths. We investigate the effects of combustion
technologies and fuel properties on the particulate AAE and BrC light absorption. Finally, we correlate particulate
composition and combustion conditions with AAE and BrC absorption and establish parametrizations to evaluate the

contribution of BrC to particle light absorption in RWC emissions.

2 Methods

The combustion experiments were performed in two facilities at the University of Eastern Finland using 7 different fuels
and 15 different combustion appliances in total. Firstly, masonry heater, chimney stove, pellet boiler, and non-road diesel

engine experiments were performed at the ILMARI laboratory (www.uef.fi/ilmari). Secondly, measurements with the

masonry heater and 10 types of sauna stoves were conducted at the small-scale combustion simulator (SIMO)

(www.uef.fi/en/web/fine/simo; Tissari et al., (2019)). The emission sources along with the fuels and details of

measurement campaigns are summarized in Table 1. Details of the experimental setups, fuels in use, and basic emission
characterization have been previously published elsewhere (see references in Table 1) for all experiments except for a
subsection of experiments performed with the pellet boiler and the non-road diesel engine (ILMARI 2016), and the
modern chimney stove (ILMARI, 2021). The following sections briefly explain the experimental setups for emission
sources. The fuel compositions are shown in Supp. Table S1 and the experimental setups at the ILMARI and SIMO

facilities are illustrated in Supp. Figure S1.

Table 1. Appliance types, fuel burnt, fuel moisture content, and fuel batch details for measurement campaigns under investigation.

M fuel ber of number time per average
easurement number o
Appliance Abbrv. ) fuel type | moisture . of batch batch size Reference
site and date repetitions
(%) batches (min) (kg)
Modern beech 99, 4 6 30 25 Czechet al., 2018;
ILMARI Kortelainen et al.,
masonry MMH spruce 7.4 % 3 6 30 2.5 .
h 2013 2018; Leskinen et.al.,
cater bicch | 72% 6 6 30 2.5 2014
Conventional
masonry CMH SIMO 2019 birch 11 % 3 34 25 1.5 Suhonen et al., 2021
heater
SS-11 birch 11% 23 3 15—45 3+3+1
Sauna stoves
(10 ) SS-18 SIMO 2018 birch 18 % 12 3 1545 3+3+1 Tissari et al., 2019
types
SS-28 birch 28 % 3 3 1545 3+3+1
ILMARI pine 6.1 % 3 5 35-45 2
Mod Thantola et al., 2020
odem 2016 spruce 74 % 3 5 35-45 2
chimney MCS
0,
stove ILMARI beech 9% 14 6 35 2
2021 peat 17.9 % 3 8 25 1
ILMARI softwood
Pellet boiler PB 7.3 % 3 4 60
2016 pellets
Non-road ILMARI
NrDE diesel 3 4 60
diesel engine 2016
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2.1 Combustion Appliances and Fuels
2.1.1 Modern masonry heater

The modern masonry heater (MMH) (model HIISI, Tulikivi Ltd, Finland) was used with three different wood species
(beech [Fagus sylvatica], birch [Betula pubescens], and spruce [Picea abies]) at the ILMARI facility of the University of
Eastern Finland. Each experiment lasted for four hours with six batches of wood combustion, each burning for
approximately 30 minutes. After the final batch was consumed the embers were stoked, and secondary air channels were
closed for residual char combustion measurement. The total amount of wood combusted was approximately 15 kg per
experiment (~ 2.5 kg per batch). The detailed experimental setups and procedures, along with the fuel properties, and

emission characterization can be found in Czech et al., (2018) and Kortelainen et al., (2018).

2.1.2 Conventional masonry heater

The Finnish logwood-fired conventional masonry heater (CMH) designed for laboratory studies was used in the SIMO
with birch as fuel. Each combustion experiment had three batches and a total of approximately 4.65 kg (1.65 kg + 1.5 kg
+ 1.5 kg) of fuel was burnt. The detailed experimental setup, fuel properties, and emission characterization can be found

in Suhonen et al., (2021).

2.1.3 Sauna stove

Wood burning in sauna stoves (SS) was extensively measured in the SIMO facility. The typical use of sauna stoves in
Finland was simulated using 10 different types of commercially available SS. Three batches of birch were combusted
with a total load of approximately 7 kg (3 kg + 3 kg + 1 kg). The differences regarding the 10 SS types, fuel properties,
and emission characterization are discussed in detail by Tissari et al. (2019). The major differences regarding the stoves
were that SS1-4, 8, and 9 were traditional steel stoves, SS5 had long flue gas ducts at both sides of the stove, and SS6, 7,
and 10 had stones covering the stove’s outer shell. SS1 and SS8 specifically used fuels with different moisture content,
allowing the study of the impact of fuel moisture content on the emissions. The fuel moisture contents in use for the
experiments were 11 %, 17 % and 18 %, and 28 %. For this work, we have classified the SS results according to the fuel
moisture contents, i.e., the results were averaged accordingly as SS-11 with 11%, SS-18 with 17 % and 18 %, and SS-28
with 28 % fuel moisture content because of the similarity of the optical properties between the SS types when using

similar fuel moisture contents.

2.1.4 Modern chimney stove

The modern chimney stove (MCS, Aduro, model 9.3, Denmark) was used in two different experimental campaigns in the
ILMARI facility. In 2016, this non-heat retaining MCS was used to burn two different wood species (pine [Pinus
sylvestris] and spruce). Every combustion experiment included five batches each containing approximately 2 kg of wood
logs. After the combustion of the final batch, the embers were stoked, and emissions were measured from the residual
char with the secondary air channel closed. An experiment lasted for 4 hours with each batch burning for approximately
35-45 minutes. Detailed information about the experimental setups, fuel properties, and the characterization of emissions
can be found in Thantola et al. (2020).

The second set of experiments using MCS was conducted in 2021 in the ILMARI facility using beech logs as

fuel. Each combustion experiment had six batches with individual batches consisting of approximately 2 kg of wood logs.
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The embers were stocked after the final batch was consumed, and the secondary air channel was closed during the residual
char combustion.

The MCS was further used to burn peat briquets in the set of experiments conducted in 2021 in the ILMARI
facility. The peat combustion experiment lasted for 4 hours, with eight 1 kg batches each burning for approximately 25
minutes. The first batch of fuel was added to the smoldering embers of beech logs to ease the ignition of peat, which led

to flaming conditions for the whole peat-burning experiment.

2.1.5 Pellet boiler

A modern small-scale (25 kW) pellet boiler (PB) (model PZ- RL, Biotech Energietechnik GmbH, Austria) was used with
softwood pellets as fuel in the ILMARI facility. The stove’s detailed description can be found in Lamberg et al., (201 1a).
The PB was operated under four different load capacities: low-load (7 kW), half-load (12.5 kW), high-load (18.5 kW),
and full-load capacity (25 kW). The combustion lasted for 4 hours, with each mode operating for an hour before switching

to the next load in ascending order.

2.1.6 Non-road diesel engine

An EPA Tier 1/EU Stage II water-cooled non-road diesel engine (NrDE) (Kubota D1105-T, 24.5 kW, 3000 rpm, total
displacement 1123 ¢cm?, Kubota, Europe) was used in the ILMARI facility in 2016. The engine was operated using a four-
stage test cycle, for which the operating modes were selected based on the C1 test type of the ISO 8178 standard. The
operating modes were idle (880 rpm), intermediate 50 % (2 050 rpm, 39.92 Nm, 8.57 kW), rated 10 % (3 000 rpm, 7.07
Nm, 2.22 kW), and rated 50 % (3 000 rpm, 35.33 Nm, 11.10 kW). The load of the engine was controlled with a liquid-
cooled eddy current engine dynamometer (Froude Consine Inc., AG30HS, USA), capable of producing a maximum power
of 30 kW and a maximum torque of 90 Nm (14 000 rpm). The test fuel was European commercial diesel (EN 590). Each
experiment lasted for 4 hours, with each cycle operating for an hour before switching to the next cycle in the above-

mentioned order.

2.2 Aerosol measurements

Aerosol light absorption and equivalent black carbon (eBC) mass concentration were measured using a dual spot
aethalometer (AE33, Magee Scientific). The instrument uses two sample spots with different flow rates for aerosol
accumulation and an unloaded spot as a reference area for calculating the light absorption coefficients (bans(1)). The
instrument measures light attenuation at seven wavelengths (370 nm, 470 nm, 520 nm, 590 nm, 660 nm, 880, and 950
nm). The AE33 automatically compensates for the filter-loading parameter (k) and multiple scattering coefficient (C) in
real-time (Drinovec et al., 2015, 2017). In experiments prior to 2021, a filter tape made of TFE-coated glass fibers
(M8020) was used for AE33. For this filter tape C value of 1.57 and a leakage factor of 0.07 were applied as provided by
the manufacturer (Drinovec et al., 2015). For the ILMARI 2021 experiments, a newer filter tape (M8060, made of glass
fibers coated with PTFE/PET) with a recommended/assumed C value of 1.39 and a leakage factor of 0.01 was used.
Two aethalometer instruments were in use: ‘AE33a’ in the ILMARI facility, and ‘AE33b’ in the SIMO facility.
During the MCS experiments in ILMARI (2021), the two AE33s were utilized in line to compare the instruments’
efficiency and reliability. Low variation (AE33a/AE33b 0.87 = 0.09 on average + standard deviations of the average
values of the four experiments for the whole experiments, and 0.89 + 0.09 for batch-wise averages excluding the ember

phase) was observed in the measured eBC values by both AE33s, validating the reliability of AE33 data. Time series for
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eBC emission concentration derived simultaneously from the two instruments (AE33a and AE33Db) for two experimental
days are presented in Supp. Figure S2.

The particle number size distributions were measured with an Electric Low-Pressure Impactor (Classic ELPI,
Dekati Ltd.). Organic (OC) and elemental (EC) carbon were collected on quartz fiber filters (Pallflex Tissuquartz) and
analyzed with a thermal-optical method (Turpin et al., 2000) using a Carbon analyzer (Sunset Laboratory Inc.). The
National Institute for Occupational Health (NIOSH 5040) protocol (NIOSH, 1999) was used for all experiments except
for ILMARI (2021), where the analyses were based on the Interagency Monitoring of Protected Visual Environments
(IMPROVE-A) protocol (Chow et al., 2007). Both protocols have been found to reliably provide the OC and EC
concentrations (Wu et al., 2016). However, the IMPROVE-A protocol provides slightly more detailed information about
OC and EC fractions at different temperatures than the NIOSH5040 protocol. Further, IMPROVE-A includes a

reflectance-based optical correction that enables the analysis of heavily loaded filters.

2.3 Sampling

The raw flue gas sample was directed to the gas analyzers through an insulated and heated (180 °C) sample line with a
ceramic filter. In the ILMARI setup, gaseous emissions (CO,, CO, and NOy,) were measured by an ABB Hartman &
Braun (ABB Cemas Gas Analysing Rack, ABB Automation GmbH) and Siemens (ULTRAMAT 23) gas analyzer systems
(Supp Figure S1). Similarly, the SIMO setup used Siemens ULTRAMAT 23 gas analyzers to measure CO,, CO, and NO
in the undiluted exhaust.

For the particle measurements, the sample was led through a two-stage dilution system. The first stage of dilution
was performed with a porous tube diluter where the sample was diluted with clean air of ambient temperature followed
by an ejector diluter (ED) (DAS, Venacontra). In the ILMARI, the dilution ratio (DR) after the first two stages of the
dilution was 10—-100 (Supp. Table S2). Additional ED (Palas, VKL 10 E) was used upstream of the aecthalometer to further
dilute the sample by an additional factor of 100 to reach suitable concentrations for aethalometer measurements. In SIMO,
the initial DR after two stages of dilution was ~ 73—-90 and an additional ED (DI-1000, Dekati Ltd.) was used upstream
of the aethalometer to dilute the sample by an additional factor of 8.6. DR was defined from CO; concentrations in the
raw gas and in the diluted sample (ABB CO, analyzer or Vaisala GMP 343 in ILMARI or Vaisala GMP 343 in SIMO)
as described by Sippula et al. (2009).

2.4 Data analysis
2.4.1 Segregation of black and brown carbon

The contribution of black and brown carbon to the total absorption of visible light were segregated by calculating
‘dimensionless integrated absorptions’ (DIA) of BC and BrC over the measured wavelength range. This approach relies
on the multi-wavelength attenuation measurement and is comparable to the multi-wavelength absorption analyzer model
(Massabo et al., 2015; Bernardoni et al., 2017). First, the dimensionless integrated absorption by BC (DIAgc) was
calculated by a definite integral of Eq. (2) for the acthalometer wavelength range (370-950 nm) using the absorption
coefficient value at the wavelength of 880 nm (babs(880 nm)), where the light absorption was assumed to be the result of

BC. The BC absorption was extrapolated to lower wavelengths assuming that BC has an AAE (AAEgc) of 1.

2

)—AAEBC

A
Baps pc(A) = bgaps(880nm) x (@
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For the calculation of the total absorption, a power law function was fit to the total aerosol absorption coefficients
measured at the seven aethalometer wavelengths using the method of least squares. As a result, we attain an AAE
describing the wavelength dependency over the visible wavelength range (A AEs70-950). The total dimensionless integrated
absorption (DIAT,) was then calculated as the definite integral of this power law function over the acthalometer
wavelength range. As the total absorption can be considered to be the sum of the absorptions by BC and BrC, the
dimensionless integrated absorption by BrC (DIAgc) was defined as the difference between the DIAT. and the DIAgc.
The relative contribution of BrC to the total absorption over wavelength 370 nm to 950 nm (BrCjs70.950) was calculated as
the ratio of DIAg:c to DIAT.. A step-by-step example of this calculation is shown in Supp. Section S1.

The absorptions by BC and BrC were also segregated for the individual wavelengths, for which the absorption
by BrC was estimated as the difference between the total absorption and the absorption by BC (Olson et al., 2015). Major
uncertainties in the relative contribution by BrC may arise due to the choice of value for AAEgc, which may vary with
differences in combustion emission. As the exact AAE for pure BC cannot be obtained with this instrumentation, we used
the standard AAEgc of 1.0. Despite the uncertainties associated with this approach (Lack and Langridge, 2013), many
studies have found the results in agreement with other methods of apportioning BC and BrC absorption (Tian et al., 2020;
Zhang et al., 2019; Briggs and Long, 2016). The sensitivity of BrCs.950 to the choice of AAEgc depends on the amount
of BrC, as illustrated in Supp. Figure S14 and S15 for AAEgc values 0of 0.9 or 1.1 instead of 1.0. The results are, however,
presented for an AAEgc of 1.0 with a brief discussion on the effects of AAEgc on the resolved absorption by BrC available
in Section 3.2.

The eBC mass concentrations were converted from the bap,s(880nm) by multiplying it with the generally assumed

MAC of eBC at 880 nm (MACaen, 7.77 m? g™1) (Eq. 3).
eBC = by,5(880 nm) /MAC,..,(880nm) 3)

The actual MACs may diverge from the default MAC,em with different emission sources (e.g., Olson et al., 2015). To
assess the MAC of the emitted BC particles, the MACsgonm Was estimated by dividing the measured bays by the thermo-
optically derived EC concentration (Eq. 4).

baps(880nm)
MACsgonm = absT “4)

Furthermore, the MAC of the organic fraction (MACoc) was estimated from the ratio between baps, Brc(470 nm), and the
concentration of OC from the thermal-based method (Eq. 5).

b (470nm)
MACOC,47Onm = % Q)

The two-wavelength AAE4709s50 values typically used for source apportionment of ambient acrosol were calculated using

the wavelength pair 470 nm and 950 nm (Eq. 6) as suggested by (Zotter et al., 2017).

_~ ln(babs,£1-70 nm/babs,950nm)
AAE470/950 = In(470nm/950nm) (6)

2.4.2 Emission factors

The emission factors (EFs) were calculated as mg of PM (OC, EC, or eBC) per megajoule of energy produced applying
Eq. 7 (Reda et al., 2015):

EF =c, X a Xk X Qg @)
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Where ¢, is the dilution corrected concentration of species in flue gas (mg m™), a is the air-to-fuel ratio during the
combustion process calculated from either raw flue gas O, concentration (ILMARI experiments, Eq. 8) or raw flue gas
CO; concentration (SIMO experiments, Eq. 9). k is the correction factor for the fuel moisture content given by Eq. (10),
where H, is the net heating value of dry fuel and Hy, is the amount of heat consumed in water evaporation which depends
on the ratio of water to dry substance in fuel (W,) and the latent heat of vaporization of water (1) (2.50 MJ kg™ at 0 °C,
Eq. 11). The net heating values for the dry fuels used in different experiments are listed in Supp. Table S1. Qs is the dry
volume of flue gas produced in the combustion of dry fuel (0.25 m3 MJ! for solid fuels and 0.26 m> MJ! for diesel fuel).

209 %

= 209%-0,% ®
_202%
a= CO% ©)
Hy
k= (10)
H, =W, X1, (11)

The modified combustion efficiency (MCE, Eq. 12) was calculated to define the degree of completeness of a combustion

process.

_ 4co,
MCE = (ACO,+4C0) (12)

where ACO and ACO; are the background-corrected CO and CO> values in the exhaust.

2.4.3 Data handling and uncertainty estimation

The mean EFs for each fuel-appliance combination were calculated from the experiment-wise means averaged over the
whole measurement period. These experiment-wise average EFs were further averaged according to the number of
repetitions for each fuel type in individual combustion appliances (n = 3-23, Table 1), and results are given as mean EFs
+ standard deviations (STD) of the repetition means. The AAE470950 and BrC contributions were calculated from the
combustion period averaged baps(A) coefficient and further averaged according to the number of repetitions. The STD of
AAE470050 1s given as the mean of standard deviations of the time-resolved data. The STD of MACssonm Was calculated
from MACssonm values for each fuel type in individual combustion appliances.

The uncertainties related to the AAE470950 and the BrC absorption contribution depend on rates of change and
uncertainties related to the attenuation and loading compensation parameters. The uncertainty in AAE470/950 was derived
as in Helin et al. (2021), and an overview of the estimated average relative uncertainty in AAE470950 over 1 minute,
individual batches, and the complete combustion experiments are available in Supp. Table S3.

A detailed explanation regarding the uncertainty of the BrC absorption contribution is given in Supp. Section
S2. The change in attenuation during each experiment was considered for the complete experiment, except for peat
combustion, for which individual batches were considered instead. The absolute uncertainties in the fractions of
absorption by BC and BrC are shown in Supp. Figure S4 for individual wavelengths for each fuel-appliance combination.
Among RWC, sauna stoves (SS-11 and SS-18) showed the highest amount of absolute uncertainty in BrC absorption with
a median value of ~ 7 % and ~ 10 % respectively for all calculated wavelengths, while MCS showed the least absolute
uncertainty (~ 0.6 %). For the overall experiments, peat combustion showed the least amount of uncertainty with a median

value of 0.01 % BrC contribution (470 nm). However, since the values for peat combustion were calculated from the
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individual batches, the uncertainty values are not fully comparable to those of the other combustion sources. When
considering the experiment-to-experiment variation in the uncertainty of the results, the diesel engine showed the least
absolute uncertainty (median uncertainty ~ 0.3 % BrC contribution). However, the relative uncertainties in the
contribution of BrC to the absorption were the highest when the BrC contribution was low, namely, for diesel exhaust

emissions (0.66 %).

3 Results and discussion
3.1 Emission factors and combustion conditions

The EFs for OC, EC, and eBC (average + standard deviation of the experiment-wise means) are presented in Figure 1.
Among wood log combustion appliances, the highest eBC EF was observed for pine combustion in MCS (80.9 + 45.7 mg
MJY), while the lowest was recorded for spruce combustion in MMH (27.9 + 4.41 mg MJ!). Birch combustion in SS-11
(61.3 £ 34.4 mg MJ') and birch combustion in CMH (59.4 + 14.5 mg MJ!) exhibited the highest EFs for EC, whereas
the lowest EC EF was found for spruce combustion in MMH (16.9 + 1.23 mg MJ""). Good correlations were observed
between EC and eBC concentrations within the fuel/appliance combinations (Supp. Figure S5). However, there was a
disparity between the relations of eBC and EC between the different combustion fuel/appliance combinations, suggesting
variations in the optical properties of emitted particles, as discussed further in Section 3.2.

The lowest OC EFs were observed for MMH, regardless of the wood species used. The formation of OC was
influenced by fuel moisture, with the highest OC EF observed for high moisture content fuel combustion in SS-28 (51.8
+ 10.0 mg MJ?!). Increased fuel moisture content decreases the temperature during RWC, which leads to increased
emissions of particulate organic matter (Price-Allison et al., 2021, 2019; Magnone et al., 2016). The OC/EC ratio in the
exhaust from sauna stoves increased from 0.51 + 0.42 for 11 % moisture content to 1.49 + 0.16 for 28 % moisture content.
A moderate correlation was observed (R*= 0.67) between the OC/EC ratio and fuel moisture content for wood log fuel-
appliance-wise averaged combination (Supp. Figure S6a). The presented EFs for EC, eBC, and OC from logwood
a