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ABSTRACT: Particle emissions affect radiative forcing in the atmosphere.
Therefore, it is essential to know the physical and chemical characteristics of
them. This work studied the chemical, physical, and optical characteristics of
particle emissions from small-scale wood combustion, coal combustion of a
heating and power plant, as well as heavy and light fuel oil combustion at a
district heating station. Fine particle (PM1) emissions were the highest in wood
combustion with a high fraction of absorbing material. The emissions were lowest
from coal combustion mostly because of efficient cleaning techniques used at the
power plant. The chemical composition of aerosols from coal and oil combustion
included mostly ions and trace elements with a rather low fraction of absorbing
material. The single scattering albedo and aerosol forcing efficiency showed that
primary particles emitted from wood combustion and some cases of oil
combustion would have a clear climate warming effect even over dark earth
surfaces. Instead, coal combustion particle emissions had a cooling effect. Secondary processes in the atmosphere will further
change the radiative properties of these emissions but are not considered in this study.

■ INTRODUCTION

Combustion sources from large scale power and heat
production to small-scale wood combustion emit a substantial
amount of particles into the atmosphere. These emissions both
deteriorate air quality locally and affect climate globally due to
intercontinental transport of polluted air masses.1 According to
the Intergovernmental Panel on Climate Change (IPCC), total
direct radiative forcing is estimated to be negative for aerosol
(−0.5 ± 0.4 W m−2).2 However, black carbon (BC) emitted
from fossil fuel and biomass burning absorbs solar radiation
effectively influencing atmospheric and surface forcing.3−7 The
warming effect of fossil fuel BC aerosols is estimated to be in
the range between +0.2 and 0.5 W m−2,2,8 even though the
possibility of overestimation of this effect has been shown by
Cappa et al.9

Previous studies have characterized particle emissions of
various burning technologies fueled with wood, oil, or coal:
particle chemical properties and size distributions are
investigated for residential combustion appliances fueled with
wood logs or pellets.10−13 Studies of oil and coal combustion
with differential qualities of fuels and burning technologies also
give an overview of the chemical properties and size
distributions of emission particles.13−16 Bond et al.14 studied
climate-relevant properties of particles emitted from oil
combustion. Former studies show that the differences in
fuels, combustion processes, and related technologies have
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significant influence on the amount and characteristics of
emissions. However, most of the previous studies did not study
physical and chemical properties of particles together with
radiative forcing effects. These comparisons would enable the
connections to the climatic influences.
The simulation studies indicate that the contribution of

anthropogenic BC emitted from Europe is significant in Arctic
areas.17 Thus, it is important to characterize emissions of
energy production in the northern hemisphere. Here, we
studied the characteristics of primary particles emitted from
small scale wood combustion, a heavy fuel oil-fired district
heating station, and a coal-fired heating and power plant, which
are widely used methods for energy production, especially in
Finland. All these combustion processes and technologies can
be seen as important on a global scale. The knowledge on how
different technologies affect the characteristics of emission
particles is important, from the viewpoint of global modeling
but also from the viewpoint of emission reduction policies.
We analyzed the chemical composition and the number size

distribution of emitted aerosol and, partly based on those,
report the optical properties of particles and aerosol forcing
efficiency of them. The secondary processes affecting particles
in the ambient air were not taken into account.

■ EXPERIMENTAL METHODS
Combustion Technologies. The experiments included

three combustion technologies: small-scale wood combustion
(SSWC), a heavy fuel oil-fired district heating station (HFO-
HS), and a coal-fired power plant (C-PP). A summary of the
campaigns is shown in Table 1.
The SSWC tests were performed in a laboratory. The studied

technologies were a conventional masonry heater (SSWC-MH)
fueled with dry (moisture 10−13 wt %) birch log batches and a
pellet boiler (SSWC-PB) fueled with wood pellets. A detailed
description of the experimental setup is given in Tissari et al.10

and Lamberg et al.,11 of which in the latter, the cases EFC
(efficient combustion) and CBC3/23 (conventional batch
combustion) indicated the pellet boiler and masonry heater of
this study.
The C-PP experiments were performed at a height of 35 m

on the smokestack of a large heating and power plant. The
combustion took place in a boiler fueled either with pulverized
bituminous coal or a mixture of coal and wood pellets (pellets
4.5 ± 1.4% of fuel volume). The sulfur content of dry coal was
on average (±standard deviation) 0.39 ± 0.06 wt %. The flue
gas was cleaned by an electrostatic precipitator and a
desulfurization plant (DSP) including fabric filters before
entering the smokestack. The nominal power of the power
plant was 300 MW. The following combustion cases were
studied: pure coal with DSP (C+DSP), a mixture of coal and
pellets with DSP (C+P+DSP), and mixture of coal and pellets
without DSP (C+P+bypassDSP).
The HFO-HS experiments were made for a heavy fuel oil-

fired boiler operating at different powers and with different
fuels: 78 MW produced by HFO, 78 MW produced by HFO
with water emulsion, and 120 MW (full power) produced by a
mixture of HFO (84 wt %) and light fuel oil (LFO, 16 wt %).
In the following sections, we refer to these operating conditions
with the abbreviations HFO+78MW, HFO+E+78MW, and
HFO+LFO+120MW. The sulfur contents of HFO and the
mixture of HFO and LFO were 0.89 and 0.75 wt %,
respectively. There was not any flue gas after-treatment before
the particle measurements. T
ab
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Instrumentation and Analytical Techniques. In the
SSWC campaign, the particle sampling and dilution were
carried out with a dilution tunnel (DT) for filter samples and a
combination of a DT and an ejector diluter (ED, DI-1000,
Dekati Ltd.) for determination of the optical properties of
particles (Table 1). A Dekati Fine Particle Sampler (FPS-4000,
Dekati Ltd.) was used to dilute flue gases in the HFO-HS and
C-PP campaigns (Table 1). It has to be noted that high dilution
ratios of the SSWC campaign, especially when ED was used,
could lead to higher evaporation of, e.g., volatile and
semivolatile aerosols in comparison with other combustion
campaigns.18 The temperature of the sample air was ca. 20−25
°C when entering the instruments.
The characteristics of emission particles were studied in each

campaign with versatile instrumentation. The summary of the
instrumentation of the campaigns is given in Supporting
Information (SI) Table S1.
The optical characteristic of submicrometer particles (PM1,

aerodynamic particle diameter Da < 1 μm) was determined
measuring scattering and absorption coefficients (σSP and σAP
(Mm−1), respectively) with a Nephelometer (TSI model 3563,
TSI Inc.)19 and a Multi-Angle Absorption Photometer at λ =
637 nm20 (MAAP, Model 5012, Thermo Fisher Scientific
Inc.)21 or a Particle Soot Absorption Photometer (PSAP,
Radiance Research).22 In the SSWC campaign, five upper
stages (7−11) of a Berner low pressure impactor (BLPI)23

were used to remove particles larger than 1 μm (flow rate 25 l
min−1).24 The HFO-HS and S-PP campaigns used cyclones
(sharp cut cyclone SCC 1.829, BGI Inc., USA) to remove
particles >1 μm from the sample flow (flow rate 11 l min−1).
The MAAP results were converted to BC mass concentrations
(MBC) using a mass absorption efficiency (MAE) of 6.6 m2

g−1.21 In the SSWC campaign, MBC was estimated on the basis
of the MAE of the MAAP to get comparable results with other
campaigns. MBC measured with the MAAP/PSAP is actually
influenced by all particles absorbing light in used wavelengths.
In addition to BC absorption, also absorption of, e.g., iron oxide
is significant in the visible wavelength region.25 Iron is a typical
component of coal and oil fuel.16 Thus, BC is here considered
to be an absorbing material that does not definitely indicate
pure BC only.
The number and volume size distributions were measured

using a Fast Mobility Particle Sizer (FMPS, model 3091, TSI
Inc.),26 an Aerodynamic Particle Sizer (APS, model 3321, TSI
Inc.),27 and two Scanning Mobility Particle Sizers (SMPS).28,29

SMPSs were equipped with DMA 3071 and CPC 3775 and
with DMA 3085 and CPC 3025 (TSI Inc.), respectively. The
mobility diameters (Dp) measured by the SMPS/FMPS were
converted to aerodynamic diameters (Da) when combined with
the APS and compared with MOUDI mass size distribution.
Da’s measured by the APS were converted to Dp’s for Mie
model simulations of optical properties of emission particles.
Densities used in conversions were 2.96 and 1.77 g cm−3 for the
SSWC-PB and SSWC-MH cases. These values were calculated
on the basis of PM1 mass concentrations and total volume
determined from volume size distributions. For the HFO-HS
and C-PP campaigns, a density of 2.5 g cm−3 was used because
there were lacking data between gravimetric analysis and size
distribution results. Estimation of this density was based on the
typical chemical composition of particle emissions of coal and
HFO combustion. HFO and coal combustion emissions consist
typically of trace metal (density 1.7−11.4 g cm−3) and mineral
components (density ∼1.5−3.0 g cm−3).15,16 Measured

aerodynamic particle size ranges in the SSWC-PB, SSWC-
MH, HFO-HS, and C-PP campaigns were 0.01−0.9, 0.008−
0.696, 0.016−19.8, and 0.01−19.8 μm, respectively.
In all of the campaigns, emissions and the chemical

composition of PM1 (Da < 1 μm) were determined from the
Polytetrafluoroethylene (PTFE, Millipore, 3.0 μm,
FSLW04700)-filter samples collected by filtration using a
combination of five upper stages (7−11) of a BLPI23 and a
filter cassette (Gelman Science; flow rate 25 l min−1).24 In the
HFO-HS and C-PP campaigns, emission particles were also
collected by a rotating nano-Micro-Orifice Uniform Deposit
Impactor (nano-MOUDI model 125B, MSP Corporation; flow
rate 10 l min−1).30,31 PTFE and polycarbonate filters
(GTTP04700, 0.2 μm) were used as sampling substrates.
Sampling times were 1−4 h, 1 h, and 3−36 h for the HFO-HS,
SSWC, and C-PP campaigns, respectively.
Gravimetric and chemical analysis was done for the PM1

samples. From the MOUDI samples only chemical size analysis
was discussed. Because of the limited campaign times, in some
cases there was only one filter sampling for certain combustion
conditions leading to the possibility of uncertainties of these
results. Uncertainty estimation of filter sampling is presented in
SI Table S3, but the repeatability of the combustion conditions
was not possible to evaluate. Major ions were analyzed for all of
the campaigns, whereas trace elements were determined only
for the HFO-HS and C-PP. Monosaccharide anhydrides (MAs)
and water-soluble organic carbon (WSOC) converted to water-
soluble particulate organic matter by a factor of 1.8
(WSPOM)32 were analyzed from the PM1 samples of the
SSWC. Total POM of the PM1 particles was determined only
in the HFO-HS campaign.
Major ions of PM1 and MOUDI samples were analyzed by

ion chromatography (ICS-2000, Dionex Corp.)33 from the
PTFE and polycarbonate filter pieces. Elemental components
of the PM1 samples from the HFO-HS and C-PP campaigns
were analyzed by an inductively coupled plasma mass
spectrometer (ICP-MS; DRC II, Perkin-Elmer SCIEX) and
an inductively coupled plasma optical emission spectrometer
(ICP-OES; Vista Pro Radial, Varian Inc.).34 Yields for elements
ranged between 54% and 104%, and the results were corrected
based on the yields. Some MOUDI samples from the C-PP
campaign were analyzed for elements by an X-ray Fluorescence
Spectrometer (Epsilon 5, PANalytical B.V.).35 Analyzed
components are presented in SI Table S2.
The MAs and WSOC emissions of the SSWC were analyzed

using a high-performance anion-exchange chromatograph
coupled with electrospray ionization to a quadrupole-mass
spectrometer (HPAEC-MS, Dionex Corp.)36 and a total carbon
analyzer equipped with a high-sensitive catalyst (TOC-VCPH,
Shimadzu),37 respectively. The POM of the HFO-HS campaign
was determined using a high-resolution time-of-flight aerosol
mass spectrometer (HR-ToF-AMS, Aerodyne Research Inc.).38

Data Analysis. All the results were corrected for the dilution
(Table 1), converted to the NTP conditions (0 °C and 101.3
kPa) and normalized from the oxygen content in the flue gas to
the oxygen content of each fuel (13% for wood and pellets, 3%
for HFO and LFO, and 6% for coal) to enable comparable
conditions for various combustion processes.39 Particle mass
and number concentrations were presented in relation to the
energy input to the burning processes (mg MJ−1 or # MJ−1)
based on the standard SFS5624.39 The principles of the
standard are presented in the SI.
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The nephelometer and PSAP data suffer from the
instrumental limitations. Thus, σSP and σAP data were corrected
based on the methods shown by Anderson and Ogren19 and
Virkkula,40 respectively. σSP measured at λ= 700 nm and σAP
measured by the PSAP were interpolated logarithmically to the
MAAP wavelength (637 nm).41

The wavelength dependence of scattering presented by the
scattering Ångström exponent (αSP) is related to the particle
size: αSP increases with decreasing particle size.42−44 Here, αSP
was calculated for the wavelength range 450−637 nm. The
single scattering albedo (ω0), that is, the ratio of σSP to the sum
of σSP and σAP (extinction coefficient, σEP), was calculated based
on the corrected σSP and σAP at a wavelength of 637 nm. It is an
important factor in the estimations of radiative forcing of the
aerosol particles.45

Furthermore, the mass extinction efficiency (MEE), which is
dependent on particle size composition and size distribution,
was calculated based on the ratio of σEP to PM1.

46 Accurate
estimates of MEE are important when computing the radiative
forcing effects of aerosols and in the chemical extinction
budgets used for the visibility regulatory purposes.46

The optical properties of the SSWC campaign were in
addition simulated by Mie Model in SI section 2.2 to ensure the
validity of the measured values.
Radiative forcing influence of emission particles was assessed

by aerosol forcing efficiency (ΔF/δ, i.e., aerosol forcing per unit
optical depth, W m−2):47−49
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where D is the fractional day length, S0 is the solar constant, Tat
is the atmospheric transmission, Ac is the fractional cloud
amount, Rs is the surface reflectance, and β is the average
upscatter fraction calculated from hemispheric backscatter ratio
b (backscattering-to-scattering) based on formula β = 0.817 +
1.8495b − 2.9682b2.48 Here, ΔF/δ was estimated for each of
the combustion cases using the average values of ω0 and b for
637 nm. The constants used were D = 0.5, S0 = 1370W m−2, Tat
= 0.76, Ac = 0.6, and Rs = 0.15, as suggested by Haywood and
Shine.50 The ΔF/δ was further estimated in the relation to the
average value of produced energy in an hour (W m−2MJ−1).
This describes forcing efficiency in a cubic meter filled with
aerosol mass emitted by 1 MJ of produced energy.

■ RESULTS AND DISCUSSION
Mass Concentration and Chemistry. Emissions of the

analyzed and weighed PM1 are summarized in Table 2 (EA,PM1
and EW,PM1 (mg MJ−1), respectively). Detailed results of the
analyzed components are presented in SI Table S4. Mass
closures for the PM1 of the studied combustion cases are shown
in Figure 1. In this study, the used analytical techniques limited
the possibility to reach the total PM1 mass closure. In the
SSWC-PB, analyzed mass covered 63 ± 7% of PM1. In the
SSWC-MH, analyzed mass was larger than weighed PM1
indicating uncertainty in analysis techniques or estimation of
MBC. In the HFO-HS and C-PP, the coverage of the total mass
varied from 32 to 89%. The missing mass in these campaigns
could include some nonanalyzed elements such as silicon (Si)

that occur especially in coal. Silicon is, e.g., in the form of quartz
(SiO2), aluminosilicate, or aluminosilicate salt.

51 In addition, oil
and coal include a significant amount of trace metals that could
form metallic oxides in the flue gas.16,51,52 Oxygen in these
compounds could explain part of the missing mass.
In general, the SSWC emitted the highest PM1 emissions

when compared with the C-PP and HFO-HS campaign (Table
2). This is reasonable because the combustion technique is not
as advanced in small scale appliances as in larger scale boilers.
The EPM1’s were lowest in the C-PP, even in the case of the
DSP bypassing. Also in this case, the flue gases passed the
electrostatic precipitator, resulting in a significant decrease of
particulate emissions when compared with the raw flue gas.
Instead, the SSWC and HFO-HS did not have any cleaning
system.
Most of the chemical components have scattering influence

(e.g., sulfates and many organic compounds). The absorbing
part is usually proposed to be BC but can also include, e.g., iron
oxides that are highly absorbing in UV and visible light
wavelengths and occur in oil and coal combustion flue
gases.15,16,25 Instead, in wood fuels, iron is not such a significant
component.11 In the SSWC-PB and SSWC-MH cases,
contributions of absorbing material to PM1 were 0.4 ± 0.2%
and 94 ± 28%, respectively. The results of the absorbing
material and iron were both summed to the analyzed mass as
individual components. Thus, they might overlap if iron was in
the form of iron oxides. In the HFO-HS campaign, the
contribution of iron and absorbing material to the PM1 was on
average 3.3 ± 0.1% and 0.8 ± 0.2%, respectively. The iron
contribution to the PM1 was 0.2 ± 0.04% and 1.4% for the C
+DSP and C+P+bypassDSP, respectively. The absorbing
material contributed 3.7 ± 0.4% of the PM1 in the C+DSP
and 16% in the C+P+bypassDSP. The influence of absorption
of iron oxides was tested assuming iron to be in the form of
ferric oxide (Fe2O3) and MAE to be 0.56 m2 g−1(25). The
process and results are presented in the SI (section 2.1). The
test results showed that for the HFO-HS campaign, absorption

Table 2. Average (± Standard Deviation (stdev)) Emissions
of the Analyzed PM1 (EA, PM1), Weighed PM1 (EW,PM1), and
Number Emissions of the Fine and Coarse Particles
Measured by the SMPS/FMPS and APS ((NF, NC,
Respectively) for the Combustion Casesa

combustion
case

EA,PM1 (mg
MJ−1)

EW,PM1 (mg
MJ−1) NF (# MJ−1)

NC (#
MJ−1)

SSWC-PB 11 ± 1 17.4 ± 2 3.6 × 1013 ±
1.9 × 1012

SSWC-MH 40 ± 12 39 ± 2 6.9 × 1013 ±
2.2 × 1013

C+DSP 0.16 ± 0.04 0.18 ± 0.06 2.3 × 109 ±
4.0 × 109

4.8 × 108 ±
1.9 × 108

C+P+DSP 0.10 ± 0.01 0.15 ± 0.02 7.2 × 1010 ±
4.8 × 1010

1.6 × 108 ±
8.3 × 107

C+P
+bypassDSP

0.4* 1.3* 6.7 × 1010 ±
2.1 × 1010

1.2 × 109 ±
4.1 × 108

HFO+78MW 1.8* 3.1* 1.1 × 1013 ±
1.2 × 1011

1.1 × 108 ±
3.3 × 107

HFO+E+78
MW

2.1* 3.6* 1.1 × 1013 ±
1.2 × 1011

1.2 × 108 ±
1.5 × 107

HFO+LFO+
120 MW

1.4* 2.3* 1.0 × 1013 ±
1.7 × 1011

6.5 × 107 ±
1.8 × 107

aThe aerodynamic size ranges of the NF based on the FMPS/SMPS
measurements were 0.01−0.9, 0.008−0.696, 0.016−0.26, and 0.016−
0.655 nm for the SSWC-PB, SSWC-MH, C-PP, and HFO-HS
experiments.

Environmental Science & Technology Article

dx.doi.org/10.1021/es4028698 | Environ. Sci. Technol. 2014, 48, 827−836830



of Fe2O3 was in the range measured by the MAAP, whereas in
the C-PP campaign this absorption contributed only some per
cent of the measured absorption.
WSPOM (excluding MAs) and MAs were analyzed only for

the SSWC campaign. The MAs are specific tracer compounds
for inefficient biomass combustion, and the release of MAs has
been suggested to be dependent on the combustion
conditions.32,53 The fraction of WSPOM from the PM1 was
5.3 ± 0.8% and 2.6 ± 0.9% in the SSWC-PB and SSWC-MH,
respectively. The low WSPOM fraction in the SSWC-MH was
surprising but was determined also by Lamberg et al.11 The
reason stayed unclear but could be speculated upon: for
example, insufficient air supply could influence the formation of
organics. In addition, during aging, oxidation would increase
the POM fraction and the water solubility of particles in
comparison with fresh emissions here.54 The contribution of
MAs to the PM1 was clearly higher in the SSWC-MH (0.6 ±
0.2%) than in the SSWC-PB (0.01 ± 0.002%). A lower MA
fraction in the SSWC-PB than in the SSWC-MH was
reasonable: The continuous fuel feeding and controlled provide
of air in pellet boiler lead to more constant and efficient
burning conditions when compared to conventional masonry
heater with uncontrolled air supply and intermittent fuel
loading.
The POM emissions determined by the HR-ToF-AMS in the

HFO-HS campaign were low for all three of the experiments.
Due to the efficient combustion process (e.g., effective fuel
spraying, high temperature, optimal air-to-fuel ratio), it is
reasonable that the particles in the flue gas are rather formed
from metallic oxides and sulfates than organic compounds and
soot.13 The POM fraction was the highest in the case of HFO
+78MW (1.5%). It seemed that the full power run with HFO
+LFO fuel and emulsion decreased the organic fraction, which
indicates that the boiler operation was optimized to full power.
The influence of emulsion on the decline of the POM fraction
could be explained by the occurrence of a “micro-explosion” of
evaporating water.55 A “micro-explosion” creates numerous
new autoignition centers of combustion, leading to more
efficient burning.55

In the PM1 emissions, ions including alkali metals comprised
the majority of the mass in most of the studied combustion

cases. Also, elements, such as trace metals, had a high
contribution to the analyzed mass in the HFO-HS and C-PP
campaigns. For the SSWC campaign, elements were not
analyzed. In the SSWC-MH, C+DSP, and HFO+78, the ions
contributed 7 ± 2%, 59 ± 9%, and 40% to the PM1,
respectively. In the SSWC, the increase in the ion fraction
correlated with better combustion technology: the ion fraction
was higher in the SSWC-PB than in the SSWC-MH. In the high
combustion temperature of the SSWC-PB, inorganic ash
species first evaporate and form particles by homogeneous
nucleation and subsequent condensation in the cooling flue
gas.13 Major ions in the SSWC were K+, SO4

2−, Cl−, and Na+.
In the HFO-HS emissions, the ions-to-PM1 and elements-to-
PM1 fractions varied from 40 to 47% and from 14 to 15%,
respectively. SO4

2− contributed on average 88 ± 1% to ions in
the HFO-HS cases. The most significant elements were Fe, Ni,
V, K, and Mg. These metals are common species of oil
fuels.16,52,56 In the C+DSP case, ions dominated the chemical
composition of the emissions consisting of 59 ± 9% of the PM1.
SO4

2− was the most abundant ionic compound (55 ± 8% from
the PM1). Elements contributed 26 ± 2% to the PM1. The
main reasons for the high ion fraction are the chemicals used in
the DSP process. The analyzed fraction of the flue gas cleaned
only with the electrostatic precipitator (C+P+bypassDSP, the
analyzed fraction contained only 32% of the PM1) contained
mostly metals such as Al, Fe, Mg, K, and Ni and absorbing
material (35 and 52% of the analyzed mass). When the DSP
was in use, metallic components and absorbing material were
effectively removed from the flue gas. Calcium hydroxide
(Ca(OH)2) and sodium chloride (NaCl) are added to the flue
gas passing the DSP to decrease the emissions of sulfur dioxide
gas (SO2). In this study, SO2 gas emissions were on average
240 ± 60 mg Nm−3 and 620 ± 230 mg Nm−3 for the C+P
+DSP and C+P+bypassDSP cases, respectively (SI Table S3).
Thus, the chemical reactions in the DSP resulted in a decrease
of SO2 and metal emissions and enhanced mass concentrations
of ions such as Ca2+, Na+, Cl−, and SO4

2− compared with the
DSP bypass.

Number Emissions and Size Distributions. The number
emissions of fine and coarse particles (cut off size Da = 1 μm)
measured by the SMPS/FMPS and APS (NF and NC,

Figure 1. Mass closure of the PM1 (Da < 1 μm) in various combustion cases. Mass fractions of the bars from the SSWC-PB to the C+P+DSP are
based on the average values of 2−5 filter samples. The results of the bars from the C+P+bypassDSP to the HFO+LFO+120MW represent mass
fractions of only one filter sample in each case.
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respectively) are summarized in Table 2. As an example, Figure
2 presents number size distribution (NSD) and volume size
distribution (VSD) of the cases SSWC-MH, SSWC-PB, HFO-
78MW, and C+DSP. The size distributions of other cases are
shown in SI Figure S2. Ion and element mass size distributions
(MSD) of the C-PP campaign were determined from the
MOUDI samples except for the C+P+bypassDSP where only
ions were analyzed. For the HFO-HS campaign, ion MSDs
were determined, but element MSD was not available.
Number emissions in the SSWC and HFO-HS were clearly

higher than in the C-PP (Table 2). The most probable reason
was the efficient cleaning system in the C-PP. Instead, the
number emissions of the C-PP were emphasized in larger
particles (Table 2, Figure 2).
The GMDa’s of the wide bimodal NSD of the SSWC-MH

were at 34 ± 7 and 113 ± 13 nm. The GMDa of the SSWC-
MH volume size distribution was at 165 ± 29 nm. Instead, the
NSD and VSD of the SSWC-PB were sharp and unimodal with
GMDs at 94 ± 2 and 145 ± 9 nm, respectively. The width of
the NSD and the number of the modes increased with the
inefficiency of combustion. The VSD shifted to larger particles
in the SSWC-MH when compared with the SSWC-PB case.
The same behavior was observed in MSDs of these combustion
appliances presented by Lamberg et al.11

The NSD of the HFO+78MW centered in the ultrafine
particles with GMDa at 50 ± 0.2 nm. The distribution was
sharp and in smaller particles when compared with the SSWC-
MH and C+DSP cases. The amount of coarse particles was
insignificant. In the VSD of the HFO+78MW, ultrafine and
coarse modes were observed with GMDa’s at 67 ± 3 nm and
3.5 ± 0.3 μm, respectively. An increase of volume concentration
after 10 μm could indicate some unburned residual fly ash
particles in the flue gas.13 Also, the coarse mode between 1 and
10 μm was probably composed of residual particles. The
ultrafine mode is expected to be formed via nucleation of vapor
phase metal sulfates.52 The size distributions agreed with the
study of Sippula et al.,13 which also presented the domination
of the ultrafine mode in HFO combustion with a clear coarse
mode in the MSD. Emulsion (HFO+E+78MW) shifted the
ultrafine number mode slightly to larger particles and increased

NC when compared with the HFO+78MW. Instead, the HFO
+LFO+120MW case decreased NC. Ion-MSD of the HFO
+78MW peaked at the aerodynamic particle mean diameter
0.13 μm, being slightly larger in size than the ultrafine mode
seen in VSD. Ions in particles <100 nm contributed 43%, 30%
,and 53% to PM10 in the HFO+78MW, HFO+E+78MW, and
HFO+LFO+120MW cases, respectively. The contribution of
PM1 to PM10 varied only slightly in the range of 83−86%. Thus,
combustion conditions seemed to affect more clearly ultrafine
particles likely formed by vaporization−nucleation−condensa-
tion paths.
The role of coarse particles, especially in the VSD, was more

significant in coal than in HFO combustion. In the C+DSP
case, the NSD was bimodal with GMDa’s at 81 ± 15 nm and
1.1 ± 0.1 μm. In addition, there seemed to be a mode forming
in the end of the SMPS size distribution. The same behavior
was observed in the C+P+bypassDSP but not in the C+P+DSP.
The VSD of the C+DSP was dominated by coarse mode
particles (GMDa 2.2 ± 0.2 μm) leading to a unimodal VSD. In
the case of C+P+DSP, number and volume concentration of
the ultrafine mode were clearly higher and the coarse mode
lower than in the C+DSP case. The behavior could indicate
better combustion of the mixed fuel, which is surprising
because of the low content of the pellet. However, the
inorganic ash species of the pellet probably evaporate easier
than mineral components of coal and finally condensate to
form ultrafine particles. The bypass of the DSP increased
remarkably the number concentration of ultrafine particles, but
the VSD was dominated by the coarse mode. Previous studies
conducted in small-scale laboratory boilers without any
cleaning techniques have also shown the domination of coarse
particles in VSD or MSD.15,16 Overall, coal combustion
particles most probably form from inherent mineral matter
within coal transferred into PM forming coarse particles and
ultrafine and fine particles formed from vaporized and
nucleated volatile metals.15 The contribution of ultrafine
particles to the VSDs of the C-PP campaign was overall
unsubstantial. This was also seen in ion and element MSDs: the
contribution of particles <100 nm to PM10 was only 0.4−3%.
Ion and element MSDs of the C+DSP peaked at 1.3 and 2.4

Figure 2. NSD (left) and VSD (right) of particle emissions of the SSWC-MH, SSWC-PB, HFO+78MW, and C+DSP cases. The x-axis particle
diameter is aerodynamic. The distribution of the SSWC campaign includes only submicrometer range, whereas the size distributions of the HFO-HS
and C-PP campaigns were determined by the APS up to 19.8 μm. The shaded areas represent 5 and 95 percentiles of size distributions, and dashed
lines represent GMDa’s measured in this study and presented by Lamberg et al.,11 Ninomiya et al.,15 and Tomeczek and Palugniok.51
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μm, respectively. In the C+P+DSP, the mode maximum was at
1.3 μm for both ion and element MSDs. For the DSP bypass,
ion distribution peaked at 1.3 and 4.3 μm.
Optical Properties. The mean values ± stdev of the MEE,

αSP, and ω0 are shown in Table 3. The influence of the optical
properties of particles on radiative forcing was assessed based
on the formula of ΔF/δ (W m−2; eq 1) and the average value of
produced energy E in an hour. Also, these results are
summarized in Table 3. In addition, optical properties of the
SSWC campaign were also simulated by the Mie theory to see
if the results were consistent. These supporting results were
compiled in the SI. The MEE values were calculated in order to
connect the optical properties with the PM1 emissions. The
MEE values of the SSWC-PB and HFO-HS campaign were
rather low (ca. 0.1−0.2 m2 g−1). For the SSWC-PB, this result
agreed with simulation results (SI Table S8). Also, Hand and
Malm46 reviewed the size distribution dependence of mass
scattering efficiencies (MSE) that showed MSE values as low as
0.5 m2 g−1 for the particles with an aerodynamic diameter of 0.2
μm. They showed that the trend of MSE was decreasing with
decreasing particle sizes. Thus, for particles <0.2 μm, MSE
could be even lower. The MEE of the SSWC-MH in the
present study was 7.1 ± 7.9 m2 g−1. This value agreed with mass
absorption efficiencies (MAE) published previously, e.g., by
Petzold and Schönlinner21 and Bond and Bergstrom.57 The
result is consistent with the fact that absorbing material
composed 94 ± 28% of the PM1 emissions of the SSWC-MH
(Figure 1). The MEE values of the C-PP campaign were in the
range of 1.5−3.3, which corresponds with the published MSE
values for inorganic species (2.9 ± 0.3 m2 g−1).58 As the

chemistry and the NSD and VSD results showed, argumenta-
tion of the MEE values was reasonable for the C-PP campaign.
Scattering Ångström exponent αSP was discussed to relate

scattering with the particle diameter. Overall, αSP was the
highest for the SSWC campaign (3.8 ± 0.4 and 2.2 ± 0.2 for
the SSWC-PB and SSWC-MH, respectively). The NSD of the
SSWC-PB was unimodal, whereas SSWC-MH distribution was
multimodal, increasing the importance of particles larger than
the mode maximum. Thus, a lower αSP value for the SSWC-
MH than for the SSWC-PB was reasonable. The lowest value of
αSP (0.9 ± 0.03) was found for the C+P+bypassDSP of the C-
PP campaign. This is in accordance with the fact that particle
NSD was in larger particles than in the other cases of the C-PP
campaign. Even though there was a mode maximum in the
ultrafine size range for the C-PP cases with DSP, Figure 2
showed that the number concentration was significant up to 1
μm. This fact stands for low αSP values. αSP values in the HFO-
HS campaign were in the range of ca. 1.1−2.1. Even though the
number concentration and particle mode maximum were nearly
constant in the four combustion cases, the αSP varied clearly. In
general, the αSP seemed to be dependent also on combustion
technology and fuel. For example, the lowest values of the C-PP
campaign were in agreement with the values presented for dust
aerosol.42 Both coal combustion particles and dust particles
include a significant amount of mineral matter especially in the
coarse mode. For submicrometer particles, the values of the
scattering Ångström exponent around 1.5−1.8 for polluted
urban aerosol have been reported.43,44,59 Results of the HFO-
HS experiments fit best with these values.

Table 3. Mass Extinction Efficiency (MEE), Scattering Ångström Exponent (αSP), Single Scattering Albedo (ω0), Radiative
Forcing Efficiency (ΔF/δ), ΔF/δ per Produced Energy (± stdev), and Produced Energy of Studied Combustion Cases

combustion case MEE (m2 g−1) αSP ω0 ΔF/δ (W m−2) ΔF/δE (W m−2 MJ−1) produced energy (MJ)

SSWC-PB 0.1 ± 0.02 3.8 ± 0.4 0.67 ± 0.13 −10 ± 10 −1 × 10−1 ± 1 × 10−1 90
SSWC-MH 7.1 ± 7.9 2.2 ± 0.2 0.16 ± 0.08 34 ± 7 0.2 × 10−1 ± 4.9 × 10−2 147
C+DSP 2.4 ± 0.9 1.3 ± 0.1 0.89 ± 0.05 −23 ± 4 −2 × 10−5 ± 4 × 10−6 1080000
C+P+DSP 1.5 ± 0.5 1.8 ± 0.2 0.93 ± 0.06 −29 ± 5 −3 × 10−5 ± 5 × 10−6 1080000
C+P+bypassDSP 3.3 ± 1.1 0.9 ± 0.03 0.65 ± 0.09 −6 ± 8 −5 × 10−6 ± 7 × 10−6 1080000
HFO+78MW 0.2 ± 0.02 1.1 ± 0.1 0.57 ± 0.03 0.3 ± 3 1 × 10−6 ± 1 × 10−5 256000
HFO+E+78MW 0.2 ± 0.01 2.1 ± 0.1 0.76 ± 0.02 −19 ± 1 −7 × 10−5 ± 6 × 10−6 257000
HFO+LFO+ 120MW 0.1 ± 0.01 1.4 ± 0.1 0.52 ± 0.05 4 ± 4 1 × 10−5 ± 1 × 10−5 370000

Figure 3. Single scattering albedo (ω0) of the PM1 emissions of various combustion technologies.
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The average (±stdev) single scattering albedo ω0 of the MS-
SSWC, HFO+78MW, and C+DSP cases are shown in Figure 3
(black squares) and Table 3. ω0’s of the additional combustion
cases are shown as black stars for more accurate speculation of
the influence of the combustion conditions on ω0. In the
ambient air, ω0 differs depending on the source and age of
particles. In the study of Lyamani et al.,59 ω0 varied between 0.5
and 0.8 in an urban traffic influenced site. Instead, Carrico et
al.60 showed higher ω0 values (∼0.9) for urban aerosol. In
nonpolluted regions, ω0 is usually higher than 0.9, which
represents particles consisting almost only of scattering
material. The ω0 of pure soot is approximately 0.3.61 As Figure
3 shows, obvious differences in ω0 were seen between the
combustion campaigns and the cases inside them. The ω0 of
the HFO-HS campaign varied between 0.52 ± 0.05 and 0.76 ±
0.02. These values indicated a rather high absorbing influence
of particles even though the fraction of absorbing material was
rather low. The use of emulsion seemed to increase ω0, which is
in accordance with the fact that the emulsion should improve
the combustion of the fuel. The ω0 for the SSWC-PB (0.67 ±
0.13) was in the same range as for the HFO-HS campaign, and
also in this case, the absorbing material-to-PM1 ratio was low.
This discrepancy could be explained by optical properties of
size distributions of these cases: Figure S4 in the SI showed that
for the SSWC-PB, absorption efficiencies of particles
approximately <60 nm (mobility diameter) were higher than
scattering efficiencies. A remarkable part of the particles was
below this range. The shape and position of the size
distributions of the HFO-HS campaign corresponded to the
ones in the SSWC-PB case. Thus, the same behavior could be
expected. The low ω0 of the SSWC-MH (0.16 ± 0.10) was
consistent with high BC fraction shown in Figure 1. As was
shown by the study of Lamberg et al.,11 in which the
combustion technologies used corresponded to the ones in
this study, the contribution of EC to PM1 was highest for the
masonry heater, which is in agreement with the ω0 determined
in this study. The C-PP campaign seemed to emit mostly
scattering particles when DSP was used. The high fraction of
ions with a high sulfate fraction endorsed high ω0 values
(Figure 1). The contribution of absorbing material increased
with the bypass of the DSP corresponding to a significant
decrease of ω0 to 0.65 ± 0.09 (Figure 1, Table 3).
In the ΔF/δ results, the negative and positive sign indicate a

cooling and warming effect of the aerosol in question. The used
surface reflectance, Rs = 0.15, represents a dark surface such as
grass. Setting Rs to a value describing snow-covered ground
(>0.6) would lead to higher values of ΔF/δ. ΔF/δ values were
negative (i.e., cooling effect) for all of the other cases but
SSWC-MH, HFO+78MW, and HFO+LFO+120MW. As fresh
aerosols, these cases would lead to the warming of the climate,
with the SSWC-MH having clearly the strongest warming
effect. The values of the C+DSP, C+P+DSP, and HFO+E
+78MW were in the same range with the values presented by
Virkkula et al.49 This study reported values between −20 and
−27 W m−2 for ambient background aerosol. Overall, if primary
particle emissions of this study would transport to the areas
with high ground reflectance (e.g., snow-covered Arctic), they
would have a warming effect.
This study gives insight into characteristics of primary

particle emissions of the described combustion techniques and
possible radiative influence of these emissions that were not
widely presented previously. The PM1 emissions of wood
combustion were highest and most influenced by absorbing

particles. Instead, the particle emissions from the C-PP seemed
to have mainly a scattering influence and were clearly lower
than in the SSWC and HFO-HS campaigns because of efficient
burning and cleaning techniques. Emissions of coal and oil
combustion were composed mostly of ions and trace elements
including a low content of absorbing material. Interestingly,
absorption of the HFO-HS emissions was rather high, and it
was estimated to be influenced by iron oxide rather than black
carbon. The same characteristic was seen in pellet boiler
emissions. This could be explained by the high absorption
efficiency of ultrafine particles of HFO-HS and SSWC-PB
emissions. Overall, single scattering albedo and aerosol forcing
efficiency showed that masonry heater and some HFO-HS
emissions would have a warming effect on the climate with the
assumptions done in this study. Overall, if primary particle
emissions of this study would transport to the areas with high
ground reflectance (e.g., snow-covered Arctic) as such they
would have warming effect. However, these results represent
primary emissions that will undergo further physical and
chemical transformation in the atmosphere with aging.
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