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Abstract. Solid biofuels are one option to reduce fossil fuel combustion and mitigate climate change. However, large-scale
combustion of solid biofuels can have significant impacts on air quality and the emissions of short-lived climate forcers. Due
to lack of detailed scientific experimental data, these atmospheric emissions and their impacts are mostly unknown. In this
study, we characterized primary particle emissions before and after the flue gas cleaning as well as the potential of emissions
to form secondary particulate mass in the atmosphere from the compounds emitted from a large-scale, biomass-fired modern
heating plant. Experiments were made at three power plant loads, i.e., 30 MW, 60 MW, and 100 MW (full load), and at each
of these loads, flue gas particles were characterized by comprehensive instrument setup both for their physical and chemical
characteristics. The study highlights the importance of efficient flue gas cleaning in biofuel applications; the bag-house
filters (BHFs) utilized to clean the flue gas from combustion boiler reduced the particle number emissions three orders of
magnitudes and the BC emissions close to zero. After the filtration, the measured primary particle number emissions were at
30 MW, 60 MW, and 100 MW 1.7-10® MJ%, 5.2-10% MJ?, and 7.2-10% MJ?, respectively. By number, emitted particles
existed mostly in sub-200 nm mobility particle size range. When measuring the potential of flue gas to form secondary
aerosol in the atmosphere, for the first time according to authors knowledge, we observed that the secondary aerosol
formation potential of the flue gas is high; the total impact of flue gases to atmospheric particulate matter concentrations can
be even 100-1000 times higher than the impact of primary particle emissions. In general, the results of the study enable
emission inventory updates, improved air-quality assessments, and climate modeling to support the transition toward

climate-neutral societies.



35

40

45

50

55

60

65

Preprint. Discussion started: 2 June 2025
(© Author(s) 2025. CC BY 4.0 License.

https://doi.org/10.5194/ar-2025-14 ’ '. A E R O S O L
Res ch

1 Introduction

Climate change can be mitigated either by adopting CO2-neutral fuels in energy production or by producing energy from
other renewable sources. According to the International Energy Agency (IEA) (2020), the fastest growing installed power
generation capacity is currently wind and solar photovoltages (PVs). This new power-generation capacity substitutes coal
and oil combustion (IEA, 2020; Bloomberg, 2020). Adopting non-combustion sources to electricity production can lead to
substantial changes in power production, possibly even leading to shutdowns of non-profitable fossil fuel-based power
plants. In the case of combined heat and power plants (CHPs), this can cause additional demand due to the required
production of heat for district heating. Heat can be produced (e.g., in heating plants relying on biomass combustion or with
geothermal heat pumps). In addition to wind and solar power, the use of other renewable power-generation sources, such as
biomass, is currently increasing (IEA 2020).

In addition to CO, emissions, combustion processes emit particles and other gaseous compounds that can significantly
deteriorate air quality and affect the climate. However, there is a lack of scientific literature on particulate emissions when it
comes to large power plants utilizing biomass fuels. Regarding small- and medium-scale boilers, previous biomass
combustion studies have shown that particle-emission factors can vary significantly; for example, in a study by Sippula et al.
(2009), the particulate mass of particles with a diameter smaller than 1 pm (PM) varied from 3.9 mg/MJ to 92 mg/MJ,
depending on the cleaning systems applied to the flue gas. For particle number concentration, the variation was from 1.2:10%
to 76-10%% particles/MJ. In these same experiments of combustion appliances with a nominal power of 20 kW through
15MW, the total carbon fraction (organic carbon (OC) + elemental carbon (EC)) in fine particles was below 6 mg/MJ, and it
constituted 0.8-22% of the fine particles (Sippula et al. 2009a; Sippula et al. 2009b; Sippula et al 2009c). In an article by
Lamberg et al., the PMi-emission factors for a household pellet boiler (25 kW) were 12.2-16.3 mg/MJ, corresponding to
100% load and 28% load (Lamberg et al. 2011). In the research by Schmidt et al. (2018), the emission factor for PN<.sum
was 3.6420.006-10%2 1/MJ, and the emission factor for the total suspended particles (TSPs) 14-57 mg/MJ for a boiler with a
nominal power of 1.3-6.3kWh.

Furthermore, few studies have focused on the characterization of physical and chemical properties of particles emitted by
heating plants and devices. Strand et al. (2002) reported an average geometric mean diameter of the flue gas particles to be
88 nm before ESP and 127 nm after ESP in the 6MW grate boiler heating plant. Another study by Léndahl et al. (2008)
reported that, irrespective of the biomass combustion conditions particle count median mobility diameter was 81 nm for
complete and 137 nm for incomplete combustion. Regarding the particle composition measured from small-scale boilers,
Sippula et al. (2007) reported that the PM; mass emitted from the combustion of commercial wood pellets consisted of
K2S04 (40%), KoCOs (15%), organic matter (15%), and other compounds (10%), and the rest of the particle mass contained
KCI, KNO3, Na,CQO3, KOH, and EC. Lamberg et al. (2011) reported that decreasing the boiler load increased PM; emissions
and that most of this increase originated from EC, which indicates incomplete combustion.
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In addition to primary particles, combustion processes frequently emit gaseous precursor compounds that have the potential
to form secondary particulate matter in the atmosphere. This atmospheric process is driven by the oxidation of emitted
compounds, which can decrease the volatility of compounds and thus enable the condensation of compounds into the particle
phase. Stevens et al. (2012) and Mylléri et al. (2016) showed there is new particle formation in the flue gas plumes of large
coal-fired power plants. This indicates that the emitted flue gases can contain precursors for secondary particle formation in
the atmosphere. However, to our knowledge, secondary aerosol studies for full-scale power plants fueled by biomass do not
exist in the peer-reviewed literature.

Regardless of the differences of large-scale power plant boilers and smaller boilers, some indications about the secondary
aerosol formation potential of pellet burning can be found in existing studies utilizing smaller burners or from small-scale
biomass combustion studies. For example, in a study by Heringa et al. (2011), the researchers applied a photo-oxidation
smog chamber to age the flue gas from a residential pellet burner with a nominal power output of 8 kW. They studied the
flue gas formed in the burner in stable combustion conditions and determined that BC contributes 33% of the total
particulate mass of the aged flue gas emissions and that the rest of the particulate mass was primary organic aerosol (POA),
which means that secondary organic aerosol (SOA) was not significantly formed in the aging process. Ortega et al. (2013)
obtained relatively similar results for biomass combustion in a small-scale device, where the aging of biomass-burning
smoke in an oxidation flow reactor resulted in a total organic aerosol (OA) average of 1.42+0.36 times the initial POA. In
contrast to that, the SOA is typically the largest component of ambient OA, followed by POA from anthropogenic and
biogenic sources (Jimenez et al. 2009; Robinson et al. 2007). However, in atmospheric studies, it is difficult to separate
secondary aerosol emitted by different anthropogenic sources, and thus the influence of power plants to ambient SOA
remains unknown.

Heating plants fueled with pellets are becoming more common in countries with centralized heating systems because they
substitute heat sources originating from fossil fuels, such as coal-fired power plants. The emissions of these full-scale, pellet-
fired modern heating plants have not been studied in detail, even though their emissions can have a substantial impact on
local and regional air quality and the climate. Here, we sampled the primary and secondary particulate emissions of a full-
scale 100MW heating plant equipped with bag house filters (BHFs), and characterized them online with state-of-the-art
instrumentation. The heating plant was fueled with wood pellets, and its load was varied (30 MW, 60 MW, and 100 MW).
We made primary particle characterization before and after the BHF to obtain information on the filtration efficiency of the
BHF system. In addition, after the BHF, we aged the flue gas artificially in an oxidation flow reactor to mimic the
atmospheric aging of the flue gas. Besides particle number concentration, PM, and particle number size distributions, we
measured the chemical compositions of particles and gas emissions after the flue gas filtration. In addition to the increased
understanding of fine-particle emissions from large-scale energy production and related flue gas cleaning systems, the results

can be used to estimate the total air quality and climatic effects from biomass-based heating plants.
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2 Experimental
2.1. Power plant and fuel

We performed the study at the Salmisaari wood pellet—fired heating plant (in use since 2018) located in Helsinki, Finland.
The heating plant is operated according to the heating needs of the central heating grid of the city of Helsinki. We selected
loads 30 MW, 60 MW, and 100 MW (the maximum power) to be the most representative points of operation. The boiler of
the heating plant (Valmet Ltd.) has two pellet burners (Saacke Ltd.) that are located on the top of the boiler. From the boiler,
the flue gas is led through BHFs to the 116m-high stack. Continuous regulatory measurements of the power plant emissions
(e.g., CO, NOy, SO, dust) (Sick Dusthunter SP100, EN 15267) and volume flow are conducted through probes located in the
stack at the height of approximately 25 m. The dust concentration measurement is based on the EN 15267 standard, and it is
calibrated according to the SFS-EN 13284-1 standard. We determined the first measurement location before the BHF to
study the filtration efficiency of the BHF (see measurement setup in Fig. S1a). We made the aerosol measurements after the
BHF from the same measurement location as the continuous regulatory measurements (see the measurement setup in Fig.
S1b).

The wood pellets combusted during the campaign came from two different suppliers but were of the same quality (for more
details on the pellets, see Table S1). They had relatively similar chemical composition; the most significant differences were
in the potassium (K), phosphorus (P), sulphur (S), silicon (Si), and calcium (Ca) concentrations. We fed the pellets to the
burners from a pellet silo through two mills. The ratio of the two pellet types could not be determined during the
measurements. Depending on the load of the boiler, the wood pellet consumption was between 6-21 t/h.

In the heating plant, the flue gas from the boiler is conveyed to the BHF to separate fly ash and other particles from the flue
gas stream. The BHF consists of four separate compartments. In the BHF, the flue gas flows through the vertically installed
filter bags, leaving fly ash, dust, and additives on the outer surface of the bags. The cleaned gas then flows upwards inside
the filter bags and, finally, to the stack. The filter bags are periodically cleaned by means of compressed air pulses. The
cleaning pulse releases the accumulated particles from filter bags into the ash hopper, located at the bottom of each
compartment. From the hopper, the collected material is discharged using pneumatic transmitters into the fly ash silo. In the
calculation of this study’s results, the possible effects of cleaning periods are included in the reported emissions as the BHF

cleaning belongs to the normal operation of the heating plant.

2.2. Measurement setup

The measurement setup before the BHF (see Fig. S1a) was used as a reference for the measurement after the BHF, and
gave insight to the potential emissions of a heating plant in case it is operated without the BHF. From that measurement
point, we sampled the flue gas and diluted it with a porous tube diluter (PTD, Mikkanen et al. 2001; Ntziachristos et al.

2004) (set to 30 °C), followed by a residence time tube to mimic the atmospheric dilution of the aerosol. After the residence

4



130

135

140

145

150

155

160

Preprint. Discussion started: 2 June 2025
(© Author(s) 2025. CC BY 4.0 License.

https://doi.org/10.5194/ar-2025-14 ’ '. A E R O S O L
Res ch

time tube, we further diluted the sample with an ejector diluter (Dekati Ltd.) before the aerosol instruments. We
characterized the particles in the diluted flue gas sample with a SMPS (DMA3081 and CPC3776, 1.5lpm/6lpm sample/sheat
flow, TSI Inc., Wang and Flagan 1990), a condensation particle counter (CPC, UCPC3776, TSI Inc.), and an electrical low-
pressure impactor (ELPI, Dekati Ltd., Keskinen et al. 1992) modified with an additional stage (Yli-Ojanpera et al. 2010) and
a filter stage (Marjaméki et al. 2002). We added a bifurcated flow diluter before the CPC to lower the particle number
concentrations to the measurement range of the CPC. We measured the black carbon (BC) concentrations using one sensor
type instrument (a micro-aethalometer (mMAE 200, Aethlabs, US)). We monitored the dilution ratio of the flue gas sample
with a CO- analyzer (Sick Maihak v. 2.0, Sidor) before and after the ejector diluter. Between the residence time tube and the
ejector diluter, there was a possibility to use a catalytic stripper (CS, Amanatidis et al. 2013) to remove the volatile
components from the particles. The line losses for them were approximately 20% at the 10nm particle size, less than 5% at
30 nm, and 2% at 100 nm. The results from measurements before BHF have been shortly described in Niemeld et al. 2022.

In the measurement setup after the BHF (Fig. S1b), the flue gas sample was sampled and diluted from the stack using a
fine particle sampler (FPS, Dekati Ltd., Mikkanen et al. 2001). The temperature of the FPS was adjusted to 30 °C and the
primary dilution ratio was around 12. After dilution, the sample was led to the instruments installed into the Aerosol and
Trace gas Mobile Laboratory (ATMo-Lab) of Tampere University (see Ronkko et al. 2017) with a 100 slpm flow by
insulated 20.6m-long sampling line (12 mm inner diameter). The excess of sample flow was removed before the sample was
led through the ATMo-Lab’s roof to the instruments. Line losses for particles were approximately 60% at 10 nm particle
size, 10% at 50 nm, and less than 5% at 100 nm.

We measured the concentrations of particulate and gaseous compounds in the diluted flue gas sample with various gas and
aerosol instruments. The aerosol instrumentation included a CPC (UCPC3776, TSI Inc.), a SMPS (DMA3081 and CPC3775,
1.5lpm/6lpm sample/sheat flow, TSI Inc., Wang and Flagan 1990), an electrical low-pressure impactor (ELPI, Dekati Ltd.,
Keskinen et al. 1992) modified with an additional stage (Yli-Ojanpera et al. 2010) and a filter stage (Marjamaki et al. 2002),
and a soot-particle aerosol mass spectrometer (SP-AMS, Aerodyne Research Inc., Onasch et al. 2012) to study the number
concentration, size distribution, and chemical composition (i.e., sulphate, nitrate, ammonium, chloride (Chl), refractory black
carbon (rBC), and organic fraction (OA)) of the aerosol particles. In addition, we used an aethalometer (AE33, Magee
Scientific, Drinovec et al. 2015) to measure the BC concentration. We measured the CPCs and ELPI with 1Hz frequency.
The SMPS measured the particle number size distribution every 3 minutes, whereas the SP-AMS had 2-minute and AE33
had 1-minute time resolution in the measurements.

We studied the secondary particle formation potential of the flue gas using a Tampere secondary aerosol reactor (TSAR,
Simonen et al. 2017). During that process, we led the diluted sample through the TSAR chamber using a three-way valve.
We further diluted the flue gas sample aged in TSAR with an additional clean air flow using a mass flow controller (MFC,
Alicat). After this dilution, we led the sample to the ELPI, SP-AMS, and AE33, which we installed so that they would
measure either the primary flue gas sample or the aged flue gas sample, depending on the setting of the abovementioned

three-way valve.
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after the TSAR. We measured the CO concentration (CO12M, Environnement S.A) right after the TSAR chamber to
calculate the OH exposure of the flue gas sample in the TSAR (Li et al. 2015). We measured the O3 concentration (Model
205, 2B Technologies) at the same point as the ELPI, SP-AMS, and AE33. Additionally, we measured the total hydrocarbon
concentration (THC, Series 9000 NMHC Methane/Non-Methane Analyzer, Baseline-Mocon Inc.) and mercury (Model
170 2537A Hg analyzer, Tekran) next to the SMPS and the CPC. For mercury, the analyzer setup removed the particles in the
sample stream with a polytetrafluoroethylene (PTFE) membrane filter (47 mm, 0.2 um); thus, we measured the total gaseous
mercury that consists of both elemental and gaseous oxidized mercury (Kyllénen et al. 2012).
3 Results
3.1 Flue gas particle characteristics before the BHF
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In addition to the particle measurements, we measured the CO; concentration (SICK Maihak v. 2.0, Sidor; CO2/H20

analyzer LI-840A, Licor) from two different positions (see Fig. 1b) to calculate the dilution ratios of the FPS and the ejector
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Figure 1: The particle number size distributions calculated from the ELPI data (solid line, aerodynamic
diameter) and SMPS data (dashed line, mobility diameter) measured before the BHF at three different
loads (100 MW, 60 MW, and 30 MW). The distributions are shown with a logarithmic y-axis in the upper
panel and a linear y-axis in the lower panel. The results have been corrected with dilution ratios.
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Fig. 1 shows the flue gas particle number size distributions measured from the diluted sample before the BHF. In general, the
observed particle number size distributions measured were unimodal regardless of whether the size distribution was
measured with the ELPI or SMPS. The differences in the median diameters of the particle number size distributions
measured by ELPI and SMPS (see Fig. 1) were caused by the different measurement principles of the instruments; however,
while the ELPI classifies the particles based on their aerodynamic diameters, the SMPS classifies the particles based on their
mobility diameters. The difference between these diameters is the effective density (perr) Of the particles, which takes into
account the density of the particulate material and the shape of the particles (Ristiméaki et al. 2002). We calculated the
effective densities of the particles at the peak sizes of size distributions in Table S2 based on the median diameters of particle
number size distributions in Fig. 1. In the experiments, the median diameters of the particle number size distributions were
the smallest for the L00MW load (136 nm in the ELPI data and 75 nm in SMPS data) and increased when the load decreased
to 30 MW (193 nm in ELPI data and 96 nm in SMPS data). The effective density of the particles was the lowest (2.13 g/cm?)
with the highest 100MW load, and it was highest (2.55 g/cm?®) with the lowest 30MW load.

The flue gas particles before the BHF were non-volatile even though the flue gas sampling and dilution system used in this
study enabled the condensation and nucleation processes of semi-volatile compounds. This was seen in experiments with the
CS, which we used to study the volatility of the particles. The penetration through CS is 70% for nonvolatile particles over
23 nm in diameter (Amanatidis et al. 2013), and when the particle number size distributions measured after the sample
treatment with the CS were corrected with the particle losses in the CS, they were very close to the size distributions
measured without the CS (Fig. S1). The median mobility particle diameter was 77 nm for the CS-treated aerosol at 100MW
and 60MW loads; thus, they were practically the same compared to the untreated aerosol (see Table S2). Thus, the result
indicates that the particles were either solid or at least non-volatile in the studied temperature (300 °C). On the other hand, it
indicates that the flue gas before the BHF did not significantly include the compounds that have the potential to condense

into the particle phase when the flue gas dilutes and cools.

3.2 Flue gas particle characteristics after the BHF
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Figure 2: The particle number size distributions measured after the BHF with SMPS (mobility diameter)

at three different loads (100 MW, 60 MW, and 30 MW). The distributions are shown with a logarithmic y-
axis in the upper panel and a linear y-axis in the lower panel. The results have been corrected with dilution

ratios.

After the BHF (Fig. 2), the maximum peak concentrations of the particle number size distribution were lowered by an
approximate factor of 10° compared to the concentrations before the filtration. At the same time, the particle number size
distribution measured by the SMPS remained unimodal with the median mobility diameters of the particles at 91 nm, 92 nm,
and 120 nm, as well as at loads of 100 MW, 60 MW, and 30 MW, respectively.

It should also be noted that the median particle diameters measured with SMPS before the BHF were smaller (75-96 nm)
than after the BHF, which indicates that the particle collection efficiency of the BHF depends on the particle size. To analyze
that, we used the particle size distribution data measured by the SMPS before and after the BHF to determine the collection
efficiency of the flue gas filters (Fig. S2). In general, the collection efficiency of the BHF was very high (typically > 0.9995)

for particles smaller than 200 nm. However, the filtration efficiency had a clear drop when the particle size increased, being
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most significant in sizes above 100 nm, which caused the abovementioned change in median particle size. Additionally, it

appeared that the drop was the largest for the 100MW load when the flue gas velocity through the BHF was highest.

3.3 Atmospheric emissions of heating plant

Although the particle concentrations measured before the BHFs do not represent the atmospheric emissions of this particular
power plant, those concentrations represent the large-scale heating plant without the flue gas filtration or the situations when
the filtration is bypassed. When using the raw flue gas particle number concentrations measured before the BHF by CPC
(9.7-108 m at 100 MW, 8.2-:10%2 m= at 60 MW, and 6.3-10*® m™ at 30 MW), to calculate the emission factors, the particle
number emission factors were 1.7-10° 1/MJ (at 100 MW), 1.4-108 1/MJ (at 60 MW), and 1.2-10° 1/MJ (at 30 MW). The BC-
emission factors calculated from mAE data were 3 ng/MJ (100 MW), 3 ng/MJ (60 MW), and 2 ng/MJ (30 MW), calculated
from the corresponding raw flue gas BC concentrations of 180 pg/m?, 189 pg/m?®, and 87 pug/m? at 100 MW, 60 MW, and 30
MW, respectively. These emission factor values are significantly lower than the emission factors reported previously for the
large-scale coal combustion without efficient flue gas filtration, as well as for the large-scale combustion from the mixture of
coal and wood pellets without efficient flue gas filtration (Myll&ri et al. 2019). In general, we calculated the emission factors
for the particle number and BC shown above and for the mass of particles smaller than 1 pm (PM1), shown below in Fig. 4,
using the equation in the supplementary material and a literature value for CO»-emission factor of wood pellet combustion
(112 g CO2/MJ, see Fuel Classification 2019).

The measurements conducted after the BHFs represent the actual atmospheric emissions of the studied biomass-fueled
modern heating plant. We ensured this by using cooling dilution in the flue gas sampling system; in this way, the
contribution of semi-volatile compounds to the particle emissions could also be evaluated. The total particle number
emission factors, calculated from the raw flue gas concentrations of 1.8-101° m= (at 100 MW), 1.1-10%° m=3 (at 60 MW), and
3.4:10° m3 (at 30 MW), were 7.2:10% 1/MJ (at 100 MW), 5.2:10% 1/MJ (at 60 MW), and 1.7-103 1/MJ (at 30 MW). After the
BHF, the BC concentrations were below the detection limits of AE33 and SP-AMS, and, thus, we could not calculate any
emission factors for the BC after the BHF. In addition to BC, the mass concentrations of other typical chemical components
of particulate matter, measured by the SP-AMS, were also very low. For the 60MW and 30MW loads, all of the measured
components were close to the concentrations of blank measurements (100% of synthetic air) or below the determination
limits (3x standard deviation of zero points), which were 0.78, 0.52, 0.59, 0.59, 1.89, and 0.96 pg m for sulphate, nitrate,
ammonium, Chl, OA, and rBC, respectively, using a dilution ratio of 90 in the sampling system. At a 100MW load, the
observed sulphate and nitrate concentrations after the blank correction were 1.07 and 0.83 pg m3, respectively, but
ammonium and rBC were below the determination limit, and OA and Chl were also very close to the blank concentrations.
Furthermore, the gaseous THC concentrations in the diluted flue gas sample were also low and close to the concentrations
measured for the pressurized air during the background measurements. Based on this information, the concentration of
unburned hydrocarbons could not be estimated in the flue gas. The gaseous Hg concentrations were 0.25+0.02 pg/Nm? (100
MW), 0.21+0.01 pug/Nm?® (60 MW), and 0.17+0.01 pug/Nm?® (30 MW).

10
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Figure 3: Concentrations of dust, CO, NOy, and SO, (normalised to 6 vol-% O;) from the continuous
regulatory measurements of the power plant as a function of the load on a logarithmic scale.
Fig. 3 shows the results of continuous regulatory measurements (e.g., dust, CO, NOx, SO2) of the heating plant emissions for
each load. We observed the load to have only a minor effect on NOy (approx. 200 mg/m®) and dust (approx. 0.4 mg/m?)
emissions of the heating plant. However, the observed CO concentrations were 20-80 mg/m?, and the SO, concentrations
were 1-10 mg/m3, depending on the load. It should be noted that the dust emissions to the atmosphere (i.e., particles,
including coarse ones) from the heating plant were significantly affected by the BHF, whereas the BHF did not significantly
affect the emissions of gaseous NOy, CO, and SO,. Instead, in the studied heating plant, the emissions of these pollutants
may depend mostly on combustion conditions and fuel properties. It should be noted that the dust concentrations (mg/mq) in
Fig. 3 cannot be directly compared with the PM; emissions measured by ELPI (Fig. 4) because of the various measurement
methods, particle size range covered, and different sampling used in the measurements.
In addition to primary particles and delayed primary particulate matter formed during flue gas cooling, the emissions from
combustion sources can affect the atmospheric aerosols by means of the secondary particle formation processes (see Ronkkd
and Timonen, 2019). In this study, we evaluated the secondary aerosol formation potential of the flue gas using a TSAR, an
oxidation flow reactor designed for emission measurements. Fig. 4 compares the PM;-emission factors measured before and
after the BHF for the fresh emissions (i.e., the emission factors include both the primary and delayed primary particulate
matter), with PMi-emission factors calculated from artificially aged flue gas. First, we observed that the BHF decreased the
fresh flue gas PM;-emission factor by an approximate factor of 10° which is in line with the results for the high-filtration
efficiency of the BHF shown above. Second, Fig. 4 shows that the PM;-emission factors almost increased by a factor of
1,000 when the secondary aerosol formation potential of the flue gas was included. This means that even when the flue gas is
efficiently cleaned with BHF, the remaining gas phase still has high potential to increase the particle mass concentrations in

the atmosphere via photochemical secondary aerosol formation during the aging of the plume. In Fig. 4, the OH exposure of
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the flue gas sample in the TSAR is shown through the number of days in the atmospheric oxidative conditions above the PM
emission factor bars. We applied two different aging conditions (0.46 and 0.82 days) for the 100MW load, whereas we only
subjected the 60 MW load to one aging condition (0.68 days), and the data for the 30 MW are not available.
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Figure 4: PM;-emission factors (ug/MJ) for the heating plant calculated from ELPI data before the BHF
(on the left), after the BHF (in the middle), and after the BHF but treated with TSAR (includes both the
primary and secondary PM3, on the right). The numbers above the PM bars, “Secondary PM;” on the
right, indicate the OH exposure in the TSAR oxidation flow reactor, converted to approximate
atmospheric aging in days. It should be noted that the data for aged flue gas are not available for 30 MW.
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Figure 5: Chemical composition (e.g., nitrate, sulphate, ammonium, organics) of the aged particles in an
aged flue gas sample and the contributions of various organic groups (CH=CxHy, CHO1=CxHyO, and
CHOgt1=CxHyOz, z>1) to an organic fraction of an aged flue gas aerosol with 100MW load. Both of the
aging scenarios (0.46 and 0.82 days) are shown separately.

The particles’ chemical composition was affected by the artificial aging of the flue gas. Here we focus on the 100MW load,
where the increase was seen most clearly; as seen in Fig. 4, the mass concentration of particles at the 100MW load
significantly increased during the aging when compared to the fresh emissions. Fig. 5 presents the composition of the
submicron PM and categorization of the analyzed organic ions into various families representing different chemical
compositions for the 200MW load. For aged particles, the analyzed PM1 mass concentrations (sum of organic compounds,
sulphate, ammonium, and nitrate) were 1.24 and 1.39 mg/m? for the 100MW load for the atmospheric aging times of 0.82
and 0.46 days, respectively (Fig. 5). Nitrate had the highest mass concentration, followed by organic compounds and
ammonium. The sulphate concentration increased only slightly. Chl and rBC could not be determined for aged particles
because of the high blank concentration of Chl compared to the sample and because of the interfering ion (HCI) at the same
m/z in the rBC analyses. As observed above, the rBC concentration was below the determination limit in fresh particles; this
was also seen in measurements of aged flue gas, as expected.

We analyzed the organic fraction in more depth by categorizing the analyzed organic ions into different families. The three
main families were CyHy (hydrocarbon that contains only carbon and hydrogen atoms), oxygenated hydrocarbon CxHyO
(hydrocarbon that contains one oxygen ion), and highly oxygenated hydrocarbon CxHyOz, z>1 (hydrocarbon that contains

more than one oxygen ion). The organic fraction after the OFR mostly consisted of oxidized organic compounds. However,
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oxidation at the OFR was relatively mild during the experiments as there was still a relatively large fraction of CxHy-ions
left (22-25%) after the oxidation. The estimated atmospheric aging was less than a day. The O:C and OM:OC (oxygen to
carbon and organic matter to OC) ratios were 1.0 and 2.4 on average, respectively, which resemble the ratios typically
measured in an ambient area in Helsinki, Finland (Pirjola et al. 2017).

4. Discussion

Due to the drive toward global climate change mitigation, fossil fuel combustion will be replaced by renewable energy
sources that may significantly affect societies” aerosol emissions. In this study, we investigated the atmospheric emissions of
a large-scale modern heating plant that was fueled by biomass (i.e., wood pellets) and equipped with a BHF unit for flue gas
cleaning. We conducted measurements for the flue gas with state-of-the-art aerosol instrumentation in order to quantify the
atmospheric aerosol emissions so that we could understand the importance of flue gas cleaning with respect to primary
particle emissions, as well as understand how much the emissions could produce secondary aerosols in the atmosphere.
Based on our comprehensive aerosol characterization, we conclude that the particle and particle precursor concentrations in
the flue gas were low and that their emission factors were very low when compared, for example, to smaller biomass
combustion applications (see Sippula et al. 2009a; Sippula et al. 2009b). We observed low emissions for the total particle
number and mass and separately for particulate BC, sulfate, nitrate, and organics, as well as for gaseous hydrocarbons and
semi-volatile compounds that could condense or nucleate to the particle phase when the flue gas dissipates into the
atmosphere. This observation is important with respect to the heating plant’s potential impact on local air quality. Through a
larger perspective, the result indicates that the shift from fossil fuel combustion to biomass combustion can be made without
negative impacts on air quality, or the shift can even reduce emissions. In the long term, this can positively influence
population health and related societal costs. In our study, we mostly observed the flue gas particles in the ultrafine particle
size range (median mobility diameters between 75 and 96 nm, depending on thermal load); thus, we saw the same size range
as Mertens et al. (2020) for a 220MW reconverted, pulverized fuel plant fueled with wood pellets and equipped with dry
ESP, as well as Londahl et al. (2008). Instead, the median particle sizes were significantly smaller than those reported by
previous studies for an incomplete combustion process (e.g., Léndahl et al. 2008).

This study indicated that the low particle and particle precursor emissions resulted from a) efficient combustion of the fuel
and b) efficient filtration of the flue gas. The efficiency of the combustion process can be seen, for example, in the CO
concentrations (Nussbaumer, 2017), which were below 100 mg/Nm? (dry 6% oxygen), and in the low concentrations of BC
in the flue gas (Bond et al. 2013); the combustion of wood pellets produced BC of 0.11-0.18 ng/MJ to the flue gas before the
BHF, which was approximately 0.1% of the total mass of produced sub-micron particles. In addition, we observed high
efficiency of the combustion in low flue gas concentrations of semi-volatile compounds, and the effective densities of flue
gas particles observed in this study (1.9-2.6 g/cm?®) can be seen as an indicator of that; for example, Londahl et al. (2008)

linked the low effective density of flue gas particles (1.0 g/cm?®, close to the effective density of soot or BC) with the
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incomplete combustion process and particles having higher effective density (2.1 g/cm?3, close to the density of compounds
forming ash particles) with complete combustion.

Our experiments showed very clearly that the filtration of flue gas is crucial before the flue gas enters into the atmosphere,
and, in more detail, the bag-house filtration used in this study is a sufficient method for that. Importantly, the BHF removed
particles from all particle sizes, and it completely removed the smallest particles. This can be seen to be beneficial regarding
the health impacts of aerosol emissions because the smallest particles can efficiently deposit into human lungs and affect
health. However, our observation that the flue gas velocity affected filtration efficiency demonstrates that the filtration
should be carefully designed to obtain maximum benefits from flue gas cleaning.

In general, the transition from fossil fuels to renewable energy sources can include risks with respect to air quality and the
climate. One risk can be seen related to the emissions of BC, which deteriorates air quality and simultaneously affects global
warming by directly absorbing light into the atmosphere and through indirect effects, such as effects on cloud formation and
on snow and ice albedo changes. There is a risk that when the highly optimized fossil fuel technologies are replaced by new
ones utilizing more heterogeneous biomass-based fuels, BC emissions from the large-scale production of power and heat
increase. Although this risk was not realized at all in the studied heating plant (the BC concentration in the flue gas was
below the detection limit of sensitive measurements), this possibility should be kept in mind in all future investment projects;
this way, the BC emissions do not cancel the climate benefits of renewable fuels.

In our experiment, the absence of semi-volatile compounds before the BHF and low total hydrocarbon concentrations after
the BHF were in line with the observation that the flue gas potential to cause SOA in the atmosphere was relatively low,
when compared with the primary particle concentrations before the BHF, the SOA potential of small-scale wood combustion
(Ihalainen et al. 2019; Hartikainen et al. 2020), or SOA potential of vehicle exhaust (Gordon et al. 2014; Timonen et al.
2017). However, at 100% load, the SOA potential of flue gas was even three orders of magnitude larger than the primary
PM1 after the BHF. Thus, in emission evaluations of large-scale power plants, the SOA potential of flue gas should be
considered when all emission impacts need to be understood. Furthermore, the inorganic compounds of flue gas can
contribute to the atmospheric secondary aerosol formation. In this study, we especially observed this, especially regarding
nitrogen compounds; nitrates dominated the secondary aerosol mass when the flue gas sample was treated with an oxidation
flow reactor. Nitrate formation is dependent on the NOx levels of the exhaust gas and could thus probably be reduced with
technologies decreasing NO. This highlights the role of NOy (as the nitrate precursor) reduction in future emission-reduction
systems, which can be done (e.g., by means of selective catalytic reduction (SCR) or selective non-catalytic reduction
(SNCR). However, removal of NOx can generate other compounds that affect the secondary aerosol emissions. It should also
be noted that the monitoring of NOx emissions of large-scale heat and power plants can be conducted relatively easily and
that NOx belongs to the regulated emissions. However, SOA precursor monitoring is not directly included in the emission
regulations, and industrially relevant monitoring methodologies do not yet exist.

In a study measuring Hg emissions from a coal-fired power plant in Helsinki (Saarnio et al. 2014), the average mass

concentration of Hg was 1.5 + 0.08 pug Nm-3, measured from the smokestack. In our study, the measured Hg concentration
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was only a fraction (11-17%) of that. There has been growing interest in regulating the emissions of Hg in the EU, and, in
2017, the Commission Implementing Decision for large combustion plants (LCPs) was established (EU, 2017). In this LCP-
BREF document (Best Available Techniques Reference Documents for LCPs), BAT-associated emission levels (BAT-
AELSs) were given for coal, lignite, solid biomass, and peat. For coal, the BAT-AELs are < 1-3 and < 1-9 pg/Nm? for new
and existing plants, with a total rated thermal input of < 300 MW, respectively. However, for solid biomass, the BAT-AEL is
given as a range of < 1-5 pug/Nm?. The measured values are only 3-5% of the BAT-AEL for the solid biomass of the upper
level and 17-25% of the lower level. Compared to the ambient concentration of 1.5 ng/m? typically observed in Helsinki
(Kyllénen et al. 2014), 110-170 times higher Hg concentrations were measured in the flue gas, indicating high enrichment in

the pellets, but still significantly lower concentrations than in the coal.

5. Conclusions

Due to ambitious climate goals, it is likely that biomass-based fuels will substitute fossil fuels in combustion-based energy
production, especially in heating plants. This study presents the gaseous and particle emissions from a real-scale (100 MW)
modern heating plant fueled by wood pellets. In this article, we described the results from comprehensive physical and
chemical characterization of flue gas particulate matter before and after the flue gas-filtration system;
measurements included BC, particle number and mass concentration, particle size distributions, volatility measurements,
detailed online chemical characterization of submicron particles, and the determination of flue gas potential to form
secondary  aerosols. We  also  presented the regulated emissions (CO, SOz  NOy, and dust). In
addition to atmospheric emissions, we described the important role of flue gas filtration in emission mitigation.

Climate change mitigation and actions geared toward cleaner air require a lot of knowledge related to aerosol emissions in
the atmosphere. However, we noticed a large knowledge gap regarding the emissions from large-scale power and heating
plants. Based on comprehensive characterization, this study shows that atmospheric CO,- and BC-emission levels from the
studied large-scale modern heating plant were low, due to the efficient combustion and efficient flue gas filtration. Thus,
results indicate that the biomass combustion in energy and heat production can be done in a climate-neutral way, with
respect to these two most important climate forcers. Although the primary emissions were really low, we found that
the potential for secondary aerosol formation from flue gas compounds was relatively high; based on our study, PM1
concentrations can increase by a factor of 1,000 during the atmospheric aging of the flue gas.

The results from the study are important for scientific communities working with energy, air-quality (see e.g. WHO, 2021),
and climate issues, as well as for authorities and municipalities in charge of energy production and air-quality
management. We think that these results are a valuable addition to emission inventories and climate models as in-
depth information about power plant emissions is very limited in the scientific literature. In addition, we expect that the
results can also be utilized by energy companies developing climate-neutral solutions, clean technology companies

delivering solutions (e.g., for flue gas cleaning systems), and politicians aiming to develop future legislation toward climate-

16



405

410

415

420

Preprint. Discussion started: 2 June 2025
(© Author(s) 2025. CC BY 4.0 License.

https://doi.org/10.5194/ar-2025-14 ( '. A E R O S O L
Res ch

neutrality goals. On the other hand, the study highlights the need for further evaluation of power plant emissions, especially

regarding the secondary aerosol formation from the precursors emitted by large-scale power and heat production.
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