29th ETH Nanoparticle Conference 2026

m @3 Y-
<& Yo

SCS UNIVERSITY OF
The Swiss EASTERN FINLAND
Chemists’ Network

since 1901

High positive forcing efficiency by modern

wood stove aerosol emissions
Effects of photochemical aging and an electrostatic precipitator

Arya Mukherjee’, A. Paul?, M. lhalainen’, M. Somero?, S. Basnet’, P. Yli-Pirila*, J. Louhisalmi®, A. Hartikainen’,
A. Virkkula®, Z. Fang®, H. Czech®, M. Kalberer®, J. Tissari', Y. Rudich?, R. Zimmermann®, T. Hohaus?, O. Sippula’,”

' Dept. of Environmental and Biological Sciences, University of Eastern Finland, Kuopio, Finland
2 Institute of Energy and Climate Research: Troposphere (ICE-3), Forschungszentrum Jilich, Germany

3 Finnish Meteorological Institute, Helsinki, Finland

4 Dept. of Earth and Planetary Science, Weizmann Institute of Science, Israel

5 Analytical Chemistry, University of Rostock & Helmholtz Zentrum Minchen, Germany

¢ Dept. of Environmental Sciences, University of Basel, Switzerland We are FINE

" Dept. of Chemistry, University of Eastern Finland, Joensuu, Finland FINE PARTICLE & AEROSOL TECHNOLOGY

LABORATORY

arya.mukherjee@uef.fi



Residential wood combustion (RWC): a
major aerosol source

Increase in EU residential wood use over the last decade

Global anthropogenic source of black carbon (Bond et al. 2013)

Modern stoves emit soot-rich exhaust— low OA/BC, unlike wildfires
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In the EU, it is classified ~ Energy poverty is on the  In Western Europe, burning  There is a widespread
as a renewable energy rise, leading to more wood is considered belief that burning wood is
source and subsidised people burning wood comfortable and cosy climate-friendly

(when it's the contrary)
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Yl What are "modern” wood log stoves?

Heat resisting stove

. Non-heat resisting stove
(i.e. masonry heater)

(i.e. chimney stove)

—il T“‘ Flue gas socket (8)

Post-combustion chamber (7)

Beffle (6)

Window purge air (3) :
Main-combustion chamber (5)

Secondary air (4)
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Combustion air supply (1)

&) Flue gas
) Combustion air

Primay et (2 IEA Bioenergy, 2022

= Combustion air staging & optimized geometries to reach relatively good burnout
of CO and organic gaseous compounds (OGC)

= Relatively air-tight and well insulated to reach high combustion temperatures
= Recent developments include also automatic control systems
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EFs (mg MJ1)

BC-dominated emissions

Modern stoves with air-staging — low OA/BC ratios,

closer to diesel than to wildfire smoke.
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Sauna stoves
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Contribution of brown carbon to light absorption in
emissions of European residential biomass
combustion appliances
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Experimental setup
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» T-wavelength aethalometer (AE33, Magee Scientific)
» 3-wavelength integrating nephelometer (Model 3563, TSI)
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PRD = porous tube diluter
ED = ejector diluter
DR = dilution ratio

Photochemical aging
03, d9-butanol, H,0,

Vaisala COz

PRD Jm{_ED

03/NOx/s02

Ihalainen, M., et al.: A novel high-

Two diff_ere nt aging setups: volume Photochemical Emission Aging
ShOI’F aging: 1.4 eqv. Days flow tubeReactor (PEAR). Aerosol
Medium aging: 3.4 eqv. days Science and Technology. 2019.

DOI: 10.1080/02786826.2018.1559918

UEF// University of Eastern Finland www.uef.fi/llmari

Aria Mukheriee 2.6.2026 5


http://www.uef.fi/Ilmari

i ‘:I b -"&‘ %ﬁ‘ ..-'_'“*.:-U;%‘.:Lt

Beecﬁlggs

Aduro 9.3 Oekotube,
Wood stove Inside model

Enjoying coffee after successful installation
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6 batches of 2 kg beech logs
= Each batch lasted 35 min

= At the end 30 min of residual char
burning

= Three replicates of each experiment

= Combustion phases were defined
based on CO2 and CO concentrations

= Mean fine particle mass emission
(PMO0.9) approx. 80 mg/MJ

Mukherjee, A., et al.: Black carbon and particle lung-deposited
surface area in residential wood combustion emissions: Effects
of an electrostatic precipitator and photochemical aging.
Science of The Total Environment. 2024. DOI:
10.1016/j.scitotenv.2024.175840
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Combustion procedure: gaseous & PM
emissions without ESP
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KEY OBSERVATIONS

Fresh RWC emission characterization
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N Brown carbon in fresh emissions
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Q; ESP reduces emission; but modifies optical
properties of the particles
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= Reduction in both absorption and
scattering of aerosols

= |ncrease in particle volume size
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r Effects of ESP (continued)
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—fresh emission
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\'ﬁ Effect of photochemical agmg in PEAR

(a) —fresh emission fresh emission + ESP
short aged emission ——medium aged emission
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r Effects of photochemical aging (continued)
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M Simple forcing efficiency (SFE)

N

= SFE estimates the impact of unit mass of emitted particles on the Earth’s radiative balance for a clear sky
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; SFE per fuel energy: higher than literature

N

35.3 wm| (7.7 wim | [ =71% -26 to -34%

fresh, fresh-snow albedo fresh, Earth-mean albedo with ESP

) with aging 1.4/3.4eqv. days

0
o

- Il fresh snow albedo = 0.80
B average earth albedo = 0.19]

(22)
o
1

vs PREVIOUS LITERATURE \

This work (fresh emission)

180-560 (mean. 435 W/g)

Estimated from Saliba et al., 2016 (snow albedo)

= 150-200 W/g (Soot rich cookstove emission)

N
o
1

Elser et al., 2019 (snow albedo)
=~ 1800 W/g (Aircraft soot )

SFE per unit of fuel energy (W MJ")
NN
o

Chen & Bond 2010, (snow albedo)
~23 W/g (wood pyrolysis )

(&, (=]
o

° o ° Cuesta-Mosquera et al., 2024 (snow albedo)
35 o @ % ] o 3—, ° o .
. L1 > s - w S g B 0 & g = 44-61 W/g (ambient RWC)
N + [ + n +
E @ 5 g £ = E g g < t g
Y- ) ] = Y= ) o = Y= ) ] =
o < A o < ° o < S
et ) () s ) Q - ) ()
b S b S b £
ignition flaming char burning

Arya Mukherjee 2.6.2026 15




Take-home messages

RWC in modern chimney stove # wildfire

Soot-rich, low OA/BC; closer to diesel / cookstove than wildfire smoke. SFE estimated from wood pyrolysis and smouldering emissions
reported ~10x lower values

Flaming-phase BrC in fresh RWC emission is strongly absorbing

k_OA,550 up to 0.49. Approaches the s-BrC regime of Saleh et al. 2020

Photochemical aging causes photobleaching of OA and reduces warming potential

OH/O; exposure equivalent to 1-3 days reduces SFE per fuel energy by 26—-34%. Photobleaching of BrC dominates over SOA-driven
lensing.

ESPs help — but modifies aerosol properties

-71% SFE per MJ. Surviving particles are larger, more scattering, with higher SSA. Net climate benefit, but the optical population shifts.
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Thank you!
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