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ANALYSISOF THE CHEMICAL COMPOSITION OF ULTRAFINE PARTICLES
FROM TWO DOMESTIC SOLID BIOMASSFIRED ROOM HEATERS UNDER
SIMULATED REAL-WORLD USE
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20133, Italy, phone: +39 0223996430 (2) Departnoé@hemistry, Universita degli Studi di
Firenze, (3) Department of Physics, Universita d8gidi di Milano and INFN - Milano, (4)

Department of Chemistry, Universita degli StudMiiano, (5) Energy and Environment

Laboratory (LEAP) Piacenza, Piacenza, (6) DepartmERharmacological and Biomolecular
Sciences, Universita degli Studi di Milano.

ABSTRACT: Two common types of wood (beech and fir) were bdrm commercial
pellet (11.1 kW) and wood (8.2 kW) stoves followiagcombustion cycle simulating the
behavior of a real-world user. Ultrafine particelahatter (UFP, 100 nm) was sampled
with three parallel multistage impactors and anadiyfor metals, main water soluble ions,
anhydrosugars, total carbon, and PAH content. Téasorement of the number concentration
and size distribution was also performed by a fountultistage impactor. UFP mass emission
factors averaged to 424 mgikg for all the tested stove and wood type (fir, bgech
combinations except for beech log burning in the@avetove (838 mg/kg,). Compositional
differences were observed for pellets and wood Wakples, where high TC levels
characterize the wood log combustion and potassaits are dominant in every pellet
sample. Crucial aspects determining the UFP cortipnshn the wood stove experiments are
critical situations in terms of available oxygenléak or an excess of combustion air) and
high temperatures. Whereas for the automaticallytrotied pellets stove local situations
(e.g., hindered air-fuel mixing due to heaps oflgielon the burner pot) determine the
emission levels and composition. Wood samples comtare potentially carcinogenic PAHs
with respect to pellets samples. Some diagnostiosrarelated to PAH isomers and
anhydrosugars compiled from experimental UFP dattheé present study and compared to
literature values proposed for the emission souliserimination for atmospheric aerosol,
extend the evaluation usually limited to highertigée size fractions also to UFP.

Keywords: ultrafine particle emission, chemical gmsition, small scale application,
stove, wood pellet, wood.

1 INTRODUCTION

Currently residential wood combustion is increasmgurope because of rising fossil fuel
prices but also due to climate change mitigatiolcigs. However, especially in small-scale
applications, residential wood combustion may cahigl emissions of particulate matter
(PM) (Denier van der Gon et al., 2015).

Emissions from biomass burning are found to be ipastthe fine particle size fraction.
Only minor fractions of the total PM mass corresptmdiameters larger than Léh (Boman
et al., 2004). The study of the size dependentoresg of particle emissions to variations in
combustion conditions shows that UFP contributmthe measured mass relatively increases
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under good operational practice with respect toogeration by restricting the combustion air
supply and slightly overloading the firebox withefuLeskinen et al., 2014; Lamberg et al.,
2011; Tissari et al., 2008). The particles are regbto contain sulfate, nitrate, chloride,
sodium, potassium, calcium, magnesium, ammoniunt, 2lemental carbon, and particulate
organic matter (Saarnio, 2013). Inorganic partickesinly alkali salts, are formed from
volatilized fuel ash constituents, which condernieee when the
temperature decreases or when chemical reaction® flower vapor pressure species
(Sippula, 2010). Incomplete combustion of organiompounds formed from the
decomposition due to heating of the biomass matand the consequent gas-to-particle
conversion (nucleation or condensation on othestexj particles) under low-temperatures is
the source of organic content of the particles {@dkh et al., 2012). The origin of soot
particles are due to reactions of tar in the e&ubl-rich regions in the flame and the low
temperatures in the combustion zone is a possdason for lacking soot oxidation in the
fuel-lean region of the combustion chamber with semuent release with the flue gas
(Wiinikka et al., 2006). Specifically for UFP framh, Tissari et al., (2008) found in particle
samples collected from a conventional masonry nedteP that were composed mainly of K,
S and Zn, and, to a lesser extent, of C, Ca, Fe,®ligP and Na, while large agglomerates
contained mainly carbon (soot particles). Fernarate$ Costa (2012) observed for a pine
pellet-fired boiler (22 kW) that UFP were composedinly of O, K, Cl, Na and S, regardless
of the boiler operating condition. Similarly, Totaeet al. (2014) detected UFP mainly
composed of ash material in the emissions of aarekebiomass grate combustion unit (40
kW) combusting wood chips. Longhin et al., (201B63erved K, Mn and Ca in the UF®m

a modern pellet boiler (25kW). Park et al., (20a8alyzed water soluble components of PM
from the combustion of different biomass materiggricultural and forest residues) and
found that the analyzed water soluble ions (emgamic, potassium, sulfate, chloride) showed
higher mass in the UFP fraction than the highetigardiameters.

Existing research efforts for providing emissiorctées for chemical species of the
particles from biomass combustion are mostly de@db characterize coarse, (@ 10 um),
fine (d, < 2.5um) and submicron particle emissions (e.g., Vicental., 2015, Lamberg et al.,
2011 and many others). Differently from the aboventioned studies our study focuses on
the characterization of ultrafine particles (UFRanteter < 100 nm) that are indicated in
recent research to present a series of specifiactaistics and reactivity patterns that differ
from that of larger particles (Diaz-Robles et &014). Cassee et al. (2013) report in their
review the concern for particle sizes such as futigparticles and certain chemical-specific
constituents of PM such as sulfates, transitionateednd polycyclic aromatic hydrocarbons
without a definite conclusion on the toxicity ofetf®M released from biomass combustion.
They reaffirm the need for further research toldsth whether exposure to ultrafine particles
alone can substantially contribute to the adveffeets of PM.

The present work is a part of a larger project (TOBP - TOxicity of Blomass
COmbustion generated Ultrafine Particles) desigrwedain deeper insight on the possible
negative toxicological effects of UFP. TOBICUP maj aims to verify the toxicological
responses of the samples collected both direatiy fresidential wood combustion emissions
under burning cycles reflecting real-life situasaand in ambient air at a sampling site where
biomass burning for residential heating is wideked. Given the possible dependence of
toxicological responses on the physical-chemicaperties of the particles, the main goal of
this study is the physical-chemical characterizattd UFP from biomass burning in small-
scale appliances

Our previous experience has shown the importance capturing the emission
characteristics in the proximity of the source whke flue gas exiting the chimney is not
fully diluted and the particulate matter emissidngve not yet completely undergone
oxidation by reactive atmospheric species (Ozgeal.eR013). Taking into account the fact
that the limited emission height of domestic heatppliances may increase the exposure of
the population living nearby the source, the curstady is designed also to reflect, as close
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as possible, the changes in the emissions, enltativen dynamic processes involving the
particles, exhausting the potential of the flue gasondense upon further cooling.

2 EXPERIMENTAL SECTION

2.1  Combustion appliances and test fuels

Two commercial residential solid biomass room hsatene automatically stoked and one
manually fed appliance) were tested in the Laboyafor Energy and Environment of
Piacenza, Italy (LEAP) facility (www.leap.polimi.itDetailed information on the test fuels is
provided in the supplementary material (Table SM1).

Eight tests were performed with an 11.1 kW top-fpetlet stove. Pellets are fed from the
internal storage to the burner pot. The ignitiomws by means of an electric device. The
primary air is supplied from the bottom grate untler fuel bed and through the holes on
vertical walls in correspondence of the lowest péithe flame zone. The secondary air (i.e.,
window flush) enters through slits in the uppertpzrthe front window. The air and fuel
supply rates are regulated automatically basedherstove heat output. Cleaning session is
performed automatically for 20 seconds every houinfecting air from the bottom of the
burner pot. Five tests were conducted using waatets of class A1 (EN 17225-2:2014)
produced from 100%fir wood (moisture: 7%, ash: 0.3%ar, S: 59 mg/kgy). Beech wood
pellets without class indication but with highelfsuand ash content (moisture: 6./%ash:
1.2%uary, S: 139 mg/kgy) were fed into the stove in the remaining threstste

Seven tests were conducted on an 8.2 kW wood sidwestove is made of steel with cast
iron grate and the firebox lined with heat-resistaaramic. The stove operates with a state-of-
the-art triple combustion air supply. The primanyenters from the bottom of the grate, the
pre-heated window wash flow (the secondary airgmnat the top of the front window, and
finally the makeup air for combustion (the tertiaaly) is supplied in the higher part of the
firebox to complete the combustion reactions. Tést fuel (some of the logs with bark)
consisted of beech firewood (moisture: 11%sh: 0.7%.ary, S: 101 mg/kgy) in four tests
and of fir wood (moisture: 10.7%ash: 0.2%4ry, S: 56 mg/kgy) in the remaining three tests.

2.2  Experimental details

Previous experience have shown the increase ofe semmissions when tested under
combustion cycles simulating the user behavior tiled based on real-world field
experience with respect to combustion cycles ungee-testing (Ozgen et al., 2014). The
present study followed a different approach in espnting the real-world emissions: it aimed
to characterize the UFP emissions under burninglitons capturing the user behavior in
case the manufacturer instructions supplied wighstiove (e.g., startup positioning of logs for
the initial batch, the control of the air valvesg &llowed.

For the pellets stove a burning cycle (3-4 houetaited information in Table SM2,
supplementary material) based on an operation witbhdulated-heat output was first
determined through preliminary tests taking intccamt the average heating demand of the
climatic zone where the tests were conducted (Lodydregion, Northern ltaly). The
appliance was operated about 55% of the time at @b nominal load and the rest of the
run-time at the minimum load (about 30% of the nmahioad). One test was conducted at
75% load without modulating. Sampling began whes skable operation conditions were
reached. The results include only the transitomjople for power modulation: the start up and
shut down periods are excluded. Despite no apparexthanical problem in the pellet
conveyor or in the cleaning mechanism, some teste wharacterized by heaps of ash and
unburnt pellet on the hopper.

For the wood stove, the burning cycle (5-7 houetailed information in Table SM2,
supplementary material) comprised the loading af to five consecutive batches comprising
the cold start, eventual preheating period, two inamloads and a final high load batch
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including the burn-out period. The start up batehsisted of small wood logs, fir wood sticks

and of kerosene based fire starter. The initiathbatas ignited from the top. During some
tests the furnace was further preheated after the start with additional small batches.

Afterwards, two batches of nominal load (about Zhkg-20 cm x ~11 cm X ~8 cm pieces)

were loaded. The burning cycle was concluded witiigher load batch (about 1.3 times the
nominal load) with slightly bigger logs. The stapg-and loading procedure followed the

prescriptions of the manufacturer. During loadifigaamew batch, the air control levers (both
primary and secondary air) and the stove door wepe open for a lapse of time to permit the
wood to catch fire, then the door was closed amdaih control levers were set to nominal
position. The unburned residues and inorganic asie wemoved from the appliance and the
firebox cleaned at the end of each test day.

The combustion appliances were set on a weigh-goadelability 0.1 kg) to monitor the
fuel consumption. The stove chimney was under ar&dbry extraction system (i.e., dilution
tunnel with the hood) which applied a continuousafdrabove the minimum draft
recommended by the manufacturer (12 kPa).

For the pellets stove tests the flue gas was tiregtracted (point 5 in Figure 1) from the
chimney of the appliance and sent to the UFP sagppdiystem (scheme A in Figure 1)
described in section 2.3. While during the wood/stexperiments, the flue gas was extracted
from the dilution tunnel (point 7 in Figure 1) torther enhance the gas-to-particle conversion
of the semi-volatile products of combustion. Theerage dilution ratio monitored in the
dilution tunnel through simultaneous g@easurements in the chimney and the tunnel, was
about 16. The chimney gas was cooled and mixed thiéhindoor air upstream of the
extractive sampling locations (point 8 in Figure hgfore being sent to the UFP sampling
system (scheme A in Figure 1) described in sec®@) the same as the one used for the
pellets stove.

The gaseous compounds (CO, L£@rganic gaseous compounds (OGC) divided in
methane and non-methane hydrocarbons (NMHC), NQx,a@d the flue gas temperature
were also monitored throughout the testing period.

:--= 1: stove

I 1 2:stove chimney

3: temperature measurement point

4: flue gas (O,, CO, CO,, NO,, OGC) measurement
point

5: sample gas extraction point for UFP

measurements (scheme A) in pellets experiments
6 ﬂ—’ 6: hood
7: dilution tunnel

8: sample gas extraction point for UFP

5 o —}— 8 measurements (scheme A) in wood stove
experiments
4 [~ o 9: CO, measurements
\ 9
3 e
Scheme A: UFP measurements
2 | o PM2.5 ELPI Computer
Cyclone Hot Probe Diluter 1 Diluter 2 N [
») » r
— o[} I__L] . D e
’ sampling with
Heating PG Wi

Unit co cascade

' analyzef impactors

1 Dilution =
Air 9 .

mass TC + PAH + ions elements

Figure 1: Experimental set up for residential sliel appliance testing

2.3  UFP sampling and chemical characterization
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UFP samples were collected by means of three ragiescascade impactors in parallel.
Particle number size distribution was also perfatrbg a fourth multistage cascade impactor
(Electrostatic low pressure impactor ELPI, Dekakhe impactors were positioned at the end
of the sampling line comprising a PM2.5 cycloneeinh heated probe and a two-stage diluter
(Fine particle sampler - FPS4000, Dekati). Theltdtiation ratios ranged between 90-150
corresponding to sample temperatures of 28°C-32fi@hgl the pellet stove experiments and
400-1000 (including also the dilution tunnel) wimple temperatures of about 21°C-26°C in
the wood stove experiments.

For all multistage impactors, only the particlesr¢@ynamic diameter less then ~100nm)
collected on the two lower impaction stages andlthek-up filter were sent to chemical
characterization and gravimetric analysis.

The multistage impactors operated on different sates, depending on the subsequent
analysis to be performed. One of the impactors (SDeposit Impactor SDI, Dekati, details
in Bernardoni et al., 2011) collected UFP on potgoaate impaction stages and on PTFE
back-up filter for elemental analysis (all thesbsttates were also weighed for gravimetric
determination). The SDI has an effective cut-ofirdeter (gso9) Of 89.7 nm at the upper
stage considered for UFP determination. The ottmactor (micro-orifice, uniform deposit
impactor MOUDI, MSP corporation) operated with gadiber filters: half of each filter was
devoted to the determination of ions, total carkamg levoglucosan and its isomers, whereas
the other half was devoted to polycyclic aromatycirocarbons (PAH) analysis. Another
MOUDI impactor collected UFP (the upper stage obmi®d has dp., of 95 nm) on
aluminum foils and a PTFE back-up filter for graeitmc determination and toxicological
tests (results not reported here). The UFP massdet@smined from the aluminum foils and
PTFE filters gravimetrically using a microbalanddX5 Mettler-Toledo, sensitivity 1 pg)
located in a controlled weighing chamber (T = 2@2hd RH = 50+5%) where the filters
were conditioned for 48 h before weighing.

The physical-chemical UFP characterization comgritiee detection of the following
species:

- total carbon (TC)-> TC analysis was performed by a TOT (Thermal Optica
Transmittance, Sunset Laboratory) instrument omiatq fiber filter punch (1.5 cthtaken
from each filter, using analysis protocol NIOSH-870

- water soluble ionic species (WSIS) 4.5 cnf of the three quartz fiber filters were put
together in a test tube and extracted with 5 mM@Qf water in an ultrasound bath for 1 hour.
lon Chromatography (IC) has been employed for th@ngfication of the main ions.
Measurements of cationic {KC&", Na', NH,", Mg>") and anionic (C] NO,, NOs, SQZ,
formate, acetate, propionate, oxalate) species wareed out using an ICS-1000 HPLC
system equipped with a conductivity system dete&aron analysis was carried out with an
lon Pac AS11 column using KOH from 1 to 17 mM, floate of 1 mL/min, for the detection
a conductivity system detector working with an angelf-regenerating suppressor AERS 500
was used. Cations determination was performed usin@S17 (Dionex) column and
methanesulfonic acid (MSA) from 0.5 to 10 mM aseeluat a flow rate of 0.25 mL/min and
for the detection a conductivity system equippethva cation self-regenerating suppressor
CERS 500. (Piazzalunga et al., 2013)

- anhydrosugars (AS)> the extraction from the quartz fiber filters folled the
methodology described for the water soluble ionise Bnalyses for levoglucosan and its
isomers were carried out by HPAEC-PAD using an éromatograph Dionex 1CS1000.
Different anhydrosugars (i.e., levoglucosan, maana@nd galactosan) were separated using a
Carbopac PA-20 guard column and a Carbopac PA-RM axchange analytical column. As
eluent, NaOH 18 mM was used with a flow rate of ®BE/min. An amperometric detector
(Dionex ED50) equipped with an electrochemical egls used. (Piazzalunga et al., 2013)

- elements (ELM)> Elements (Al, As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Mb, P, Pb, Sr, Ti,

V, Zn) were determined by Inductively Coupled Plasa&tomic Emission Spectroscopy (ICP-
AES) (Varian 720-ES). Solubilization procedure doled the EN14902:2005 methodology
5
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by using concentrate sub-boiled distilled HN&d 30% ultrapure ¥, in a microwave oven,
at 220°C for 25 min (P= 55 bar) (Perrone et al1,30

- polycyclic aromatic hydrocarbons (PAH)Y Eight PAHs (3-ring isomers with molecular
weight (MW) 178: phenantherene [Phe], anthracenet][Ad-ring isomers with MW 202:
fluoranthene [Flu], pyrene [Pyr], 4-ring isomersttwMW 228: benzo(a)anthracene [BaA|],
chrysene [Cry], 5-ring isomers with MW 252: benzd(mranthene [BbF], benzo(a)pyrene
[BaP]) were evaluated by gas chromatography-masstsmnetry (GC-MS Varian 2100T
equipped with a Electron lonization source). Samphkere weighted, add with internal
standards (100 ng/sampED Benzof)anthracene antfD Chrysene, transferred into tube
with 7 ml of dichloromethane, vortexed for 1 mindadried under nitrogen flow. After
resuspension with 5 ml of acetonitrile, the orggoaction were filtered using syringe with
filler RC 0.45 um and dried under nitrogen flownfpdes were resuspended in acetonitrile
(20 pl) and 2 ul were used for GC-MS analysis.

2.4 Emission factor calculation
The UFP mass and species EFs are calculated aw$oll

EF =CV,,. (Eq. 1)

where EF is the emission factor (e.g., mgfkg, C is the measured species concentration
(e.g., mg/m), Vgec IS the average specific flue gas volume (i.e.,filrg gas volume produced
per kgue, M/Kgie). The concentratiof is calculated as in Eq. 2.

C =DRIM / Vg (Eq. 2)

whereDR is the dilution ratiom is the measured UFP species mass (e.g., Vaghe is the
volume extracted during the sampling period)(m

The dry flue gas volume produced per kg of fuetadculated with Eq. 3 assuming a
complete combustion based on the formula by Van &t Koppejan (2008) and averaged
over the sampling period:

Voo = Xc Wy, /(Mc [Coz) (Eq. 3)

where, Xc is the fuel carbon content (kgC/kgfuel)y is gas molar volume (22.4 | at NTP),
Mc is carbon molar weight (12 g/moO, is flue gas C@concentration (Y%ry gag-

3 RESULTSAND DISCUSSION

3.1  Averagefluegasconditions

The flue gas characteristics during the test ruasregported in Table 1 with mean values
and the standard deviations. The values averagedtbg whole cycle may mask the lack of
oxygen or too high/low temperature conditions ie@fic combustion phases. For this reason,
a further parameter reflecting the combustion cdionk inside the firebox is described
gualitatively by means of proxy variables. A comstien intensity indicator (Cll) is defined
as the ratio of the flue gas chimney temperaturexfpfor combustion temperature) and the
excess air ratio (EAR, i.e., ratio of the actuaygen supply to the stoichiometric oxygen
need). For the comparable operating conditionsherigvalues of CIl indicate intense
combustion with high burning temperatures and suthstli oxygen consumption. The lower
values, on the other hand, represent the oppositditton in which there are low burning
temperatures and the air supply goes beyond thlawteds of the oxidation process in act.
Cll is shown in Table 1 with the average value 468 and 98" percentiles to represent the
critical situations.
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While pellets combustion with the continuous operatis able to support intense
combustion conditions without causing high incongleombustion byproducts (ICB) thanks
to the automatic air and fuel supply, the high @llithe wood stove, occurring during fir
firewood burning brings to local situations withitical oxygen availability inducing increased
ICB emissions. The combustion conditions influeboth mass and composition of UFP.

Table 1: Average (standard deviations in parenff)efiee gas conditions (@13%,Cdry,
0°C)

Pellet stove (continuous) fir beech

Flue gas temperature (°C) 237 (1) NA

02 (%) 10.1 (1.1) NA
Combustion intensity indicator 126 (109-143) NA

CO (mg/m) 142 (102) NA

NOXx (mg/n?) 103 (9) NA

Pellet stove (modulated) fir beech

Flue gas temperature (°C) 196 (38) 191 (35)
02 (%) 13.8 (2.7) 14.0 (2.4)
Combustion intensity indicator 72 (29-123) 69 (27-110)
CO (mg/n) 273 (444) 1046 (1258)
NOXx (mg/n?) 112 (16) 232 (41)
Wood stove fir beech

Flue gas temperature (°C) 350 (85) 299 (83)
02 (%) 10.8 (5.0) 14.5 (3.6)
Combustion intensity indicator 191 (42-380) 110 (20-234)
CO (mg/n) 3127 (2458) 5507 (3571)
NOXx (mg/n?) 71 (46) 114 (77)

* (10" percentile — 90 percentile)

3.2  UFP concentrations, emission factors and particle number size distribution

Average UFP mass and number concentrations obsedwgthg the combustion
experiments are referred to 13%@ry conditions and 0°C and corrected for dilutidime
emission factors (EFs) for fuel consumption arecwated for UFP mass and chemical
constituents. Detailed data is provided in the gmppntary material (Table SM3).

The pellet stove UFP mass concentrations averageg?®r (standard deviation: 4 mgin
EF: 362 mg/kge) for beech pellets and 34 mg/itstandard deviation: 18 mg/mEF: 434
ma/kgue)) for fir pellets. No notable difference is visitile function of the wood type (fir vs.
beech) and stove operation (continuous vs. modi)tageen if slightly higher average values
are observable for fir pellets combustion due redhsamples with high UFP (namely, PF1.:
constant heat output - fir pellets, PF2: moduldtedt output operation — fir pellets, PF3:
modulated heat output operation — fir pellets). Tweresponding average UFP number
concentrations are 1.1-%particles/cr (geometric mean diameter: 38 nm) for beech pellets
and 1.1-19 particles/cmi (geometric mean diameter: 75 nm) for fir pellefhe average
particle number concentration is comparable forchesnd fir pellets; however, the number
size distribution (Figure 2) is shifted towardgyr particles (remaining in the UFP size range
in any case) in the latter.
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Figure 2: Particle number size distribution (paestkgye)

The evaluation of average flue gas and operatioditons does not bring complete clarity
to the observed UFP levels in the pellet stove sioms. In order to shed light on the
particular levels observed in the three abovemaatofir samples, pellet stove tests are
further investigated by means of characteristic ssion indicators constructed based on
incomplete combustion (i.e., non methane hydrogapand complete oxidation (i.e., NOXx)
by-products. In order to smooth the effects disecdlated with the fuel composition (i.e.,
higher levels of pollutants for beech pellets), NMMHC emission factors are normalized by
NOx emission factors providing increased readabiit the results for discriminating the
single test runs. The higher values of this raNMHC/NOx) would indicate relatively less
oxidative conditions inside the chamber that arpeeted to increase emissions of the
incomplete combustion by-products. Figure 3 shoaws ht the parity of EAR (i.e., similar
operating conditions), PF1, PF2 and PF3 are magthracterized by higher NMHC/NOx
ratios and correspond to larger particles.
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Figure 3. NMHC/NOX ratio corresponding to differdeAR. (The color scale represent the
geometric mean diameter (GMD) in nm)

The UFP mass concentrations for the wood stoveages80 mg/m(standard deviation: 28
mg/nt; EF: 838 mg/kge) for beech firewood and 40 mginistandard deviation: 10 mgm
EF: 471 mgl/kge) fir firewood. More variability is registered fdhe high ash content fuel
(i.e., beech): several operational parameters as¢high excess air, low burning temperatures,
difficult start-up etc. bring to higher UFP emissso The average UFP number concentrations
are 7.0-19 particles/ci (geometric mean diameter: 50 nm) for beech pebeis 1.9-19
particles/cm geometric mean diameter: 99 nm) for fir firewodthe particle number size
distribution is shown in Figure 2. A higher varil#tlyi is observed with respect to pellet
experiments.

The linear trend lines in Figure 4, suggest a inadft constant density for pellet
combustion for all operation conditions and fuglay. The situation is different for wood log
combustion, where the data suggest that the deafkitlge emitted particles vary with fuel
type and variable combustion conditions.
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Figure 4. UFP number vs. mass emission factors. (lefet stove — fir pellets PB: pellet

stove — beech pellets; (m): power modulation; @@)stant heat output; WF: wood stove — fir
9
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3.3  Effectsof stove operation and wood type on UFP composition

Seven classes of chemical species were analyzi idFP samples, namely, total carbon
(TC), water soluble inorganic cations (WSIC), wateluble inorganic anions (WSIA), water
soluble organic anions (WSOA), anhydrosugars (A@&ments (ELM), and polycyclic aromatic
hydrocarbons (PAH). Some species resulted to medio or under the detection limit of the
related analytical technique used and were replagduhlf the corresponding detection limit
(Table SM4 in the supplementary material). No cosijgan results are available for PF2. The
composition results are discussed in terms of eomskctors that can be easily converted
into total emissions knowing the user wood consimnpiFigure 5).
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Figure 5: UFP species emission factors (mghg(PF: pellet stove — fir pellets PB: pellet
stove — beech pellets; WF: wood stove — fir fired,0d/B: wood stove — beech firewood)

UFP emissions in the pellet stove are mostly akta@& material whereas carbonaceous
fraction dominates the wood stove samples reflgctite main difference between the two
room heaters investigated. This difference liehanfuel feed mechanism. Automatic stoking
in the pellets stove enables quite constant fudl @n supply in contrast to the batch wise
operation of the wood stove leading to less effitieombustion due to intermittent process
more under influence of user dependent operatieadhbles leading to non-optimal mixing
of air and fuel (Van Loo and Koppejan, 2008).

As expected, wood stove average TC (400 mgikgange 272-506 mg/kg) is an order
of magnitude higher than the pellet stove (36 mgikgange 10-104 mg/kg), given the
enhancement of the incomplete combustion conditidms to batch working process. In
contrast to the apparent independence of TC freamwibod type fed into the wood stove, the
fir pellets seem to emit more TC with respect tedbe pellets. The higher average TC
emission factor for fir pellets is caused by sami€&1 and PF3 with relatively higher TC. A
possible cause for higher TC content of these sesnplay be a decreased mixing of air and
fuel due to gathering heaps of ash and unburnéfpeti the hopper characteristic of these two
test runs. Two different situations are responsiiole the emission of TC in wood log
combustion: lack of available oxygen in the higmperature zones in the chamber and low
temperature combustion with excessive oxygen. Eigdirshows that both situations are
present during different batches, especially formM&d WB2 with difficult start-up and WF2
and WF3 with high temperature-low oxygen burningditons.

10
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Figure 6. Per-batch average excess air ratio (BAR¥tack gas temperature for different test
runs (PF: pellet stove — fir pellets; PB: pellatv& — beech pellets; WF: wood stove — fir
firewood; WB: wood stove — beech firewood; CS: csetdrt; PH: pre-heating; 1B, 2B, 3B:
first, second and third batches; HL: high loadafibatch with burn-out period)

The average EFs for water soluble inorganic spdtieth cations and anions), indicative
of a well-designed and operated automatic wood cmtidn (Nussbaumer, 2008), are three
times larger in the pellet stove (145 mgjkgrange 68-265 mg/kg)) than the wood stove (44
mg/kgue, range 28-67 mg/kg)). Comparable average values are obtained fomfir lzeech
pellets for these species. The feeding of the samed types (with slightly different
composition) as wood log, besides lowering the Biven the reasons related to the less
efficient combustion mentioned above, give riséiggher inorganic emissions for the higher
ash content fuel (i.e., beech wood). The dispdr#yween pellets and wood stove water-
soluble ionic species content is progressively elging for WSIC, WSIA and finally for
WSOA. WSOA EFs are much smaller than the inorgapiecies. Relatively higher WSOA
EFs are observed for beech wood combustion in tbedwstove than the other cases
investigated.

While potassium is the predominant ion in the W3dlfate is the key component in the
WSIA fraction of pellet UFP, without a definite t@ between the two types of pellets. The
importance of other minor inorganic and organidaaspecies (e.g., chloride, nitrite, nitrate,
calcium, acetate, formate) varies from sample tmpde, again without a distinct trend
depending on the pellet type, suggesting that ttlesgmce of single ionic species is more
dependent on local combustion conditions than #leetptype. In fact, water soluble ionic
species EFs of the two-abovementioned fir samp€4 (@nd PF3) differ from the rest of the
fir pellet samples. The difference, lower for PEbr(stant heat output), is mainly due t, K
and sulfate which both show an average increasbait 3 times. This increase in correlation
with the increased TC may suggest an enhanced osatien of KSO, on the carbonaceous
core. Nitrite, though with much smaller EFs, shawkigher increase (about 15 times). The
increase in the nitrites is also congruent withghevious observation of poor air-fuel mixing
conditions in correspondence of these two samjess (itrite is further oxidized to nitrates).
Slightly higher nitrate and acetate, and a littteér C&" is also observed for these samples.
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Regarding the wood samples, ammonium and oxalatehvdre mostly absent in the pellet
samples are present with varying EFs in the woodptes. Ammonium EFs for the difficult
start-up test runs (WB1 and WB2) are twice the. r8sifate EFs are close to those of the
average pellet samples (excluding PF1 and PF3hetifF of K is observed for the beech
tests without any apparent distinction betweenftluie beech samples, whereas very low K
characterizes the fir tests. Some samples showsalstl quantities for Cdand N&".

Anhydrosugars (i.e., levoglucosan, mannosan andctgsan) are the major organic
components of smoke particles from biomass burfiom the breakdown of cellulose, a
main component of biomass, (Simoneit et al., 1989)are found in detectable quantities (39
mg/kgue, range 2-88 mg/kg,) only for wood stove UFP samples with beech coribus
leading to six-times-higher average EFs with respex fir firewood combustion.
Levoglucosan is the most abundant anhydrosugdowietl by mannosan and then galactosan.
The lack of a discernable quantity in the pellemgles may be explained with the fact that
the degradation process responsible for levoglucdsanation occurs at low temperatures
(Kuo et al., 2008) not observed under normal opmratf automatic appliances. The ratio of
the single species as a diagnostic tool are disdulsdger in section 3.4. WB1 and WB2 (i.e.,
difficult startup tests) show the highest AS enussiactors. The lowest on the other hand
corresponds to a test (WF1) where rather intensgbastion conditions (low excess air and
high temperatures) occurred (Figure 6).

Most of the elements detected in the UFP are thesally reported as wood constituents
present in variable quantities in both bark andnst€he amount of elemental species in the
UFP samples of both room heaters are alike (3 mg/kgange 1-5 mg/kg). The highest
EFs are tendentially observed for fir pellets costlmn. The divergence in function of wood
type (beech or fir) between the contributions of #ingle elements is larger in pellets
combustion than firewood combustion. The contributof the various elements to the total
elemental content is greatly variable from sampleample, which is probably because there
may be a substantial variation in metal contenbsithe bags, even if of the same brand.
Zinc is the principal element followed by aluminand iron. Other elements contributing to
the UFP, which are in measurable quantities, anegar@ese, phosphorus, chromium, copper,
lead, nickel and barium. Cobalt, vanadium, strantiarsenic, cadmium, and titanium are in
trace gquantities. Molybdenum is also in trace qtiast except for beech pellet burning.
Manganese and lead are tendentially higher forepelbmbustion. Phosphorus, chromium,
arsenic, cadmium, and strontium are tendentialighéi for wood combustion. Nickel,
barium, copper, cobalt, vanadium, and titanium &fessimilar.

The emission factors of 8 PAHs (Phe, Ant, Flu, BaA, Cry, BbF, BaP) are collectively
referred to a&8PAHSs. The automatically controlled and fed pedkeive has very small PAH
emissions (average 52 uglkg standard deviation: 46 potkg). PF1l, PF3 and PB1,
corresponding to those with the highest pellet Ukdéss, have relatively higher amounts of
PAH detected. EFs for wood stove are orders of ihadm larger, amounting to an average of
15 mg/kgue (range 11-18 mg/kg,) for fir wood and to 1 mg/kg, (range 1-2 mg/kge) for
beech wood burning. The lowest excess oxygen amdhitihest temperatures reached during
fir firewood experiments hinted to very intense @wstion conditions favoring the formation
of PAH species. PAH fingerprints are provided ia #upplementary material (Figure FSM1).
The proportion of lower MW PAHSs (i.e., 3- and 4ngiisomers, Phe, Ant, Flu, Pyr) in the
¥8PAHSs is higher for the pellets samples, whereasdwsamples are enriched in higher MW
PAHSs (i.e., 4- and 5- ring isomers, BaP, BbF, @&A). The PAHs measured by the study
and defined by the International Agency for Redeane Cancer (IARC, 2016) as group 1-
carcinogenic (i.e., BaP) and group 2B-possibly icagenic to humans (i.e., BaA, Cry, BbF)
account on average for the 85%X&PAHs for the wood stove samples. The corresponding
value for the two pellets samples with the hight&ss is much lower (average ~19%).

Figure 7 shows a comparison between the presedy sind the literature values for
different types of residential heating applianced with different type of fuels (details and
references in Table SM5 in the supplementary najeiThe reported emission factors are
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extremely variable. To reduce the effect of highl éow extremes in the data only median
values are compared. Even though the EFs are ebtawith different sampling

methodologies and for different size fractions, foass and elements generally similar
emission factors are observed for automatic paldgtiiance in our study. While about three
times lower TC and 60 times lower PAHs, and 3 inke$ higher water soluble ions and
anhydrosugars are found. For manually fed applsmeethe other hand, 2 - 8 times lower
emission factors are obtained for both mass angosition in comparison with the literature.
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Figure 7. Comparison of literature PM mass emissamtors and composition with the
present study (fuel types — hwl: hardwood logs;: seftwood logs; hwp: hardwood pellets;
swp: softwood pellets; swc: softwood chips; othearious biomass) (appliance types — fp:
fireplace; Ib: logwood boiler; pb: pellet/chip benij ps: pellet stove; shr: slow heat release
appliance; ss: sauna stove; ws: wood stove), (Riibns — black: UFP; red: PM1; green:
PM2.5; blue: PM10; magenta: PMtot) (details andenesices in Table SM5 in the
supplementary material)

3.4  Diagnosticratios

PAH diagnostic ratios:

The binary ratio method for PAH source identifioatinvolves comparing ratios of pairs
of frequently found PAH species (Ravindra et al0&). Generally the ratios of the principal
parent PAHs with MW 178 [Phe and Ant], 202 [Flu dag], and 228 [BaA and Cry] are
used as diagnostic tracers for source charactemzaif biomass burning emissions as
compared with fossil-fuel combustion (Rajput et 2014, Ding et al., 2007).

Given the very low emission factors from pellet Gmstion, the present discussion involves
only wood stove emissions. PAH content of the UBR@es reflect the conditions in the
approximate vicinity of the emission source: thegie is diluted and cooled triggering the gas-
to-particulate conversion but it excludes the dedgtian of PAH species due to atmospheric
ageing.

Even if not directly comparable due to differentnpding methodologies, size fractions,
combustion appliances and dilution conditions adber®d, the experimental diagnostic ratios
are presented in comparison with several othersdfoin literature (Table SM6 in the
supplementary material). BbF/Flu is one of theomproposed as a signature factor to identify
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the sources of particulate PAHs in the atmosphEte €t al., 2010). The PM10 emission
samples in the cited study have shown much higlhé7MBu ratios (~3.7) for woody biomass
burning aerosol than aerosols originating from libening of diesel fuel and gasoline (0.047-
0.050). The BbF/Flu ratio in the present study dRPUfraction ranges between 3.6-11.0
(average 6.9). Other binary diagnostic ratios rgabin the literature for vehicle exhaust are ~1
and ~10 (Pyr/BaP ratios), and 0.73 and 0.5 (BaP#&ay] ratios), respectively from gasoline
and diesel vehicles, and 0.6 for Flu/Pyr ratio frg@neric vehicular emissions species
(Ravindra et al., 2008). The corresponding avevadiges (ranges reported in parentheses) for
this study are 0.33 (0.25-0.55), 0.59 (0.33-.88y .80 (0.43-1.00)respectively for Pyr/BaP,
BaP/[BaP+Cry], and Flu/Pyr. Guillon et al. (2018port Phe/(Phe+Ant), Flu/(Flu+Pyr) and
BaA/BaP ratios in the PM2.5 samples of several hgsrspecies with averages respectively of
0.84, 0.49 and 1.46. Corresponding experimentdirfgs in the present study are respectively
0.78 (0.61-0.88), 0.44 (0.30-0.50), and 0.61 (@4AL).

The comparison of the ratios reported in literatwih the experimental results shows that
BaP/[BaP+Cry] is not a good diagnostic ratio tdfedléntiate vehicular emissions and wood
combustion. On the other hand, BbF/Flu, Pyr/Bald, Eo/Pyr resulted to be potentially good
wood burning tracers. However, one has to keepiimdrthat the variation of environmental
conditions (photochemistry, oxidative processesjngiof air masses etc.) may influence some
of these ratios (Guillon et al., 2013), thus theliapbility as a marker for source evaluation
should be assessed case by case. For examples Baported to degrade much faster than its
isomer in the atmosphere so the ratios in fresh aagetl emissions will be different. Other
isomer pairs such as for instance Flu/Pyr, on ttleerohand, photolytically degrade at
comparable rates, preserving thus the original asitipnal information during atmospheric
transport (Ding et al., 2007).

Figure 8 shows the diagnostic ratios calculatedhenUFP emission samples of this study
and ambient UFP sample averages from an Alpinagéalldominated by biomass combustion
(both pellets and wood log) in the winter month® BICUP project ambient sampling results
reported elsewhere, Dell’Acqua et al., 2016). BBBK+BaP) and Phe/(Phe+Ant) ratios in the
ambient samples are relatively close (x~20%) tosseimin ratios. Other ambient ratios are
mostly lower than the emission ratios (except fgr/BaP ratio which is higher), suggesting
both the effects of an additional emission sournd the alteration in the ratios by the
abovementioned atmospheric processes.
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Figure 8: PAH median diagnostic ratios for emisaad ambient UFP samples

Anhydrosugar diagnostic ratios

Other characteristic ratios that can be compiledhfexperimental data in the present study
are the levoglucosan-to-mannosan (lev/man) antetoglucosan-to-galactosan (lev/gal) ratios.
The former ratio can provide insights into the #petypes of biomass (the hardwood and
softwood types) burned (AIRUSE, 2013). The expenitaleratios calculated from the emission
factors are on average 4 (range 3-5) for the fiodv(softwood) and 15 (range 12-18) for the
beech wood (hardwood). The lev/gal ratio on theeiothand is proposed to discriminate
between organic combustion emissions from foliatem@ and from wood log combustion
(Schimdl et al., 2008). The ratios calculated ia pinesent study are on average 43 (range 15-
87) for the fir wood and slightly lower for beecltood averaged at 28 (range 27-32). Both
characteristic ratios obtained in the present stodyJFP size fraction are consistent with the
values reported in literature for larger particieesfractions (Schimdl et al., 2008 and the
references therein).

4 CONCLUSIONS

The UFP levels are observed to be fairly varialg®avieen the test runs. While differences
found among the UFP levels of the wood stove sasmle explained in relation to the main
stove operational parameters inherent to singlertes and the firewood type used, the same
evaluation does not bring complete clarity to theesved UFP levels in the pellet stove
emissions. As expected, the combustion intensithienautomatic appliance is regulated more
by the operation mode than the pellets type: howewae that both pellet types used in the
study were made of virgin woody biomass; the sabseivation would probably not hold if a
non-woody biomass fuel were used. On the other hianthe wood stove the combustion
characteristics are strictly connected with theviilood type.

The generally more complete combustion thanks ¢catitomatic fuel and air supply, and
better air-fuel mixing causes the release of moatewsoluble inorganic species and less
carbonaceous material in the UFP. However locahsiins such as for example pellet heaps
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on the burner pot may enhance the formation ofrimete combustion byproducts due to
decreased air-fuel mixing, which alter also the position of the UFP with relatively higher
TC and PAH. Higher ash content of the fuel (i.eeedh) influences the number size
distribution, generating relatively smaller paglwith respect to lower ash pellets (e.g., Al
certificate fir pellets) which remain mostly in thi-P range in any case.

The present study confirmed that manually fed rd@aters are susceptible to involuntary
malpractice (e.g., difficult startup due to inadatguair control valve regulations) even if they
are conducted following the manufacturer instrutioCritical situations in terms of lack of
available oxygen for the complete oxidation anchhtgmperatures occur during fir firewood
combustion in the wood stove. This situation enkarespecially the PAH emission factors.
Another crucial aspect consists of the non-optintahbustion conditions caused by overall
low burning temperatures and air supply much abihee stoichiometric need, observed
especially in the wood stove experiments burnirgh tash fuel with difficult startup period.
These experiments correspond to particularly higtP UEFs with relatively smaller particle
sizes together with increased TC and anhydrosughease.

Interestingly, UFP elemental species release isarapply independent of the stove and
wood type used.

In summary, the results of the study demonstraettie burning of the same wood types
as logs in a manual appliance instead of as p@lieth drier and smaller) in an automatic
roomheater may cause not only the increase of WkiBseons (especially in case of high ash
content fuels) but also the alteration of the cosmjpmn with potentially more carcinogenic
substances (PAH fingerprint shifts towards moreicagenic higher MW PAHS).
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Highlights:

- Ultrafine particle (dp<100nm) chemical constituent emission factors are provided

- Automatic and manually fed room heaters with two wood types are investigated

- Tests conducted with appliances working under real-world operating conditions

- Increased emissions (UFP, NOx, CO) for increased fuel ash content in the wood stove

- PAH fingerprint shifts towards more carcinogenic PAH in wood stove UFP



