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ABSTRACT ARTICLE HISTORY

The amount of moisture in wood fuel has a significant influence on the Received 7 February 2021
emissions of particulate matter (PM) and gaseous pollutants when Revised 30 May 2021
burned in small-scale domestic appliances. Previous studies have  Accepted 1 June 2021

shown that higher moisture content generally produces higher parti- KEYWORDS
culate emissions factors. As well as quantity of material emitted, it is Wood: moisture:
also important to understand the effects of moisture on particle qua- combustion; pollutants; soot

lities including size, composition and morphology - since these can
influence the human-toxicity and environmental impacts of the parti-
cles. In this study, emissions were quantified and the particulate
qualities were also examined using chemical, optical and thermogravi-
metric analysis as well as size-graded sampling. By comparing the
results from the use of batches of beech wood fuel with differing
moisture content, it was shown that there are consistent and signifi-
cant differences in both the quantity and qualities of the resulting
emissions when burned under the same conditions. This has important
consequences for emission inventories which currently only assume
an emission factor from a proscribed combustion situation

Introduction

The evidence of adverse human health impacts of particulate matter air pollution,
including respiratory and cardiovascular disease are well documented. Consequently,
PM;q and PM, s have been targeted by air quality legislation in various jurisdictions
across the developed world (Kim, Kabir, and Kabir (2015)). While significant particulate
matter emissions arise from the industrial and transport sectors, residential wood com-
bustion has become one of the primary sources contributing to detrimental urban air
quality in many European cities. Across the European Union (EU (2018)), combustion in
households and commercial and institutional premises accounts for more than half the
emissions of PM, 5 and over a third of the emissions of PM;, - most of which is from
small-scale residential wood combustion. The majority of these particulate emissions are
from traditional heating stoves, the use of which has been generally increasing in Europe
in recent years and forecast to continue to increase (Denier Van Der Gon et al. (2015)).
This has been partly due to increased fossil fuel prices but also as a result of biomass
combustion being incentivized in many countries through climate change policy and
renewable energy targets. In the UK, total emissions of both PM;, and PM, 5 have been
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declining since 2005 through reductions in the industrial and transport sectors. However,
in the same period, those emissions from domestic combustion increased substantially. By
2018, 27% of total emissions of PM;, and 44% of total emissions of PM, 5 were attributed
to domestic combustion. (UK Government (2020))

The ongoing need to reduce fine particulate air pollution for health reasons, especially in
urban zones, has led to many governments considering or implementing controls on
residential wood combustion. Aside from banning the use of solid fuels altogether,
approaches have included schemes to improve appliance efficiencies and reduction of
their specific emissions (i.e. improved emissions factor) and the use of abatement technol-
ogies (Amann (2018)). However, even best practice stove design and operation are only
partially effective if there is no control on the quality of the fuel used. More specifically, it
has been shown that wood fuel moisture content has a significant effect on the quantity and
type of pollutant emissions produced in small-scale domestic combustion (Wilton and
Bluett (2012)). A number of studies have investigated such effects (Simoneit (2002), Shen
et al. (2012), Magnone, Park, and Park (2016), Fachinger et al. (2017), Price-Allison et al.
(2019)). However, given the variability in the wide range of solid biomass fuels available on
the market, the variety of stove designs and the inconsistency of user behavior, the
reproducibility and predictability of the combustion processes and the consequent pollution
formation is challenging (Houck and Tiegs (1998), Magnone, Park, and Park (2016)).

Combustion of biomass and other solid fuels leads to the formation of a complex mixture
of gaseous pollutant species (Koppmann, Von Czapiewski, and Reid (2005)) as well as
aerosols and particulate matter commonly identified as ‘soot’. Soot may consist a variety of
carbon-based species including black carbon, polycyclic aromatic hydrocarbons (PAH) and
tars, and a variety of morphologies including aggregated chains, nucleated irregular solids
and amorphous droplets. Routes to formation are many and complex with the production
of precursor VOC and PAH, combustion temperatures, oxygen levels and flue gas tem-
peratures being key factors (Reid et al. (2005)). The variation and variability of each of these
factors during the combustion cycle of a solid fuel produces different compositions,
morphologies and quantity of soot at different stages of combustion and with different
qualities of the wood fuel (Torvela et al. (2014)). Perhaps the most significant and tangible
quality of wood that affects particulate formation and emissions is the moisture content.
The effects of moisture are various and include: depression of the fuel heating rate which
affects the pyrolysis rate and the balance of VOCs produced; cooling of the flame and
inhibition of oxygen in the combustion chamber thus reducing oxidation of VOCs; con-
densation and interaction with particle formation in the fuel gases. Together, these effects
result in an increase in the quantity of soot emissions (i.e. higher emissions factors). This
has been demonstrated in previous experimental work (Price-Allison et al. (2019), Purvis
and McCrillis (2000), Chomanee et al. (2015), Magnone, Park, and Park (2016)). To some
extent, these effects of fuel moisture content can be mitigated and emissions reduced where
stove design and operation allows improved oxygen availability and controlled burning
rates (Zhao et al. (2008), Lu, Zhu, and Zhu (2009)). Moisture also affects the composition of
the soot. Lowered heating rates, temperatures and oxygen concentrations lead to higher
fractions of organic carbon (OC) and higher fractions of heavier compounds within the OC
including PAH, tars and ‘semi-volatile’ compounds (Shen et al. (2013)). The differing
fractions of each of these ingredients influences the soot particle development, affecting
size, morphology and reactivity — and, consequently, its potential toxicity. It is therefore
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important that these other ‘qualities’ of soot emissions from fuel wood combustion are
evaluated as well as the crude quantities measured in ‘emissions factors’ and size fractions.

In this study, the effects of moisture in wood burned in a typical domestic stove are
further investigated, with an assessment of the soot emissions, an examination of the
composition and morphology of captured particulates as well as associated emissions of
gaseous pollutants. This work is relevant to the current interest, particularly in Europe and
the US, in the role of condensable organics on smoke emission factors for biomass burning
stoves (EMEP 2020).

Experimental methods
Fuel properties

The fuels used in the experiments were from a low-moisture’ batch and a ‘high-moisture’
batch of hardwood beech (Fagus sylvatica L) logs. The ‘low-moisture’ fuel was kiln-dried for
a period of 24 hours at 50°C in accordance with HETAS and Woodsure certification and
had an average moisture content of 12.4 + 0.2%. The ‘high-moisture’ fuel was seasoned for
a short period and had a moisture content of 23.6 + 2.6%. Moisture content was determined
by mass difference after oven-drying at 105°C. Measurements were also recorded using
a digital moisture meter (Valiant, FIR421) previously described by Price-Allison et al.
(2019).

The logs were prepared by removing the bark and then cut to a consistent size: ~225 mm
length and 80 mm diameter. For analysis, samples of the wood were milled and sieved to
100 pm particle size using a cutting mill (Retsch SM100) and a cryo-mill (Retsch CryoMill).
Sample preparation and selection were undertaken following BS EN 14780.

Ultimate Analysis (CHNS) was undertaken using a CE Instruments Flash EA1112
analyzer with results presented on a dry-basis while oxygen content (%) was calculated by
difference (BS ISO 17247). The Higher Heating Value (HHV) and Lower Heating Value
(LHV) were determined from the elemental composition of the fuel as identified in Friedl
et al. (2005) and BS EN 13240.

Thermogravimetric analysis (TGA) was undertaken on each of the fuels with heating
rates and temperatures set to those outlined in BS EN 14774-3, BS EN 15148 and BS EN
14775 for moisture, volatile material and ash, respectively.

Combustion experiments

The combustion of the wood fuel was performed using a HETAS approved Waterford
Stanley Oisin multi-fuel heating stove, previously described by Mitchell et al. (2016). The
manufacturer’s rating of the stove gives a thermal output of 5.7 kW with an efficiency of
79%. The stove is a cast-iron box 259 mm high, 270 mm wide and 190 mm high with a glass-
paneled door. An internal deflector plate creates two separate (primary and secondary)
combustion zones, with volumes of 8 x 10> m> and 1.4 x 10~ m> and residence times of 0.9
s and 0.2 s, respectively. Combustion gases egressed via a 125 mm diameter vertical flue, to
a height of 1.5 m above the stove and were thereafter extracted along with entrained air
through a fixed flow duct (‘dilution tunnel’). A schematic of the apparatus is presented in
figure S1.
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The entire stove was mounted on a mass balance (Kern, DE 300k5DL) to allow the
change in fuel mass during combustion to be recorded. Flue-gas flow rate was measured
using an S-type pitot tube and a precision manometer.

Thermocouple probes were placed at: just above the grate within the combustion bed;
near to the center of the primary combustion chamber; at the top of the flue near to the gas
sampling point; in the dilution tunnel near to the soot sampling point.

Each set of experiments started with a fuel load ignited in the cold stove (cold start). The
mass of fuel required per batch was calculated in accordance with the BS EN 13240:2001
+ A2:2004 Standard, and changes mainly because of the different moisture contents. This
was followed by three subsequent fuel loads ignited from the hot ash bed (3 hot start cycles).
Each load of wood was between 1.13 kg and 1.46 kg. The time for fuel reloading was selected
based upon the mass of unburned fuel reducing to below ~0.4 kg.

Flue gas was extracted at 10.00 1 min~" using a sampling pump via a cooled, stainless-steel
sampling probe near the top and at the center of the flue through to a heated line and into
a Fourier-transform infrared (FTIR) spectroscope [Gasmet, DX4000]. The line and cell
temperatures were 180°C, the residence time in the system was <1 s. This instrument was
calibrated by the manufacturer for typical combustion products. The gas sample exhaust
was condensed in a cooled, deionized water-impinger. CO concentrations were measured in
the dilution tunnel using a 8 mm diameter Testo 340 probe. The dilution factor was
calculated from the ratio of CO concentration in the flue and that in the dilution tunnel.
This ranged between 14.4 and 17.5.

Entrained soot in the flue gas was sampled using two methods: (a) Samples for determin-
ing total soot emissions (PMt) were taken from the dilution tunnel iso-kinetically via the
sampling probe using a heated (30°C) impactor [Dekati, PM10] with a pump and flow
controller at a sampling rate of 10.0 1 min~". Particles were collected on 25 mm greased
aluminum foils for size fractions of 210, 2.5-10 and 1.0-2.5 um (Dekati, CFG-225).
A 50 mm micro-quartz backup filter with a pore size of 0.3 um (Gilson, RF-360-050) was
applied to collect PM emissions below 1.0 um. Values of the emission factors (EF) were
calculated following ISO 19867-1 as used in Mitchell et al. (2019). (b) Samples of soot were
taken at intermediate time intervals (2-5 min) using a small manual-suction pump device
(Testo Smoke Pump) designed in accordance with DIN 51402 and ASTM D2156. This drew
a fixed volume of gas (~1.6 1) through a filter paper over a 2-5 s period. In all cases the soot
samples were not thermally pre-treated.

Analysis of soot samples

An evaluation of the color and optical density of the soot deposited on the filter papers
was analyzed using an X-Rite (504) spectro-densitometer. The optical density is reported
here as a darkness factor, D where white is represented as D = 0 and black is D = 100. The
color of soot samples was estimated using GIMP GNU [2.8.14] image manipulation and
analysis software and expressed using a red, green or blue (RGB) additive color model
(Nishad. and Chezian. (2013)). The RGB color model evaluates the intensity of each color
component across a range 0-255. The darker the coloration of the sample material the
lower the RGB value. Black is (0,0,0) while light brown is (150, 75, 0). This allows the soot
samples which are black, brown or tan-like to be characterized qualitatively (Jones et al.
(2020)).
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The soot collected on micro-quartz filter papers was analyzed using a Renishaw inVia
Raman Spectrometer using a 514.5 nm green Argon laser excitation source.

The Raman shift spectrum was evaluated in the range from 500 to 2500 cm™". The first-
order spectra of soot particles are widely reported in the literature and generally consist of
two overlapping peaks located at approximately 1350 cm ™" and 1585 cm ™" attributed as the
G-band and D-band, respectively (Dippel, Jander, and Heintzenberg (1999), Sadezky et al.
(2005), Ess et al. (2016)). The G-band (1585 cm ™), often designated the ‘Graphitic band’, is
characteristic of ideal graphitic lattice type structures maintaining an E,, symmetry. The
D-band (1350 cm™'), or ‘Defect band’, applies to the disordered fraction of graphitic
materials (Ferrari and Robertson (2000), Sadezky et al. (2005), Ivleva et al. (2007)). The
quantification of nanostructural order may be inferred from the peak intensity-height ratio
as described in Ferrari and Robertson (2000) and Ess et al. (2016). The height-ratio,
calculated as Ip/Ig, indicates the degree of order of the soot material, where a value <1 is
indicative of poor ordering and a value >1 suggests an improved order.

Elemental Carbon (EC) and Organic Carbon (OC) fractions were determined by ther-
mogravimetric analysis (Netzsch STA449 instrument). Samples were taken as 20.1 cm? cuts
of filter paper. The Organic Carbon fraction was determined from the mass-loss of the
sample in nitrogen while the temperature was increased from 100°C to 550°C at 20 K min .
The Elemental Carbon fraction was determined from the subsequent mass-loss of the
sample in air at 550°C allowing full oxidation. Corrections were allowed for buoyancy
effects during heating. Mass-loss from the substrate and binder was confirmed as negligible
by testing a blank filter.

Fuel particle morphology and physical structure were examined using a FEI Nova
NanoSEM 450 device operating at 3 kV. Energy Dispersive X-Ray spectroscopy (EDX)
analysis was used to determine the elemental composition of the soot samples using an
EDAX AMTEK analyzer operating at 18 kV.

Py-GC-MS analysis of the samples was undertaken as previously described (Maxwell
et al. 2019) using a CDS Pyroprobe Model 5000 interfaced to a Shimadzu GC-MS, Model
QP2010E. The Pyroprobe sample heating rate was set at 20°C ms ™" to a final temperature of
550°C with a hold time of 60s.

Condensate analysis

The condensate from the sampled flue gases (at the exhaust of the heated FTIR analyzer)
was collected in a deionized water impinger for analysis. The pH of the sample was
determined using a digital pH meter. The total phenolic content, incorporating substituted
phenolic components, was determined by reacting with 4-aminoantipyrine and quantified
by spectrophotometry. The total organic carbon (TOC) fraction water was determined by
difference using a HACH IL 500 TOC-TN analyzer. Volatile acids were determined by gas
chromatography with a flame ionization detector (GC-FID).

Results and discussion
Fuel analysis

The proximate and ultimate analyses of the fuel are presented in Table 1.
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Table 1. Proximate and ultimate analysis of wood fuel.

Unit Low moisture beech High moisture beech
Volatile Matter % db 758+ 04 758+ 04
Ash % db 105+ 0.6 10.5 £ 0.6
Fixed Carbon % db 137 £ 04 13.7 £ 04
Moisture % ar 124 £0.2 26.7 £ 2.6
C % db 46.1 £ 0.6 46.1 £ 0.6
H % db 57 0.1 57 +0.1
N % db 0.4 £ 0.01 0.4 £0.01
S % db 0.00* 0.00*
0] % db 37.3+09 373+09
HHV MJ/kg db 18.2 18.2
LHV MJ/kg wb 14.6 11.8

*values recorded below the detection limit; db indicates dry basis; ar indicates as received basis
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Figure 1. Measured mass (kg) and derived fuel conversion rate (kg/h) during the combustion of: (a) low
moisture and (b) high moisture fuel. Solid vertical lines represent the point of reloading. Dashed vertical
lines represent transfer from flaming to smoldering phase.

Burning rates

The fuel conversion (burning) rate of each batch of fuel can be derived from the measured
mass of the fuel during combustion. Figure 1 shows the measured mass (kg) and derived
burning rate (kg/h) during three consecutive ‘hot start’ combustion cycles for both the low
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moisture and a high moisture fuel. The average over three complete cycles of the burning
rate is 2.4 + 0.4 kg/h for the low moisture fuel and 1.4 + 0.03 for the high moisture fuel. The
burning rates are consistent with measurements made in a previous study (Price-Allison
et al. (2019), Maxwell et al. (2019)).

The wood fuel combustion cycle can be considered in three distinct phases: i) ignition; ii)
flaming combustion; iii) smoldering combustion. The ignition phase involves the heating up of
the raw wood fuel on the hot bed of char until the wood begins to devolatilize and a flame is
ignited. The flaming and smoldering phases can be identified (other than visually) by the
Modified Combustion Efficiency (MCE) which is defined (Yokelson, Griffith, and Ward
(1996)) as MCE = [CO,]/[CO, + CO]. The MCE changes from a high value (close to 1.0)
during flaming to a lower value (0.65-0.85) during the smoldering phase (Fachinger et al.
(2017)). In Figure 1, the transition between the combustion phases is indicated by dashed lines.

Combustion temperatures

The combustion temperatures vary depending upon the fuel moisture content, the combus-
tion phase and the associated burning rate. The highest temperatures occur during the
flaming phase where the volatiles from the wood burn in a diffusion flame. The later
smoldering phase can occur at much lower temperatures where the combustion is domi-
nated by oxidation of carbon monoxide at the surface of the char. The relationship between
the MCE and observed flue gas temperature is illustrated in Figure S2.

Table 2 shows measured temperatures at different places in the combustion chamber/
bed/flue. Very few direct measurements of these temperatures have been reported in this
context in other studies. Yan et al. (2020) measured flame temperatures of the combustion
of wood pellet pyrolysis products reporting average temperatures ~1000°C with hot spots at
~1150°C. As far as the authors are aware, no similar measurements have been made of beds
of biomass char. Linjewile et al. (1993) reported temperatures for petroleum coke under
convective flow ~900°C. In the case of higher moisture wood, the temperatures are
depressed by about 10%, for example, to ~810°C in the combustion chamber.

The combustion temperatures around the mid-points of the flaming phase and the
smoldering phase for the combustion cycles illustrated in Figure 1 are also presented in
Table 2. The temperature profiles have implications for the formation of the pollutants
discussed later.

Gaseous emissions

Figure 2 presents selected components of the emitted flue gas detected by the FTIR gas
analyzer. Organic and inorganic gaseous species are reported in mg/m” at STP (0°C and 101

Table 2. Combustion zone temperatures.

Combustion zone and temperaturdsow moisture beech High moisture beech

flaming smoldering flaming smoldering
combustion grate/bed t [°C] 700 500 500 400
combustion chamber 1 [°C] 900 900 810 810
upper chamber* [°C] 850 600 500 300
flue gas temperature* [°C] 500 450 350 250

* from experimental measurement; 1 derived/estimated as described; all values are +40 °C
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Figure 2. Gaseous emission concentrations (mg/m?) for (a) low moisture wood and (b) high moisture
wood. Solid vertical lines represent the point of reloading. Dashed vertical lines represent the point of
transfer from the flaming phase to the smoldering phase.

kPa) on a dry basis. It is noted that pollutant species identified as benzene and formaldehyde
may include other similar species. The 120 s gap in the data is the period of manual
reloading which is omitted due to air ingress.

During the combustion of low moisture wood, the CO concentration is observed to
follow a typical profile whereby formation is low during the flaming phase and higher
during smoldering phase. For high moisture wood, a different profile is observed; CO
remains high throughout the entire combustion cycle. Peaks in CO are observed following
fuel addition where the fuel is heating up from a low temperature prior to ignition. Higher
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moisture prolongs this warming/drying, depresses the fuel temperature and inhibits the
flaming phase temperatures leading to higher CO formation (Vakkilainen (2017)).

Emission Factors were derived from the data acquired for a wider range of gaseous
products as detected with the FTIR gas analyzer. These are presented in Table 3.

Nitric oxide formation is variable throughout the combustion cycle with higher emissions
during periods where the rate of fuel conversion was highest (Figure 2). NO is the most
common nitrogen oxide species in the flue gas composition and accounts for ~90% of total
NO,. Fuel-NO is the major route of formation of NO and NO, in wood stove combustion
(Glarborg, Jensen, and Johnsson (2020, 2003)). Since the combustion temperature remains
relatively low (<1400°C), there is less of a contribution from the thermal NOx formation
mechanism (Bugge and Haugen (2014)). NO formation is shown to be similar for both wet
and dry wood following a similar trend to the fuel burning rate: being generally highest during
the flaming phase and lowest during smoldering. However, the total formation is shown to be
unaffected by combustion temperature. The correlation with burning rate suggests that
emissions are linked to the rate of devolatilization of the fixed nitrogen in the fuel.

SOx formation is derived from the fuel sulfur content. During typical stove operation
between 57-65% of fuel sulfur may be released and entrained within the flue gas while
between 35-43% remains within the char (Houmoller and Evald (1999)). As with NOx
formation, the rate of SO, emission is correlated to the fuel conversion rate suggesting
a mechanism of release through devolatilization. The correlation coefficient (r) for the
relationship between the combustion temperature and SO, formation is 0.818 perhaps
indicating a higher dependence of the formation process on temperature. However, there
is also a difference in SO, emissions between low and high moisture wood with the latter
generally associated with higher concentrations (cf. Table 3).

Emissions of gaseous organic species vary throughout the combustion cycle.
Formaldehyde and acetic acid generally peak immediately following stove reloading with
a subsequent reduction throughout the flaming and smoldering phases. The trend appears
similar for both low and high moisture wood although average emissions for the latter were
significantly higher (cf. Table 3). The difference is attributed to the respective differences in
combustion temperatures as described previously, but in this case the FTIR measurements
will encompass other functional similar species.

Table 3. Average emission factors evaluated over complete combustion cycles for low and high moisture
wood in g/kg (dry basis).

Pollutant species Low moisture beech EF, ., (g/kg) High moisture beech Ratio (EFuign/EFLow)
EFtigh (9/kg)
co 57.8 +13.7 102.8 = 12.7 1.78
SO, 0.52 +0.20 0.94 +£0.18 1.81
NO, 1.30 £ 0.08 111 £0.11 0.85
CH, 0.61 +0.28 539+133 8.84
CHe 0.12 £ 0.05 2.70 = 1.04 225
CyH, 0.21 £ 0.15 1.14 + 0.21 543
C3Hg 0.07 £ 0.04 1.19 £ 0.46 17.0
CeHia 0.04 + 0.02 0.61 +0.22 153
C,H, 0.23 £0.13 0.69 £ 0.14 3.00
CeHg 0.44 +0.23 3.68 + 1.02 8.36
CH,0 0.26 £ 0.15 3.13+1.07 120
(formaldehyde)
C,H,0, 0.35 £ 0.35 5.15+ 1.60 14.7

(acetic acid)
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Spikes in the pollutant emissions following reloading are attributed to devolatilization
occurring prior to ignition of the flame. The devolatilization is accompanied by heavy
smoke production which further inhibits ignition. Such processes are less pronounced
during the combustion of low moisture fuel which dries and ignites quicker. Similar trends
are observed for hydrocarbon species indicating similar causation with regard to reloading,
delayed ignition and combustion temperature. Methane and benzene were the most pre-
valent hydrocarbon emissions from both low and high moisture wood. However, the
emissions were generally lower for hydrocarbons with higher molecular mass (g/mol).
Some mid-cycle peaks were observed which are attributed to the inherent variability in
combustion conditions. High moisture fuel appears to produce higher emissions through-
out the combustion cycle with high concentration of organic and hydrocarbon species
identified during the cooler smoldering phase. The higher moisture content inhibits fuel
particle heating leading to unreactive biomass fractions retaining volatile constituents for
a prolonged period under heating (Price-Allison et al. (2019)).

Condensable product analysis

The exhaust gases from the FTIR analyzer went into a water-cooled impinger unit where the
condensed products were captured, see Figure Al. For practical reasons, the sample
collected was for the entire experimental process (the ‘cold’ start cycle as well as the three
‘hot start’ cycle) and collected in an impinger containing an initial 150 ml deionized water.
After the experiment up to 10 cm’ (85%) phosphoric acid was added depending on the pH.
The quantity of water produced during combustion was estimated from the composition of
the wood, and it was assumed that all this water condensed in the impinger. A summary of
the condensate analyses is presented in Table 4.

The on-line FTIR analysis indicated more ‘acetic acid’ formed during wet wood combus-
tion, and this is confirmed by the condensate analysis shown in Table 4. It should be noted
that the pH of the condensate is very similar for both cases, possibly due to the amphoteric
effect of the phenols.

Particulate emissions: analysis of the soot fraction < 1 um

In previous work (Jones et al. (2020)) examined soot properties for samples where the full
range of particulate sizes was captured on filter papers. In the current work, the soot was
captured in four size fractions using a Dekati Impinger.

The size distributions of these soots are similar to that observed previously (Price-Allison
et al. (2019) and Maxwell et al. (2019)). The results from this study are presented in Table 5.
Since over 90 wt% of the soot is in the <PM; o range and up to 98% for the high moisture
wood, this fraction was studied in more detail.

Three soot samples for each of the two fuels captured on the <1y micro-quartz filter
papers were analyzed to determine the Elemental Carbon (EC), Organic Carbon (OC) and
Total Carbon (TC), where TC = EC+OC. Table 6 shows the results of these analyses. The
Modified Combustion Efficiency, MCE, is also shown to illustrate the relationship.

The ‘High Moisture 3’ sample was collected during the prolonged smoldering period of
cooler combustion conditions. These conditions lead to the formation of a higher OC
fraction. On average, the ratio of EC/TC for the low moisture fuel is 0.84 while for high
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Table 5. Soot particle size distribution (by mass fraction).

Particulate size range From low moisture beech (wt.%) From high moisture beech (wt.%)
PMig0 > 0.76 + 0.51 0.41 £0.22
PM,5 - PMioo 1.61 + 0.53 0.37 £0.10
PM; o - PM, 5 4.60 £ 0.29 1.26 £ 0.93
<PM; o 93.0 £ 0.8 98.0 + 1.1

Table 6. Elemental Carbon, Organic Carbon and Total Carbon composition of the soot samples presented
on a weight percent basis (wt. %).

Sample EF(PM;) EC (wt.% of PM,) 0C (wt.% of PM;) EC/TC Color MCE
g/kg

Low Moisture 1 3.0 75.4 24.6 0.75 Black 0.94
Low Moisture 2 37 84.0 16.0 0.84 Black 0.96
Low Moisture 3 4.6 92.9 7.1 0.93 Black 0.94
High Moisture 1 6.5 26.9 73.1 0,27 Brown 0.92
High Moisture 2 9.0 27.2 729 0.27 Brown 0.84
High Moisture 3 17.6 21.6 784 0.22 Brown 0.87

moisture fuel it is 0.25. These are consistent with previous work (e.g. Li et al. (2009), Alves
et al. (2011), Atiku et al. (2016)).

It is interesting to compare the results obtained previously using a total soot sample
analyzer (Jones et al. (2020)). Of note is the fact that for this <1 um sample the colors are
black or brown. Lighter colors such as yellows are seemingly associated with larger particles
containing organic molecules. The present results are compared with previous published
results from this stove, and from a model compound, furfural, which are presented in Table
7. The association of color and the nature of the carbon is clearly apparent.

The AAE is defined as: b,y = a A **F where b,y is the absorption coefficient for filter
papers covered with soot samples and measured by a spectrophotometer. The constant, a, is
independent of wavelength but is dependent on the thickness of the absorbing sample. For
small spherical soot particles AAE equals 1.

Scanning electron microscope (SEM) images of the soot deposited on portions of the <1p
filters are shown in Figure 3. These samples correspond to samples 1 and 2 for each fuel as
listed in Table 6. The images are both with x10,000 magnification. The samples from low
moisture wood (Figure 3 (a) and (b)) are of slightly different soot concentrations and consist
mainly of spherical soot particles with diameters of ~50 nm, some joined in long chains.
These samples had higher EC/TC ratios. Some images showed the occasional presence of
KCl crystals ~0.5 um diameter. The samples from high moisture wood (Figure 3 (c) and (d))
which had the higher OC content, showed the formation of an amorphous tar-like material.
No separate KCI crystals were observed on the surface in this case.

Evidence on the nature of the tar-like material was obtained by using PY- GC-MS analysis on
the samples from the same quartz micro-filters. The resulting chromatogram for the high
moisture wood is shown in Figure 4. The low moisture sample showed a similar chromatogram
but with a much lower intensity.

Table 7. Published data from (Jones et al. 2020) on optical properties and MCE.

Fuel Absorption Angstrom Exponent (AAE) EC/TC Color of sample MCE
Furfural 1.18 0.98 Black 1.0
Pine wood, flaming 0.99 0.5 Black 0.93
Pine wood, transient 1.91 0.3 Brown 0.65

Pine wood, smoldering 333 0.1 Yellow 0.63
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Low moisture fuel High moisture fuel

Figure 3. SEM images of soot collected by impaction from low moisture wood (a, b) showing long chains
of spherical particulate material (high EC/TC) and high moisture wood (c, d) showing the formation of
amorphous tar-like material (high OC).

The fraction also contains peaks from organic acids which might explain the difference
between the concentration of acetic acid measured by FTIR (given in Table 3) and the
measured speciated lower molecular weight acid data in Table 4.

The soot samples were also analyzed by Raman spectroscopy. The resulting normalized
spectra are shown in Figure 5. The height-ratio of the D-peak (at 1350 cm ") and G-peak (at
1585 cm™"), Ip/Ig, is used as a method of characterizing the nano structural order of the
material For graphitic materials, a lower value of Ip/Ig indicates an increased structural
order characteristic of more graphitic materials. However, for carbon material of these types
(i.e. soot containing organic matter) the Ip/I ratio is influenced by the amount of organic
carbon, such that those with the highest OC have the lowest Ip/Ig ratio, as seen by Ferrari
and Robertson (2000) and Ess et al. (2016).

The Ip/Ig ratios for the samples studied are presented in Table 8. The ratios for those
samples from the low moisture fuel are higher (0.85 to 0.95) compared to those from high
moisture fuel (0.65 to 0.71). Thus, there is an association between the Ip/I ratio and the OC
content, with the lower Ip/Ig ratio corresponding to higher OC as shown in Table 8. The
stronger intensity spectra of the high moisture fuel soot samples are due to greater
fluorescence from the higher OC benzenoid content. Though presenting a higher nano-
structural order, the inherent amorphous nature of the soot means that the Ip/Ig values are
lower than that observed in the literature for true graphitic materials (Ferrari and Robertson
(2000), Ivleva et al. (2007), Ess et al. (2016)).
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Figure 4. Chromatogram of the Py-GC-MS of species desorbed at 3000C from the ‘raw tar’ collected from
the combustion of High Moisture wood showing the sugar hydrides, oxidized species and polyphenol
species: 1, methoxy-toluenes; 2, methoxy-phenols; 3, guaiacyl acetone;4, 1-(3,4,5-trimethoxyphenyl)
ethenone; 5, levoglucosan, d-glucopyranose, anhydro-d-mannosan; 6, Syringaldehyde; 7, acetosyringone,
acetophenone.

Color analysis of total soot samples

Samples of soot were collected at 2-5 min intervals throughout the combustion cycle using
a pump to extract fixed volumes of flue gas with the soot captured on a filter paper. The
samples were analyzed for color and darkness using a spectro-densitometer. Over
a complete combustion cycle, the total soot samples produce a black or brown deposit.
However, for a sample extracted over a short time interval (10-60 seconds) a more subtle
variation in color (tan, gray, yellow, blue) can be observed. The coloration and ‘darkness’ of
the soot samples collected for ‘hot start’ cycles are shown in Table 9.

A noticeable color difference is observed between the soot samples obtained from the
combustion of low moisture and high moisture wood. Low moisture wood combustion
generally results in formation higher density soot with a dark brown or black color. The
combustion of high moisture wood or fuels under cold-start conditions results in the
formation of lower density soot with a light brown or tan color. Similar findings have been
presented in other studies (Rau (1989), Mitchell et al. (2016)) where the soot color varies
in relation to the relative EC and OC content. The lower density soot with light brown or
tan color corresponds to higher OC fraction while higher density soot with dark brown or
black coloration corresponds to higher EC formation within the material (Rau (1989)).
Mitchell et al. (2016) identified brown or tan-coloration in soot samples collected under
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Figure 5. Normalized Raman spectra of soot from the combustion of low and high moisture woods.

Table 8. Relationship of OC fraction to ID/IG value.

Sample D Band Intensity G Band Intensity In/lg 0C%
Low Moisture 1 269 315 0.85 24.6
Low Moisture 2 382 404 0.95 16.0
Low Moisture 3 317 353 0.90 7.1

High Moisture 1 1671 2356 0.71 73.1
High Moisture 2 1211 1738 0.70 72.8
High Moisture 3 1912 2924 0.65 784

Table 9. Soot characteristics from low and high moisture wood.
Low moisture beech combustion cycle

Time (min) 38 40 42 44 46 48 50 52 54 56
Darkness (0-100) 265 442 327 276 262 217 268 353 559 206
Burning rate, kg/h 15 5.1 3.9 3.6 3.6 33 2.7 2.1 24 15

Combustion chamber Temperature (°C) 240 799 799 752 722 687 708 605 679 506
High moisture beech combustion cycle

Time (min) 62 64 68 72 76 80 8 9 104
Darkness (0-100) 155 215 185 139 137 186 14 191 44
Burning Rate, kg/h 15 33 3 21 18 12 12 09 06

Combustion chamber Temperature (°C) 300 514 562 470 408 351 320 403 272

cold-start operation while soot collected under higher temperature combustion was black.
This color change from black to brown was as result of a higher tar-phase formation on
the soot surface resulting in a higher organic fraction. Similarly, Jones et al. (2020)
identified a change in the visible color of soot samples collected during different phases
of combustion - also a result of the variation in EC/TC. Crudely, darker and black soot is
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representative of periods of higher temperature and higher efficiency combustion while
lighter brown, tan, yellow and gray soot samples are indicative of reduced combustion
efficiency and fuel smoldering.

The Absorption Angstrom Exponent (AAE) is an equation representing optical
absorption by an aerosol as a function of wavelength (Liu. et al. (2018)). It is generally
assumed that black carbon, generated under low moisture wood combustion, presents an
AAE value of near to 1.0 while soot samples that are visually brown in color present an
AAE greater than 2.0 (Kirchstetter, Novakov, and Hobbs (2004), Liu et al. (2016), Liu.
et al. (2018)). This information is important for climate model predictions. An increase in
brown carbon emission is prevalent during the combustion of high moisture wood while
black carbon is generally only associated with high-temperature combustion. Given the
capacity of high moisture wood combustion via improper seasoning and gray wood
procurement routes, the fraction of brown carbon particles may be higher than initially
predicted in climate models.

UV-Vis analysis of the ASTM soot samples has been made using the same method in
Jones et al., 2018. Previously it has been shown that mature soot particles with a low OC had
AAEs close to 1, whereas soot containing higher OC had high values of AAEs. In these
experiments, there is a very significant difference between the soot produced during
combustion of low moisture wood compared to the high moisture wood as shown in
Figure 6 (a) and (b). In the former, spectra for soot produced during flaming combustion
are close together and separated from the spectra for soots from smoldering combustion. In
the latter, all curves are also close together indicating that the products are optically similar
in both phases.

In this analysis, the shapes of the spectra are dictated by enhanced absorption by semi-
volatile organics (SOVC) such as the compounds shown from PY-GC-MS analysis, or due
to the soot-forming species (the building bricks). As a consequence, it is not possible to get
a power-function to fit in the AAE equation although the results are similar. This may be the
result of higher levels of samples and thicker optical paths for the measurement. During
short sampling times (0 min-5 min) it is possible to see a number of different colors but
these are lost when we collect soot over a long period of time (Dekati method) so we only see
brown and black soot samples.

Concluding remarks

The burning rate of the woods used as a fuel was shown to be dependent on their moisture
content, an increase in the fuel moisture content led to a reduction in the burning rate. This is
expected and consistent with earlier studies using this stove (Price-Allison et al. 2019). The
difference in burning rates can be attributed to an observed reduction in the bed temperature
as well as the combustion chamber temperature with resultant reduction in radiant feedback.

The emission of both gaseous and particulate emissions is greatly influenced by the
moisture content in the wood. In the case of smoke emissions, the increase is influenced by
the amount of incompletely combusted material, an effect which is well known (Rau, 1989)
but additional information is provided here.

The concentration of gaseous hydrocarbon species was shown to be dependent upon the
molecular mass of the compound, as expected on thermodynamic grounds in combustion of
both the low and high moisture woods. However, the concentrations of semi-volatile species,
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Figure 6. UV Vis results for: (a) low moisture wood and (b) high moisture wood.

OC and total phenolic content were shown to be significantly higher during the combustion of
high moisture wood. The pyrolysis processes lead to highly aromatic species, which can
condense on filters and presumably soot particles once they have cooled in the dilution tunnel.

The PMt emissions generated during the combustion were higher for the high moisture
wood compared to the low moisture wood. Soot samples collected during low moisture
wood combustion presented a black appearance and included a high EC fraction and a low
OC fraction. Soot samples collected during high-temperature combustion with a high EC
fraction are present as long chains of spherical particulate material with a diameter of
approximately 50 nm. Soot samples collected during high moisture wood combustion
presented a largely brown appearance and included a high OC fraction. It is possible that



150 A. PRICE-ALLISON ET AL.

the values of the emission factors of soot from high moisture wood are misleading because
of the high semi-volatile fraction, and the structure consists of a nucleus of black carbon
surrounded by a tar-like layer of brown OC.
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