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Fine particle and gas emissions from small-scale biomass combustion: Temporal

variation and influence of fuel type

Miika Harri Petteri Kortelainen

University of Eastern Finland, 2019

Abstract

The share of renewable resources in energy production in the European Union (EU) will
increase as a result of the EU’s climate policy aiming to reduce greenhouse gas emissions.
This will probably increase the combustion of solid biomass on both large and small scales.
However, increasing biomass combustion is likely to increase the emission of particulate
matter (PM) and polycyclic aromatic hydrocarbons (PAHs), particularly for small-scale
devices—such as stoves, fireplaces and boilers. Since the availability of solid biomass
cannot be universally assured, increasing the use of alternative fuels in place of solid
biofuels might become a necessity for small-scale combustion. However, these alternative
fuels may introduce other kinds of problems, such as further increased particulate emissions
and operational problems. Co-combustion of alternative biofuels with wood could mitigate
these problems. Furthermore, the utilisation of ashes should be taken into consideration
upon implementation of new fuel qualities.

A characteristic feature of small-scale combustion is batch-wise combustion of wood in
heaters, which is a popular way of heating detached houses, particularly in Nordic countries.
This form of heat production may become more common as new climate policy takes effect.
The batch combustion process is highly dynamic and emissions vary accordingly. However,
the effect of fuel on the temporal variation of emissions from batch combustion has not been
studied thoroughly.

Aims of this thesis were to determine the effect of biomass fuel on emission factors and
emission properties and to investigate the temporal variation of particle and gas emissions
originating from small-scale combustion appliances. Blending of wood with agricultural
fuels was investigated in a 40-kW continuous combustion reactor equipped with a
reciprocating-grate burner. The effect of wood species on batch combustion emissions and
their temporal variation was studied using a modern heat-retaining masonry heater.

The chemical composition of the fuel was found to be the governing factor in emission
formation. In particular, the high contents of potassium and chlorine in agricultural fuels
had an increasing effect on PM emissions. Additionally, both reed canary grass and straw
have high silicon content, which affects the ash fusion temperature and alkali metal release.
The co-combustion experiments indicated that co-combustion of reed canary grass and
wood chips is conceivable in small-scale devices, which are capable of operating with fuels
containing a moderate amount of ash. However, the co-combustion of straw and wood chips
caused notably high particulate emissions and operational problems. Overall, straw
combustion in small-scale combustion devices cannot be recommended without efficient
flue gas after treatment. The amount of harmful metals in bottom ash did not increase due
to combustion of agricultural fuels compared to wood chip combustion and it was fulfilling
the Finnish national requirements for forest and field fertilizers.

The differences in batch combustion emission factors between wood species were
considerable. The average PM; emission of birch was more than three times that of spruce.
In batch-wise combustion, efficient mixing of secondary combustion air and devolatilisation



products was found to decrease PM; emissions. Time-resolved analysis showed that
differences mostly reflect the release of refractory black carbon (rBC) and organic
emissions, which were the main PM components. Fast ignition from the top of the batch
decreased the first batch total organic emissions compared to slower ignition. This was due
to the faster increase in the combustion chamber temperature, which is a highly important
factor regulating organic emissions. For the same reason, most of the carbonyl emissions
were also formed during the first two batches. The formation of particulate PAHs was also
partially different between wood species. PAHs were not only formed during the new batch
insertion, when temperature was relatively low, but also during the intense burning phase,
along with rBC. The results show that, depending on the combustion appliance, the wood
species can make a difference especially on the fine particulate emissions of small-scale
batch combustion.

Keywords: aerosols, agricultural fuels, ash, birch, beech, co-combustion, fine particles,
grate combustion, masonry heater, reed canary grass, small-scale combustion, solid
biofuels, spruce, straw, wood chips
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1 Introduction

The current climate policy of the European Union (EU) aims to achieve a considerable
increase in the share of renewable energy of the final consumption. The 2030 climate and
energy framework (EUCO 169/14) sets a binding EU-level target to increase the use of
renewables by 27 % from the 1990 level by 2030. Together with recent fluctuation and
uncertainties in crude oil prices, this energy policy has led to an increased utilisation of
biomass in heat and power production both in large- and small-scale applications. Biomass
includes vegetative materials that were directly derived from photosynthesis and, for
example, animal by-products derived indirectly from photosynthesis. Biofuels are
considered a renewable energy source (van Loo and Koppejan, 2008). The advantages of
biomass compared to fossil fuels are not only environmental but also political; biofuels are
estimated to provide more employment than coal and oil (van Loo and Koppejan, 2008).
Furthermore, biofuels can reduce the dependency on imported fuels of countries with no
fossil fuel reserves. Environmental benefits include the reduction of greenhouse gas (GHG)
emissions, as biomass absorbs carbon dioxide from the atmosphere while growing.
Although, achieving even nearly neutral carbon balance would require sustainable way of
cultivation and low combustion emissions (Tilman et al., 2009). However, biomass
combustion in small energy production units can be important source of certain emissions
that are known to be harmful for human health, such as particulate matter (PM), black
carbon, polycyclic aromatic hydrocarbons (PAHs) and nitrogen oxides (NOx). These
emissions are largely dependent on the fuel composition, combustion conditions and the
degree of flue gas after-treatment (so-called secondary emission reduction) (Kaivosoja et
al., 2013). According to current understanding, the fine particle fraction (PM2s) has
especially detrimental effects on human health (Schwartz and Neas, 2000) because of its
ability to reach the alveolar region and even the bloodstream; in comparison, larger particles
(2.5-10 um) deposit in larger concentrations in the upper airways (Hinds, 1999). Exposure
to fine particulate matter has been shown to induce respiratory and cardiovascular effects
(Pope III and Dockery, 2006; Schwartz and Neas, 2000).

Emissions from the main anthropogenic sources of particles (i.e. traffic, industry and
stationary combustion sources like heat and power production units) are well regulated.
However, for small-scale combustion devices (e.g. fireplaces) regulations are currently
lacking in Finland. The EcoDesign Directive (2009/125/EC) sets emissions limits for solid
fuel local space heaters and solid fuel boilers in the near future (year 2022 and 2020,
respectively) (EC 2015/1189) and thus accelerates the development of appliances. However,
the directive does not include existing combustion devices or, for example, sauna stoves.
Therefore, reducing particulate emissions from small-scale biomass combustion cannot rely
only on the EcoDesign Directive, but requires stricter national emissions limits or
improvements to operational practices, i.e. educating end-users about the importance of fuel
pre-drying, log size, batch size, and ignition. In addition to primary methods (emission
formation is inhibited by e.g. improved process control), secondary methods (already



formed emission is removed from flue gas) provide another option for reducing emissions.
Secondary methods include filters, cyclones, catalytic converters and electrostatic
precipitators (Obernberger and Mandl, 2011), but these solutions often have high investment
costs or they are laborious to maintain. Considering the low emission altitude and the fact
that emission sources are often located in the middle of residential areas, reducing emissions
from small-scale combustion could improve local air quality and thus decrease the number
of incidents requiring medical attention or even hospitalisation (Ahtoniemi ef al., 2010).

Small-scale combustion of wood is the most popular source of heat for detached houses in
Finland and batch-wise appliances are the most widespread combustion devices. In 2016
47 TJ of energy was produced by small-scale wood combustion for heating of detached
houses, whereas 37 TJ was produced by electric heating (Statistics Finland, 2018).
Batch-wise combustion is a highly dynamic process, in which the mass and chemical
composition of the emissions are strongly time dependent. Identifying the problematic
combustion phases regarding the emission formation would be advantageous not only for
evaluating adverse health and climate effects, but also for the development of low-emission
batch combustion appliances and operating procedures.

In addition to increased fine particle emissions, small-scale batch combustion produces
higher organic emissions compared to devices with higher efficiency (i.e. continuous
combustion like pellet boilers) (Lamberg et al., 2011b). Volatile organic compounds
(VOCs) and carbonyl compounds (CCs) are formed during incomplete oxidation of
hydrocarbons and are known to induce adverse health effects (Sarigiannis ef al., 2011).
Furthermore, volatile organic compounds emitted to the atmosphere act as precursors for
secondary organic aerosols (SOA), which make a major contribution to the total particulate
organic emissions from small-scale combustion (Hallquist et al., 2009). Carbonyls have
both direct and indirect toxic effects, as they are a significant source of free radicals, acting
as precursors for photochemical oxidants (e.g. ground level ozone) that have toxic effects
on both vegetation and people (Atkinson, 2000). However, the emission factors for carbonyl
compounds from wood combustion still require knowledge from modern appliances.

The full potential of biomass as an energy source has not yet been realised. However,
increasing energy consumption creates a demand for alternative fuels. For small-scale
combustion, fuel groups like herbaceous fuels or agricultural fuels are almost completely
untapped. Increasing the utilisation of these alternative biofuels in small-scale combustion
is not, however, straightforward as it sets different requirements for combustion devices and
fuel processing compared to wood combustion, e.g. due to the high content of ash, alkali
metals and chlorine. One option for increasing the feasibility of these alternative fuels could
be mixing them with good-quality fuels. Co-combustion can improve the combustion
quality and thus reduce emissions due to the diluting effect of the good-quality fuel or the
associated changes in ash composition (Fagerstrom et al., 2014; Lamberg ef al., 2013; van
Eijk et al., 2012). However, it is not currently known how suitable alternative fuels are for
small-scale combustion, or how fuel chemistry affects emission formation. Also, the
potential issue of bottom ash recycling needs to be considered before extensive use of these
fuels can be implemented.
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2 Aims of this study

The general aims of this study were: (a) to determine the effect of biomass fuel on emission
factors and emission properties, and (b) to investigate the temporal variation of particle and
gas emissions originating from small-scale combustion appliances.

For each publication, the more specific objectives were:

e PaperlI:

o to compare emission levels and physicochemical properties of particles from
continuous combustion of wood and co-combustion of wood and two
agricultural fuels;

o to gain knowledge about the applicability of biomass-biomass mixtures in small-
scale combustion;

o to evaluate the distribution of ash-forming elements between bottom ash and fly
ash in fine particulate matter as well as the sensitivity of the experimental results
to combustion conditions.

e PaperIl:

o to characterise highly time-resolved particulate and gaseous emissions from the

small-scale batch combustion of wood, including the influence of wood species.
e Papers III and I'V:

o to determine the emission factors from small-scale wood combustion for a

variety of emitted organic compounds.

11



3 Literature review

3.1 Current knowledge on small-scale biomass combustion emissions

Small-scale biomass combustion is known to be problematic due to high particle emissions
compared to, for example, light fuel oil combustion (Kaivosoja et al., 2013). In particular,
batch-wise combustion of wood is known to generate high PM emissions (Frey et al., 2009;
Lamberg et al., 2011a). Secondary emission reduction methods, such as cyclones, filters,
catalysts or scrubbers, can be efficient in small-scale systems (Grigonyte et al., 2014; Gréhn
et al.,2009; Hukkanen et al., 2012), but are often not applicable or considered too expensive
or laborious to maintain for small-scale combustion appliances (Carnd et al., 1996;
Hukkanen et al., 2012). A common issue in batch combustion systems is the lack of heat
storage, meaning heat output is usually controlled by restricting the combustion air intake
(Tissari et al., 2008a). This generally leads to high emissions of incomplete combustion
(Johansson ef al., 2004; Jordan and Seen, 2005; Tissari et al., 2009; Tissari et al., 2008a).
A preferred option is devices with either an external heat reservoir or a heat-retaining
structure, which enables a high burn rate but stable heat release. This leads to lower
emissions of incomplete combustion as there is no need to restrict the combustion process
(Nuutinen et al., 2014). Considering emissions, one challenge in batch combustion is the
highly dynamic nature of the combustion process; conditions in the combustion chamber
are constantly changing according to the phase of combustion, and certain emissions are
known to be strongly dependent on the predominant conditions in the combustion chamber
(for example organic emissions). Thus, emissions can vary substantially within a single
batch (Elsasser et al., 2013; Eriksson et al., 2014; Heringa et al., 2012). This makes the
development of efficient emission reduction techniques for small-scale biomass combustion
challenging.

Compared to batch combustion appliances, continuously operated biomass combustion
systems represent a more advanced form of small-scale biomass combustion. These
appliances are usually used for central heating systems and include boilers and burners
designed for either woodchips, pellets or even energy crops (Tissari et al., 2008b). A typical
burner technology is the stoker burner, which consists of separate fuel silo, feed screw and
a horizontally- or under-fed burner placed inside the firebox. Depending on the fuel and
burner, emissions can be relatively low compared to batch combustion devices (Lamberg et
al., 2011a). The major advantage of modern, logic-controlled continuous combustion
devices is that the combustion process can be constantly adjusted towards optimal
combustion. This makes combustion more stable and can reduce the fraction of emissions
from incomplete combustion to negligible levels (Lamberg ef al., 2011b).

Currently, information on the effect of fuel type on time-resolved emissions from small-
scale, batch-wise combustion is quite sparse. More detailed investigation could assist in
developing of new, low-emission combustion appliances. Furthermore, due to potentially
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increasing small-scale biomass combustion, there is a need to assess the environmental
impacts of utilising alternative biomass to wood.

3.2 Solid biofuels

3.2.1 Wood fuels

The typical size for wood logs used in batch combustion devices is between
25 cm and 50 cm in length. Larger logs (referred to as billets, ~1 m in length) are mostly
used in boilers or large masonry ovens. The recommended moisture content of wood logs
is between 15 wt% and 20 wt%. Typically, in Finland, wood logs come from private forests.
However, the trade of commercial wood logs has increased, and for commercially available
graded firewood, ISO 17225-5:2014 dictates fuel quality classes and specifications. This
standard sets mandatory quality requirements for three quality classes (Al, A2 and B). The
quality class B is intended mainly for boilers. Standardised qualities include origin and
source, wood species, diameter, length and moisture content, and volume or weight. The
standard also includes voluntary information, such as energy content, the drying method
used, amount of decay or mould, and the split volume proportion (Alakangas ef al., 2016).
Stove and boiler manufacturers often give a recommendation for fuel quality class for use
in their appliances.

In Finland, wood chips are frequently used in heat production on farms or in similar
environments where wood is available from private forests and can be chipped on-site.
Wood chips are made by chipping larger wood pieces (i.e. whole trees, stem wood, and
forest residues) into smaller pieces. Wood chips usually contain bark and possibly entrained
inorganic material from harvesting (derived from soil). Typical ash content varies between
0.7 wt% and 2.5 wt% (dry basis, d.b.), while moisture content varies between 30 wt% and
50 wt% (Alakangas et al., 2016; van Loo and Koppejan, 2008). ISO 17225-4:2014 dictates
the fuel quality classes and other specifications of graded wood chips. Quality criteria are
given for four classes (A1, A2, B1, and B2), with class A1 being recommended for domestic
boilers. Specific requirements are given for origin and source, particle size, moisture
content, ash content and bulk density of the wood. Voluntary information includes net
calorific value and energy density.

Wood pellets are manufactured by compressing the dry, milled by-products of the forestry
industry (usually sawdust and shavings) into cylindrical pellets. Usually, no additives are
needed to hold the pellets intact as lignin acts as a binding agent. Properties of wood pellets
are standardised with an international standard (ISO 17225-2:2014). The properties
specified in the standard for class Al residential wood pellets include: moisture content of
< 10 wt%, ash content of < 0.7 wt% (d.b.), and a maximum of 1.0 wt% of pellets < 3.15 mm
in length. In residential combustion, wood pellets are often preferred over wood chips due
to higher energy density, lower ash content, and homogeneous quality. Briquettes are

13



manufactured in the same way as pellets, only their size is considerably larger. Briquettes
are used in the same way as wood logs in batch combustion devices.

The elementary composition of wood comprises carbon, oxygen, and hydrogen as well as
small amounts of nitrogen and other inorganics. Together, these form mainly cellulose
(C6H100s5), constituting about 40—50 % of dry weight depending on the wood species. Other
main components are hemicellulose and lignin (Saidur et al, 2011). Cellulose,
hemicellulose and lignin are important components of plant cell walls. Generally, hardwood
species have more cellulose and hemicellulose, whereas softwood species have more lignin
(Alakangas et al., 2016; Grenli et al., 2002; Saidur ef al., 2011). The hemicellulose/lignin
ratio is known to affect at least the char residue yield (Alén ef al., 2002; Zaman et al., 2000),
which affects the combustion process—especially in batch-wise combustion. Compared to
light fuel oil, wood fuels contain more ash (Kaivosoja et al., 2013; Oasmaa and Czernik,
1999; Sippula et al., 2007). Ash can be present in the biomass either as inherent or
extraneous material (e.g. from harvesting or processing the fuel). The inorganic ash
components participate in the formation of particle emissions, which is discussed in more
detail in Section 3.3.

3.2.2 Alternative fuels

Energy crops can be divided into dedicated energy crops and by-products of field crops.
Dedicated energy crops are usually short rotation coppice plantations such as willow or
herbaceous biomass like reed canary grass or Miscanthus grass. Field crop by-products in
Finland are mostly cereal straw and stems or tops of plants and vegetables (Alakangas et
al., 2016). Certain qualities of agricultural fuels are similar when compared to wood fuels.
For example, elemental composition and the net calorific value of straw and wood are very
analogous, and they both contain a relatively large number of volatiles (Carvalho et al.,
2013). Volatile matter in fuel is defined as “components and products releasing from the
organic matter in fuel as gas when fuel is heated at 900 °C + 10 °C for seven minutes in
standardised conditions” (Alakangas et al., 2016). The degree of volatility of a compound
is measured by its vapour pressure. However, the ash properties of field fuels are usually
quite different from wood fuels. Firstly, the ash content in energy crops is significantly
higher compared to good quality wood fuels. For example, the ash concentration of wheat
straw typically varies between 5 — 9 m-% (from dry weight) (Alakangas et al., 2016; Saidur
et al., 2011). Secondly, the melting temperature of ash from field fuel combustion is often
remarkably low (Obernberger, 1998; Vassilev et al., 2014). Therefore, combustion of field
fuels requires special furnaces and burners designed for combustion of melt-forming fuels
(Gilbe et al., 2008; Ohman et al., 2004). In addition to ash melting problems, combustion
of energy crops may induce fouling and corrosion problems in heat exchangers and increase
emission concentrations (Bankiewicz et al., 2013; Gilbe et al., 2008). These three issues are
reliant on the chemistry of the fuel which, for some alternative fuels (e.g. animal biomass,

14



sludge, aquatic biomass), may deviate from wood considerably (Vassilev et al., 2010) (the
effect of fuel composition on emissions is discussed further in Section 3.3).

15



3.3 Influence of fuel raw materials on the applicability of small-scale
combustion appliances and combustion emissions

3.3.1 Physicochemical properties of solid biofuels

Both the physical and chemical properties of fuel raw materials have effects on the
combustion process and the resultant emissions. Generally, an increase in the moisture
content of fuel will decrease the adiabatic combustion temperature because of the energy
consumed in the evaporation of water (van Loo and Koppejan, 2008). This temperature
decrease may lead to incomplete oxidation of combustion gases and thus increased
emissions of incomplete combustion (Nussbaumer, 2003). However, very low moisture
content may also increase emissions, especially in conventional batch combustion devices
where the increased bed temperature often leads to an elevated fuel devolatilisation rate,
which creates excess amount of local oxygen deficiencies (Pettersson ef al., 2011). Although
in diffusion flames—where oxidizing agent combines with fuel by diffusion—under-
stoichiometric combustion zones (local zones where quantitative relationship between
oxidizer and fuel is too low) are unavoidable, and in batch combustion devices in particular,
the mixing of devolatilisation products with combustion air (the oxidising agent) is usually
less than optimal. In addition to the temperature and turbulence (mixing), a sufficient
residence time for oxidation reactions is also considered a precondition for complete
combustion (Nussbaumer, 2003).

Additionally, moisture content increases the flue gas flow and thus reduces the thermal
efficiency of boilers (Alakangas ef al., 2016). It has been observed that despite the variations
in chemical composition and heating values, the thermal behaviour (i.e. devolatilisation rate
as a function of temperature) for different wood species is similar (Grenli ef al., 2002).
Density of the fuel mainly has an effect on the batch volume, which directly affects the
combustion chamber energy input. Fuel porosity can also affect energy input, but the
influence of porosity on the reactivity of the fuel is more notable (Cai et al, 1996).
Moreover, in small-scale units this is not a matter of concern. Log size can be considered as
one of the key factors for optimal combustion in small-scale batch combustion. The effect
of batch and log size has been studied by Tissari et al. (Tissari et al., 2009) who concluded
that too small a log size in closed firebox devices leads not only to a high devolatilisation
rate and high emissions of incomplete combustion, but also high particle emissions. Later
studies (Nystrom et al., 2017; Vicente ef al., 2015) have drawn similar conclusions about
the importance of correct log size.

The ratio between char and volatiles in fuel affects its reactivity; char is much less reactive
than the volatile fraction. Characteristic for batch combustion of biomass is that the
hydrogen/carbon (H/C) ratio in fuel decreases towards the end of the batch and the adiabatic
combustion temperature increases as a function of the degree of burnout. However, due to
the lower reactivity of char (reaction rate is limited by the diffusion of oxygen to the surface
of fuel particles) compared to the volatile fraction, less oxygen is consumed at constant
combustion air flow during char burning, which means higher excess air ratio. A high excess
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air ratio and a lower reaction rate reduce the combustion temperature, and thus compensate
the higher adiabatic temperature of char burning (van Loo and Koppejan, 2008).

3.3.2 Effects of ash-forming elements and trace metals

Fuel ash content has been shown to affect the combustion conditions and, thereby the
combustion emissions. Sippula ef al. (Sippula ef al., 2007) found that a high ash content in
wood/bark pellets decreased the burning rate and increased the air-to-fuel ratio in a top-fed
pellet stove. In many previous studies on the influence of wood species on combustion
emissions, fuel ash has been highlighted as the main determining factor of inorganics in
particulate matter (Nystrom et al., 2017; Sippula et al., 2007; Wiinikka et al., 2007). Fine
particle mass (PM1) has been also shown to correlate with the amount of fuel inorganics
(Sippula et al., 2007). Depending on the fuel composition, the major inorganic compounds
formed during wood combustion can be alkali sulphates, chlorides, carbonates, hydroxides
and nitrates (Sippula et al., 2007; Wiinikka et al., 2007). Precursors of these compounds
vaporise from the hot fuel bed and either create new particles by homogeneous nucleation
or condensate on existing seed particles as the flue gas cools down (Jokiniemi ef al., 1994)
(at a temperature of ~950 °C for sulphates, 650 — 750 °C for some hydroxides, 550 — 600 °C
for chlorides and < 600 °C for nitrates and hydroxides). Zinc oxide (ZnO) is found out to
often form the seed particle in wood combustion (Torvela ef al., 2014). Alkali earth metals
are considered non-volatile at small-scale combustion temperatures and they usually remain
in the bottom ash (Becidan et al., 2012; Sippula et al., 2007). Nystrom et al. (Nystrom et
al.,2017) compared the influence of wood species and burn rate on the emissions of a small-
scale batch combustion appliance. In their study, the effect of burn rate on PM emissions
was clear—a high burn rate versus a nominal burn rate increased carbonaceous particle
emissions. These authors concluded that the influence of wood species on particle emissions
was minor; however, they measured more than a two-fold increase in PM; emissions for
spruce compared to birch. These observations indicate that in batch combustion, it is
difficult to harmonise the combustion conditions between tests with different fuels.

The release of alkali metals—the major factor in PM formation in efficient combustion
systems—is governed by the inorganic composition of fuel. In particular, the ratios of Si/K,
CI/S and CI/K are identified as important when determining alkali metal release from the
combustion process (Knudsen et al., 2004; Lind et al., 2006; Sippula et al., 2008). The
effects of inorganics in fuel are often complex. For example, increased Si or P content
decreases the release of alkalis due to formation of alkali silicates/phosphates and thus
reduces particle formation, but the formation of alkali silicates often decreases the ash fusion
temperature leading to increased slag formation (Gilbe et al., 2008; Sommersacher et al.,
2012; Vassilev et al., 2014; Ohman et al., 2004). For silicate-rich biomass ashes, alkali
metals (mainly K and Na for biomass) are known to lower the ash fusion temperature,
whereas alkaline earth metals (Mg and Ca for biomass) may increase it (Khan ef al., 2009;
Vassilev et al., 2014).
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In addition to increased particle formation, chlorine increases the emissions of hydrogen
chloride (HCI) and polychlorinated dibenzodioxins and —furans (PCDD/F) (Obernberger et
al., 2006) and may induce high-temperature corrosion (Salmenoja, 2000).

Sulphur can form sulphur dioxide (SO2) during combustion, which is partly oxidised further
into sulphur trioxide (SOs3). SO; may then react with alkali chlorides forming alkali
sulphates and HCI (Sippula et al., 2008). Thus, in this case, sulphur is providing a protective
effect against chlorine-induced high-temperature corrosion. This is capitalised on, for
instance, in the co-combustion of biomass and peat (peat has a typically higher sulphur
content compared to woody biomass) (Lamberg et al., 2013; Sippula et al., 2017). The
downside in this scenario is the increased emission of SO, and HCI. Furthermore, if SO3 is
not reacting with alkali chlorides, it may form sulphuric acid, which leads to an enhanced
flue gas dew point and potential low-temperature corrosion in boiler plants. Another
possibility is that the already deposited alkali chlorides react with SO2 and form solid
potassium sulphate (K2SO4), releasing chlorine directly on the surface of the heat exchanger,
causing corrosion (Obernberger ef al., 1997).

In addition to alkali metals and other ash components, trace metals can also be problematic.
This is especially true of lead and zinc, which can be present in notable quantities in
recovered fuels, as these are known to form low-melting deposits that cause corrosion.
Furthermore, the detrimental health effects of trace metals in aerosols are well known
(Jarup, 2003). For example, zinc is a typical emission component from combustion of
woody biomass that has been shown to induce toxic responses in cell experiments (Uski et
al., 2015). Furthermore, ZnO has been noted to act as the first seed particle due to its very
low saturation vapour pressure (Torvela et al, 2014). Besides corrosion and emission
problems, high levels of trace metals can also hinder the recycling or disposal of ash formed
by combustion.

3.3.3 Influence on ash utilisation

The bottom and fly ashes from solid biomass combustion contain considerable amount of
plant nutrients but also potentially toxic heavy metals (Wang et al., 2012), which can
constrain the utilisation of ashes as fertilisers. In addition to fertilisation, ashes have been
utilised for building, embankment filling, as a road base and as a pavement binder (Colonna
et al., 2012). When evaluating the suitability of ash as a fertilising agent, it is important to
understand the fractionation of species between bottom ash and fly ash particle phases. The
limits for fertilisers in Finland (both maximum values for harmful substances and minimum
values for nutrients) are specified at a national level by the Ministry of Agriculture and
Forestry (Ministry of Agriculture and Forestry of Finland, 2011). Additionally, Directive
2000/76/EC defines limits for trace metals in particulate matter from the incineration or co-
incineration of waste (including the sum of Cd + T1 and the sum of Sb + As + Pb + Cr + Co
+ Cu+ Mn + Ni + V) (EC 2000/76).
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4 Methods

All the combustion experiments were conducted at the ILMARI combustion research
facilities at the FINE (Fine Particle and Aerosol Technology) laboratory, University of
Eastern Finland. Particle and gaseous emission components were characterised from
continuous combustion of blended solid biomass, continuous combustion of pellets, and
batch-wise combustion of wood logs of various species. Elemental analysis of both the fuel
samples and the PM, filter samples were performed by commercial laboratories.

4.1 Fuels

4.1.1 Wood logs

In Papers II — IV, wood logs were combusted in a batch combustion appliance (described
in Section 4.2.3). Three wood species were used as fuel: European beech (Fagus sylvatica),
birch (Betula pendula and Betula pubescens) and Norway spruce (Picea abies). All of these
species are common across the northern temperate zone. The beech logs were of German
origin, whereas the birch and spruce were from Finland. Fuel samples were taken for the
analysis of moisture content, heating value, ash content, and content of common elements
(Table 1).

Because of the dynamic nature of the batch combustion process, the repeatability of the
experiments is often less than optimal. In order to enhance repeatability, the combustion
process was standardised as thoroughly as was deemed appropriate (relative to the day-to-
day use). The logs were dried indoors to lower their moisture content (Table 1). After drying,
logs were cut to equal length and weight, but the bark was not removed. The combustion
process (size and arrangement of logs, ignition, batch duration, etc.) is described in detail in
Paper 1L
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4.1.2 Wood chips

Wood chips were combusted in experiments described in Paper I using a reciprocating step-
grate combustion reactor (Section 4.2.1). Wood chips consisted mostly of spruce (70 %),
while the rest consisted of typical Finnish deciduous tree species. In air-staging experiments,
only wood chips were used as fuel, while in co-combustion experiments wood chips were
combusted together with reed canary grass or barley straw. Wood chips were taken from
different lots for air-staging experiments and co-combustion experiments, which explains
the slight discrepancy in their chemical compositions (Table 1). More detailed results of the
fuel analysis are presented in Paper I. The supporting information of Paper I also features
the calculated compositions for fuel mixtures.

4.1.3 Pellets

Pellets were combusted using a pellet boiler as described in Section 4.2.2. The pellets were
of commercial quality, manufactured according to ISO 17225-2, the standard for chemically
untreated coniferous and deciduous trees containing no bark.

4.1.4 Agricultural fuels

In the co-combustion experiments in Paper I, the following two agricultural fuels were co-
combusted with wood chips (discussed in Section 4.1.2): (1) spring-harvested reed canary
grass (Phalaris arundinacea) and (2) autumn-harvested barley straw (Hordeum vulgare).
Agricultural fuels were prepared with a chaff-cutter to ensure they passed the screw
conveyors easily. Before filling the fuel silo (Fig. 1), fuels were mixed manually in a large
container and then added in small batches to prevent separation of the fuel types. More
detailed characteristics of the agricultural fuels are presented in Paper I and its supporting
information.

4.2 Combustion appliances

All combustion appliances were grate-fired devices made for solid fuel combustion.

4.2.1 Reciprocating-grate boiler

In Paper I the combustion appliance was a 40 kW, multi-fuel, horizontally fed stoker burner
equipped with a reciprocating step-grate (Ariterm MultiJet) (Fig. 1) (Leskinen et al., 2014).
This design allows the combustion of fuels with high ash content, which are prone to slag
formation and would be difficult if not impossible to utilise with a solid grate burner. The
nominal capacity of 40 kW generates enough heat for a large detached house, for example.
The fuel feed rate, combustion air feed and the low pressure in the combustion chamber
were logic controlled. Combustion air was fed in two stages: primary air was fed through
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the grate and secondary air was fed above the fuel bed. Volumetric flows for primary and
secondary combustion air were measured with flow rate sensors (Schmidt Flow Sensor SS
20.60) to calculate the air-to-fuel ratios. Detailed dimensions of the burner and combustion
chamber are presented in Paper L.
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Fig. 1: Schematic of the reciprocating-grate biomass combustion boiler used in the
combustion experiments. Qp and Qs are primary and secondary air volume flow meters, and
Tcc and Trg are temperature measurement points in the combustion chamber and flue gas
channel, respectively (Paper I).

4.2.2 Pellet boiler

The pellet boiler (Paper 1V) was a fully automated combustion device featuring an
integrated burner with a fixed grate (Biotech PZ-RL 25 kW) (Fig. 2) (Lamberg et al.,
2011b). The automated functions include the adjustment of the air-to-fuel ratio by
controlling the combustion air flows, heat exchanger cleaning, removal and compression of
ash, pellet reservoir filling and ignition. The overfed burner had a primary air feed at the
bottom of the burner shell and a secondary air feed approximately 10 cm above the grate.
Because of the fixed grate, the burner is unsuitable for combustion of melt-forming fuels.
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Fig. 2: Schematic of the pellet boiler used in the combustion experiments. 1 ash box, 2 grate
and primary air supply, 3 secondary air supply, 4 heat exchanger, 5 flue gas outlet, 6 primary
air inlet, 7 secondary air inlet, 8 pellet-feeding screw, 9 ignition fan and 10 pellet storage
(Lamberg et al., 2011b).

4.2.3 Logwood-fired masonry heater

A masonry heater was used as the emission source in Papers II — IV. The heater was
manufactured by Tulikivi Oyj. This device is a so-called modern masonry heater, since the
combustion air is divided into separate primary and secondary combustion airs. Compared
to more widely used stoves, modern masonry heaters usually feature a heat-retaining
structure and a secondary combustion chamber, which enhance combustion and reduce the
emissions of incomplete combustion. The structure of a modern masonry heater is presented
in Fig. 3. The primary air was fed through the rifts of the grate, below the fuel batch, and
the secondary air was fed from the top of the primary combustion chamber, above the fuel
batch. Furthermore, the masonry heater featured a specific rack in the combustion chamber
for the logs. The purpose of the rack was to lift the fuel batch slightly up from the grate and
thus provide less restricted primary air flow, and also to keep the logs close together. A
figure of the rack is presented in Supporting Information of Paper II (Fig. S1). The flue had
a contraflow structure (Fig. 3), where flue gases flow from the upper combustion chamber
downwards through the flue gas ducts and finally exit to the chimney from the back of the
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heater. In this way, the heat contained by the flue gas is retained efficiently in the structure
of the heater and is slowly released to the surrounding air.

020HBO660®

Fig. 3: Schematic of a modern masonry heater used in the experiments. 1 primary air supply,
2 window flushing air supply, 3 secondary air supply, A upper combustion chamber, B
secondary combustion zone, C flue gas ducts, D secondary air between ceramic plates, E
primary combustion zone, F rift grate, G ash box and H flue gas exhaust to chimney (behind
the heater), adapted from (Nuutinen et al., 2014).

Typically, in small-scale batch combustion devices no flue gas fan is utilised. Therefore, the
draft (i.e. the low pressure in the stack) is natural and dependent on the structure of the
heater flue gas channels, chimney height and predominant weather conditions. In laboratory
experiments, the influence of weather conditions and other factors affecting the draft is
minimised and so a flue gas fan was utilised. The flue gas fan was attached to the hood,
which was placed above the stack (Paper II Fig. 1). In this way, the draft was unforced, but
could still be precisely controlled. The low pressure in the stack was adjusted to 12.0 £ 0.5
Pa.
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4.3 Sampling

Gaseous phase sampling was done directly from the undiluted stack gases, through an
insulated and externally heated sampling line (180 °C). Concentrations of oxygen (Oz),
carbon monoxide (CO), carbon dioxide (COz) and nitrogen oxides (NOx) were determined
with single-component gas analysers (Magnos 106, Uras 14 and Limas 11 UV; ABB). The
concentrations of organic gaseous compounds were measured with a flame ionisation
detector (Multi-FID 14, ABB), calibrated against propane. Gaseous compounds were further
analysed using Fourier Transform Infrared Spectroscopy (FTIR, DX4000; Gasmet
Technologies Oy). The particle emissions were sampled from the stack with a heated
sampling probe, featuring a pre-cut cyclone, with a 5 um cut-off diameter.

4.3.1 Particle sample dilution

It was necessary to dilute the flue gas sample for the online aerosol devices due to high
particle number and high mass concentrations. In addition, the high flue gas temperature
and moisture content are problematic for most aerosol devices. Dilution is also
advantageous with respect to the representativeness of the sample. Diluting quenches
chemical and physical processes such as oxidation and coagulation. Furthermore, compared
to hot filter sampling of total suspended particles (TSP) (e.g. Environmental Protection
Agency Method 5), dilution reduces the sample temperature, which induces condensation
of gas-phase semivolatile species on particle phases. Dilutive sampling therefore captures
more condensable organic species, which are mainly formed during incomplete combustion,
and can give a more realistic overview of the PM emissions than hot sampling. In this work,
all the particle samples were taken from the stack with a diluting sampling system, which
consisted of an externally heated sampling probe, a porous tube diluter (PRD) and an ejector
diluter (ED) (Lyyrénen et al., 2004; Tissari et al., 2007). The probe was heated to 250 °C to
prevent the condensation of volatile components before diluting the sample. In all
experiments, sample dilution was performed either in two or in three stages. Primary
dilution was always done with a PRD, while secondary (and possible tertiary) dilutions were
done with an ED. The advantage of PRDs is lower particle loss, whereas EDs ensure good
mixing of the sample.

The dilution ratio was defined against CO> concentrations before and after dilution:

_ C03p6 — €Oz

DR =
CO2p — COz,p6

4.1

where CO; r¢ is the CO; concentration of undiluted flue gas; CO: ¢ is the approximate
concentration in the dilution air; and CO;p is the concentration in the diluted sample gas
stream (Lipsky and Robinson, 2006). A typical dilution ratio after two-stage dilution was
between 1:40 and 1:100, and 1:400 after a third stage.
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For experiments in Paper I, the dilution air consisted of filtered, particle-free and dry
pressurised air. In Papers II — IV, dilution air was additionally purified with a zero air
generator (737-15, AADCO Instruments Inc.). The dilution airflows to the PRD and the ED
were controlled with mass flow controllers to ensure stable dilution factors.

Normalisation was performed for the gaseous and particulate emissions according to the
Finnish standard on stationary source emissions (SFS5624; Reda et al., 2015). The
emissions from all combustion devices were normalised to mg MJ! in dry flue gas at 0 °C.

4.3.2 Filter sampling and analyses

Before each filter, a pre-cut impactor (Dekati PM10) was used to remove particles larger
than 1 pm in aerodynamic size. The collection plates of the impactor were coated with
Apiezon-L grease to increase the adhesion of the particles and to reduce the particle bounce.
The inorganic composition of PM; was analysed from samples collected on 47 mm PTFE
filters (offline analysis is described in Section 4.4.1). Filter samples were also analysed
gravimetrically with a microbalance (Mettler Toledo MT5) to an accuracy of 1 ug. Finally,
the concentrations of organic carbon (OC) and elemental carbon (EC) were analysed from
quartz fibre filters with a Carbon Aerosol Analyser (Sunset Laboratory, Inc.) utilising the
thermal-optical method, according to the National Institute for Occupational Safety and
Health protocol 5040 (NIOSH, 1999).

4.3.3 Gas-phase carbonyls

Gas-phase carbonyl samples (aldehydes and ketones) in Paper IV were taken from the
diluted and particle-free (filtered with quartz fibre filter) flue gas stream using
2,4-dinitrophenylhydrazine (DNPH) cartridges. Cartridges (Sigma Aldrich, ORBO™ 555)
contained silica gel adsorbent coated with 300 mg of DNPH in the front section and 150 mg
in the back section. The back section served as a back-up in case of any breakthrough due
to the high sample concentrations. Thereafter, the samples entered the cartridge, where
carbonyls reacted with DNPH forming hydrazones, which remained captured in the
cartridge. After sampling, cartridges were capped and stored at 5 °C. Carbonyls were
analysed from the cartridges with selective ion monitoring gas chromatography-mass
spectrometry (GC-SIM-MS).
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4.4 Chemical characterisation of emissions

4.4.1 Offline analysis

Filter samples described in Section 4.3.2 were analysed with inductively coupled plasma
mass spectroscopy (ICP-MS) for concentrations of Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co,
Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, Pb, Rb, Sb, Se, Sr, Th, Ti, Tl, U, V and Zn
(HF-HNO;3 dissolution) and with ion chromatography (IC) for anion concentrations (Br,
CI', F, SO, NO; and PO;") (with water dissolution). Both the ICP-MS and IC analyses
were performed by a commercial analysis laboratory.

4.4.2 Online analysis

Particle chemical composition was measured online with a Soot Particle High Resolution
Time-of-Flight Aerosol Mass Spectrometer (SP-AMS; Aerodyne Research, Inc.) (Onasch
et al., 2012) (Paper II). The SP-AMS utilises a laser vaporiser in addition to a tungsten
vaporiser for quantification of the refractory components. In this study, dual and single
vaporiser modes were alternated every 60 seconds. This ensured that both the refractory and
non-refractory species could be quantified. The sample was ionized with electron ionization
(EID), where a beam of electrons collides with sample molecule, resulting in removal of
electron from sample molecule, producing a positively charged ion (or rather often cation
and radical fragments). After ionisation, m/z of the analytes was measured with a time-of-
flight type mass spectrometer.

Volatile and semivolatile organic compounds from batch combustion of wood were
measured with Single Photon Ionisation Time-of-Flight Mass Spectrometry (SPI-TOFMS)
(TOFMS; Compact Reflectron Time-of-Flight Spectrometer II, Stefan Kaesdorf Gerite fiir
Forschung and Industrie) (Diab et al., 2015) (Paper III). Ionization was done by photons
generated by Nd:YAG laser (Spitlight 400, Innolas GmbH). For the SPI-TOFMS the
samples were not diluted, but filtered (to separate particulate matter) with a quartz fibre filter
heated to 230 °C to prevent condensation. The SPI technique utilises ultraviolet photons in
vacuum for soft ionisation of gaseous molecules. The advantage of the soft ionisation
method is that it causes little or no fragmentation of produced molecular ions compared to
hard ionisation methods like EI. Less fragmentation of the generated ions makes data
interpretation more straightforward (Adam and Zimmermann, 2007; Miihlberger et al.,
2005). The wavelength of the photons was 118 nm, which compares to an energy of
10.49 eV, thus compounds with an ionisation energy below this could be ionised and
analysed with SPI-TOFMS.
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4.5 Physical characterisation of particulate emissions

The particle number size distributions were measured with a Scanning Mobility Particle
Sizer (SMPS, TSI) (Wang and Flagan, 1990) and an Electrical Low Pressure Impactor
(ELPI, Dekati) (Keskinen et al., 1992). The SMPS consisted of an electrostatic classifier
(Model 3080L, TSI) and a Condensation Particle Counter (CPC Model 3775, TSI)
(McMurry, 2000) with a flow rate of 0.3 litre per minute (Ipm). The classifier first charges
and then classifies the charged particles according to their electrical mobility with a
Differential Mobility Analyser (DMA Model 3081, TSI), after which particles are detected
optically with CPC. CPC operates by drawing the aerosol sample through alcohol vapour
into a cooled condenser, at which point the supersaturated alcohol vapour condenses onto
the surface of the particles, enlarging them so that they become optically detectable. The
resolution (and the size range) of the SMPS is limited by the scan time (the voltage scan rate
of the central electrode high voltage). In batch combustion, changes occur more rapidly than
during continuous combustion, and thus, an up-scan time of only 30 seconds was used,
giving the size range of ~25 nm to ~390 nm. In continuous combustion of pellets and wood
chips, the up-scan time was increased to 120 seconds, which gave the size range of
~14 nm to ~690 nm and a higher size resolution.

The ELPI classifies particles like a normal low pressure cascade impactor, according to their
aerodynamic diameter (7 nm - 10 pm). Large particles (D50 % 6.3 um in aerodynamic
diameter, D50 % is a statistical value that denotes a particle size from which half gets
collected and half gets cut-off) are cut off at the inlet as they are not able to follow the gas
stream due to their inertia. The next impactor stage collects slightly smaller particles (D50
% ~3.8 um aerodynamic diameter) and so on. As a filter stage was utilised, the smallest
particle size assessed was ~7 nm (computational). The particles are charged with a unipolar
corona charger before they enter the impactor. They are detected with electrometers based
on the charge they carry. The ELPI had vacuum oil embedded sintered collection plates to
reduce particle bounce, and it was operated with the filter stage and a flow rate of 10 Ipm.

In Paper I, particles from the co-combustion of wood and straw were analysed with
Transmission Electron Microscopy (TEM, JEOL JEM 2100F FEG/STEM) and energy-
dispersive X-ray spectroscopy (EDS), using the scanning mode of the TEM. Furthermore,
phase composition of the particle samples was analysed with an X-ray diffractometer (XRD,
D8 Discover, Bruker). The operating principle of a TEM is similar to traditional optical
microscopy; however, TEM imaging is based on the absorption and scattering of an electron
beam instead of visible light. The resolution of optical microscopy is limited by the
wavelength of light, while the wavelengths used in TEM are considerably shorter and thus
the resolution is significantly higher (~0.2 nm). The wavelength of radiation in TEM
depends on the acceleration voltage of the electrons (typically in the order of 70 kV, which
gives a wavelength of 4.5 x 10° um (Hinds, 1999). EDS was used for chemical
characterisation of the sample. The operating principle of EDS is to focus a beam of
electrons or X-rays into the sample, which ejects inner shell electrons of the specimen’s
atoms creating an electron hole in the inner shell. This hole is filled by electrons from the
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outer shell, which releases energy in a form of characteristic X-rays. The specimen is
identified by the acquired X-ray spectrum. XRD analysis is founded on the scattering of X-
ray waves by the atoms of the specimen. If the structure of the specimen material is
crystalline, the scattered waves form a diffraction pattern following Bragg’s law:

2dsin 6 = nl, 4.2)

where d is the distance between adjacent diffracting planes; @ is the scattering angle; 7 is
positive integer; and A is the wavelength of the beam. Based on these methods, it was
possible to identify the morphology, chemical composition and phase composition for the
particle samples.

In Paper II, the total surface area of particulate matter was analysed with a Nanoparticle
Surface Area Monitor (NSAM 3550, TSI). The operating principle of the NSAM is to charge
the sampled particles and then detect the charge using an electrometer (Shin et al., 2007).
The charge is known to be directly related to the particle surface area. The NSAM takes a
sample flow of 2.5 lpm and splits it into a 1.5 Ipm aerosol flow and a 1 lpm side flow, which
is filtered free from VOCs and particles. This filtered side flow is then ionised and mixed
again with aerosol flow, leading to the charging of the particles (diffusion charging). Finally,
the charge is detected at the electrometer (inside a Faraday cage) and converted to particle
surface area. By default, the NSAM is set to sample one of two deposition fractions,
tracheobronchial or alveolar, as selected by the operator using pre-set trap voltages. The
deposition fractions for each particle size are defined by the ICRP model (Asbach et al.,
2009). In this study, the NSAM was utilised in a custom response mode using the smallest
possible trap voltage (20 V) with no ions reaching the Faraday cage, the aim of this method
was to measure the total surface area of particles in the size range of 20 to ~400 nm (Asbach
et al. 2009). The calibration factor was unity.

In addition to filter sampling, particle mass emission was measured online with a Tapered
Element Oscillating Microbalance (TEOM 1405, Thermo Scientific) (Patashnick and
Rupprecht, 1991). The TEOM consisted of a filter cartridge on top of an oscillating hollow
glass tube (tapered element), enclosed in a heated sampling unit. Aerosol sample is drawn
through the filter with a vacuum pump at a constant flow rate regulated with a mass flow
controller. As particle mass is collected on the filter, the vibration frequency of the tapered
element decreases (due to increased inertia) and the accumulated mass can be calculated
from the change in frequency:

1 1
dm=K0__

72 f_02 (4.3)

where dm is change in mass; Ky is spring constant; and fp and f; are initial and final
frequencies, respectively.
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5 Results and discussion

5.1 Influence of fuel type on combustion emissions

In general, fuel type had the greatest impact on the mass of particle emissions (Table 2)
whereas the type of combustion appliance mostly affected the gaseous organic emissions
(Table 3). Orasche et al. (2012) investigated small-scale wood combustion and their study
shows similar outcome. In batch-wise combustion, hardwood species produced the highest
total PM; emissions. In addition, the proportion of the elemental carbon from total PM;
mass was highest for the hardwood species (average EC values were ~75 % of the PM| mass
for hardwoods and ~50 % for softwood), while the proportion of organic carbon was
comparable between the wood species.

In continuous combustion, the optimised combustion of pure wood fuels (i.e. wood chips
and softwood pellets) produced relatively low emissions of both particulate and gaseous
compounds.

For co-combustion of wood chips and agricultural fuels, the reed canary grass
co-combustion produced only slightly higher emissions compared to pure wood chip
combustion (e.g. PM;: 12.1 mg MJ! for wood chips, 20.1 mg MJ"!' for wood chips and
RCG). However, the co-combustion of wood chips with straw was found to produce
considerably higher emissions of particulate matter (PM;: 167 mg MJ™"). Both agricultural
fuels contained high amounts of ash compared to pure wood (especially Si, K, Na and P).
In addition to the total content of ash-forming elements, the agricultural fuels also contained
high amounts of certain components related to elevated emissions and potential corrosion
problems (N, S and CI; Table 1). Among the studied biomass types, further analysis of fuel
molar ratios (Si+ P+ K)/(Ca+Mg) (Sommersacher et al., 2012) predicted that the
agricultural fuels would have the lowest ash fusion temperatures. Accordingly, the measured
ash fusion temperatures were lowest for straw (Appendix 1: Table 5). Reed canary grass
had a slightly higher ash fusion temperature and it was found to cause fewer operational
problems than straw, since straw induced clear slag formation on the grate. The formation
of slag can potentially cause increased emissions due to plugging of the fuel feed or the air
supply, or via other kinds of interference with the combustion reaction (Baxter et al., 1998).
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Table 2: Average emission factors for particulate matter and main gaseous components and
their standard deviations (in dry flue gas).

PM; PM: OC PM: EC NeLp1 CcO NOx
(mgMJ?')  (mg MJ?) (mg MJ) ™I (mgMJ")  (mgMJ7)
8.99E+13 + 1622 +
. 947 ' . N
< Birch 89.9+73 32 67.5 150E+114 2654 102 + 32
% 9.98E+13 + 1226 +
g 4£0. . . i +
g Beech 654+04 3.6 49.8 9.54E413 1814 112+40
=
2
<
M 6.93E+13 + 1837 +
62, K . +
Spruce 28.6+2.7 2.4 15.2 1 23E+14 3431 84 +23
Wood chips 1 12.1 £0.8 0.0+0.0 0.0+0.0 1.4E+13 + 1.5E+12 21+1.6 179 £ 11
Wood chips 2 14123 0.2+£0.2 1.0+0.9 1.6E+13 £ 5.2E+12 64 +200 158 £20
Wood chips 3 228+2.4 0.7+0.1 6.5+1.5 1.7E+13 £ 8.3E+12 146 +217 124+ 16
Wood chips 4 213+ 100 72 £43 73 +34 2.4E+13 £ 1.3E+13 982 +£993 n/a
Wood chips +
£ reed canary 20.1£3.9 0.4+0.1 0.0+0.0 3.2E+13 £ 2.1E+12 9.6+3.1 212+ 17
g grass (78/22)
£
Q i +
g Wood chips 213 0.7 24 320E+12+7.7E+12  408+642 158+ 61
E) straw (67/33)
g
g
= Wood chips +
e 167 1.0 16 14E+12 £ 4.1E+12 211 +£465 216 £ 57
© straw (78/22)
Softwood
pellets (optimal 16.0£2.0 0.4+0.1 0.5+0.3 4.6E+13 42 92
combustion)
Softwood
pellets (non- 17.8+2.4 36 64413 5.5E+13 230 85
optimal
combustion)

n/a = not available
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5.2 Emission factors

5.2.1 Gaseous emissions

In logwood combustion, the emission factors for CO were similar to those observed for
batch combustion devices equipped with air-staging (Lamberg ef al., 2011a; Nuutinen et al.,
2014). The differences observed between the wood species were not substantial for CO
emissions. For all species, the ignition batch had moderate CO emissions (ranging from
1680 mg MJ™! to 1990 mg MIJ™!) (exceeding the average emission), the intervening batches
(batches 2 — 6) had low CO (lowest batch averages were below 450 mg MJ"! for all species),
and the burnout phase always produced considerably higher CO emissions (highest
8960 mg MJ! for spruce, lowest 3370 mg MJ! for beech). The high ignition phase CO was
concluded to result from the cold conditions in combustion chamber, leading to incomplete
combustion. As the temperature increased, the oxidation of combustion products became
more efficient and CO emissions decreased. The high CO during the burnout phase was
likely due to accumulated char bed on the grate. Char accumulation was particularly notable
for spruce, which had the highest CO emissions during the burnout phase. The air-staging
in batch combustion devices is known to decrease overall CO, but also to potentially
increase CO during the burnout phase due to decreased air flow through the grate, allowing
the char bed to accumulate during the stable combustion (Nuutinen ef al., 2014). During the
char burnout phase, the combustion rate is limited by the diffusion of oxygen onto the fuel
particles, and this is why CO emissions are generally high during this phase. In continuous
combustion, CO emissions were highly dependent on combustion air flow ratios (i.e. the
degree of optimisation). The optimised combustion of pure wood fuels (Table 2;
wood chips I and softwood pellets) produced very low CO emissions, as expected.
However, the co-combustion of wood chips with reed canary grass also produced
remarkably low CO emissions. In comparison, the non-optimised combustion of good
quality fuels produced CO emissions up to one order of magnitude higher than with optimal
combustion. In addition, the co-combustion of wood chips with straw resulted in reduced
combustion quality and higher emission of CO. The quality of straw co-combustion was
slightly improved by reducing the share of straw from 33 wt-% to 22 wt-%.

Emission of organic gaseous compounds (OGC) results from wood pyrolysis and
incomplete conversion of these pyrolysis products to CO2 and H>O. Possible reasons for this
include a too low temperature, too short a residence time, or inefficient mixing of pyrolysis
gases and air. At least one of these conditions is often met in batch combustion devices,
which is why these devices have high OGC emissions compared to continuous combustion
devices. In this study, batch combustion produced OGC emissions one order of magnitude
higher than continuous combustion. However, compared to other studies (Nuutinen et al.,
2014; Orasche et al., 2012), the batch combustion OGC emissions measured in this study
can be considered relatively low (Table 4). In batch combustion, OGC emissions seemed to
be strongly dependent on the combustion temperature. Therefore, the OGC emissions were
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always highest for the ignition batch; temperature was too low for efficient secondary
combustion.

Formaldehyde and acetaldehyde were the major carbonyl compounds (with average
contributions of 58 % and 19 % for birch, 63 % and 21 % for beech and 64 % and 22 % for
spruce, 53 % and 23 % for softwood pellets, respectively of total carbonyl compounds
(CC’s)) in the emissions for all of the wood species, regardless of the combustion appliance.
The emission factors of CCs were highest for the combustion of spruce and beech, and
lowest for birch. The ignition phase always produced the highest CC concentrations. The
emission factors for batch-wise combustion were considerably lower (2 — 15 times) than
those reported in previous studies conducted with batch combustion devices (Cerqueira et
al., 2013; Evtyugina et al., 2014; Hedberg et al., 2002; Schauer ef al., 2001). Furthermore,
the CC emissions from pellet combustion were approximately 20 times lower than those
measured for the batch combustion device. No significant increase in CC emissions was
observed for non-optimised combustion of pellets.

Unlike CO and hydrocarbons, emissions of NOx are not considered as emissions of
incomplete combustion—on the contrary, they usually peak during efficient combustion (if
no primary or secondary NOx abatement is applied) (Eskilsson ef al., 2004). In this study,
NOx emissions were primarily dependent on the amount of fuel nitrogen and its conversion
rate to NOx, which depends on the combustion technology and efficiency. In small-scale
combustion, temperatures are considered too low for thermal NOx formation. Even though
all combustion devices had a staged combustion air feed, none of them were designed for
NOx reduction. The combustion of agricultural fuels produced the highest NOx emissions.
The fuel N content was especially high for straw (9700 mg kg™! in straw vs <1000 mg kg™!
in wood), and this is why straw combustion produced high NOx despite otherwise low
combustion quality (average NOx emissions for wood + straw were 158 mgMJ"!
or 216 mg MJ"!, depending on the fuel mixing ratio). The fuel N content of reed canary grass
was almost exactly half that of straw, but NOx emissions were about the same (averaging
212 mg MJ! for wood + reed canary grass). This is explained by the higher combustion
efficiency of reed canary grass and thus a higher nitrogen conversion rate. Also, the fuel N
conversion rate to NOx has been shown to be higher for fuels with low nitrogen content
compared to fuels with high N content (Diaz-Ramirez et al., 2014; Houshfar ef al., 2012).
For continuous combustion, the pellet combustion emitted the lowest NOx emissions
(averaging 92 mg MJ"! during optimal combustion) even though the pellets had a higher N
content than wood chips. Batch combustion fuels had no large differences regarding N
content. Differences in NOx emissions were mostly due to combustion conditions. For
example, beech combustion had the highest average air-to-fuel ratio (averaging 5.2) and
produced the highest NOx emissions (averaging 112 mg MJ™!), probably due to more
efficient N oxidation compared to the combustion of birch or spruce. Overall, average NOx
emissions were similar between the fuel types and between the combustion devices (Table
2).
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Emissions of SO, or HCI are usually negligible in small-scale wood combustion and thus
do not pose a problem. However, the contents of sulphur and chloride in agricultural fuels
studied in Paper I were significantly higher compared to wood fuels (Table 1). This led to
increased emissions of SO; and HCI in the combustion of reed canary grass and straw
(Paper I: Table 3). In addition, high sulphur emissions may induce low-temperature
corrosion in boilers. Furthermore, SO, and HCIl emissions can participate in acid
precipitation (van Loo and Koppejan, 2008).

5.2.2 Particle emissions

For batch-wise combustion, the differences in PM; emissions were exceptionally high
(Table 2). The lowest mass emission was measured for spruce combustion (averaging
28.6 mg MJ™!") and the highest was for birch combustion (averaging 89.9 mg MJ!), a
difference of more than three times.

Compared to previous batch combustion studies, the average mass emissions of beech and
birch were similar (Nuutinen et al., 2014; Orasche et al., 2012; Tissari et al., 2008a);
however, the mass emission from spruce combustion was clearly lower than in previous
studies (Nystrom et al., 2017; Orasche et al., 2012). The PM; emission of spruce was not
much higher than from the continuous combustion of pellets or co-combustion of reed
canary grass.

The optimised combustion of wood chips produced the lowest PM; emissions
(12.1 mg MJ ). The co-combustion of reed canary grass or combustion of pellets produced
only slightly higher mass emissions. However, the co-combustion of straw produced
significantly higher PM; emissions—more than double that of batch combustion of birch
logs. Emission was so high that, in daily operation, it would probably cause severe heat
exchanger fouling and, consequently, efficient particle filtration or removal method would
be advisable in addition to automated heat exchanger cleaning.

The vast majority of the particles (in terms of number) from all combustion scenarios were
submicron particles (< 1 um in aerodynamic diameter). The average particle number
concentration was highest for the batch combustion of logwoods. The continuous
combustion of pellets and the batch combustion of logwoods produced the smallest average
particle size, with a geometric mean diameter (GMD) of < 70 nm as measured by
ELPI (GMDegrp1). The measured GMDs are in line with previous publications (Lamberg et
al., 2013; Lamberg et al., 2011a). No significant differences were observed between wood
species in batch-wise combustion. The non-optimised combustion of pellets produced a
GMDekLpr similar to co-combustion of wood chips and reed canary grass (< 80 nm). The
optimal combustion of pure wood chips produced slightly larger particles (~100 nm) and
the co-combustion of wood chips with straw produced notably larger particles (GMDgrpr >
400 nm). Additionally, particles from straw combustion were analysed in detail with TEM,
EDS and XRD (Paper II: Fig. 6). The analyses revealed that particles were mainly formed
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of crystalline potassium chloride (KCI). This deviates significantly from the typical
amorphous, often agglomerated particles resulting from pure wood combustion (Torvela et
al.,2014).

When comparing the agricultural fuels, straw combustion produced a lower number of
particles than reed canary grass. However, the GMD from straw combustion was
considerably larger. The high number of particle emission from reed canary grass
combustion was probably due to a high Zn concentration in this fuel. ZnO acts as a seed
particle, on which inorganic and organic materials condense. In comparison, straw had a
high CI concentration, which likely led to the formation of zinc chloride (ZnClz) and KCI.
Both of these compounds have relatively high vapour pressure and thus are unlikely to form
new particles, but rather tend to condense on existing particles. This is one factor that leads
to the low number emissions and a high GMD from straw co-combustion.

5.2.2.1 Organic and elemental carbon

Organic carbon (among others) is considered as emission of incomplete combustion, and
these types of emissions were substantially affected by the combustion air distribution. With
elemental carbon, the effect of air-staging is less straightforward, as it has been shown to
potentially either decrease or increase EC emissions (Nuutinen ef al., 2014). In this study,
an effect on EC emission was notable, particularly during continuous combustion (Paper I:
Fig. 2). In optimised continuous combustion, average emissions of OC and EC were
negligible compared to batch-wise combustion (e.g. EC emissions: < 0.0 mg MJ! for wood
chip + reed canary grass co-combustion vs. 49.8 mg MJ! for batch combustion of beech).
This has also been shown in numerous other studies (Lamberg et al., 2011a; Tissari ef al.,
2008a). Conventional batch combustion devices are especially known to have high organic
emissions (Nuutinen et al., 2014, Tissari et al., 2009). In batch combustion, EC emissions
were affected by the fuel type. Birch combustion clearly produced the highest average EC
emissions and spruce combustion produced the lowest. EC emissions from both birch and
spruce decreased as the rate of combustion increased (verified by low lambda values during
the stable combustion phase). With beech wood, no clear trend was observed, although for
all species the char-burning phase produced the lowest average EC emissions. Nuutinen e?
al. (2014) proposed that the air-staging in batch combustion may increase EC emissions in
some circumstances, because of the cooling effect of secondary air.

The addition of reed canary grass to wood chips increased OC emissions only slightly
compared to pure wood chip combustion; the addition of straw to wood chips substantially
increased EC emissions.
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5.2.3 Comparison to earlier studies

Table 4: Comparison of main emission components from batch
combustion of wood.

Study (ﬁlzi;i??) Spruce Beech Birch
This study 20 34 16
Orasche et al. 2012 OGC 155 162 -
Nuutinen et al. 2014 - - 96
This study 1837 1226 1622
Orasche et al. 2012 cO 1940 1850 -
Nuutinen et al. 2014 - - 1112
This study 84 112 102
Orasche et al. 2012 NOx 88 145 -
Nuutinen et al. 2014 - - -
This study 28.6 65.4 89.9
Orasche et al. 2012 PM, 67 93 -
Nuutinen et al. 2014 - - 40.2
This study 152 49.8 67.5
Orasche et al. 2012 PM; EC 9.3 41 -
Nuutinen et al. 2014 - - 239
This study 2.4 3.6 32
Orasche et al. 2012 PM, OC 11 15 -
Nuutinen et al. 2014 - - 18.8

Reviewing the average emission values from small-scale batch combustion of wood from
this study and two earlier similar studies (Table 4) confirms that different wood species can
have different combustion emissions. In this study and Nuutinen et al (2014), the
combustion appliance was heat-retaining masonry heater and in study by Orasche et al.
(2012) the appliance was a log wood stove.

In above mentioned studies, gaseous organic emissions seems to be lowest for birch and
highest for beech, while NOx emissions are lowest for spruce. However, in many studies
with various wood species the conditions or combustion appliances have so many
dissimilarities that straight comparison is not reasonable. In this study the average fine
particulate mass emission was clearly highest for birch (89.9 mg MJ-!) and most of the mass
was elemental carbon (67.5 mg MJ!). However, Nuutinen et al. (2014) measured only
402 mgMJ! of PM; from birch combustion and a smaller proportion of EC
(75 % vs. 59 %). On the contrary, in this study the proportion of OC in PM; was small
(< 8 %) but in Nuutinen et al. (2014) it was ~47 %. This shows that the appliance has a
considerable effect not only on the mass emission but also on the composition of emission.
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5.3 Time-resolved emissions during batch combustion of wood

5.3.1 Gaseous emissions

The temporal variation of CO emissions was typical for devices with a staged combustion
air feed; the emissions were high at the ignition phase (1% batch), low during the stable
combustion phase (batches 2 to 6) and high again at the char-burning phase. Deviations in
CO emissions were minor between the wood species during stable combustion. However,
differences during the char-burning phase were significant; beech combustion produced the
least CO during the char-burning phase, which was on average half that of spruce.

5.3.1.1 Organic gaseous compounds

Emission of organic gaseous compounds was highest at the ignition phase (from a cold start)
or immediately after the addition of a new batch to the glowing char bed. The combustion
of birch logs, in particular, produced high OGC peaks (Paper II: Fig. 5). These high
emissions were probably a result of insufficient temperature and thus inefficient secondary
combustion. During the char-burning phase, OGC emissions were observed to increase.
This was mostly methane, which is known to form in char gasification reactions (Eq. 5.1 —
5.3) (Kleinhans et al., 2017).

C +COy > 2C0 (5.1)
C + H,0 - CO + H, (5.2)
C+2H, - CH, (5.3)

The time-resolved emission of OGCs highlighted the importance of the ignition phase; slow
ignition increased the emission considerably (Paper III). OGC emissions were typically
highest during the first two batches. For example, 51-63 % of the total benzene emission
was released during the first batch (Paper III). According to the literature, the release of
benzene is not typical at temperatures under 900 K for wood fuels (Nowakowska et al.,
2014). In this study, benzene was likely formed by pyrosynthesis. Furthermore, naphthalene
was observed to have a high correlation with benzene, presumably due to the same
formation mechanism.

5.3.2 Particle emissions

Particle mass emissions measured by TEOM were typically highest either after the insertion
of a new batch or during the most intense burning phase (Paper II: Supplementary Fig. 3).
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However, there were some differences between the wood species in the formation of mass
emissions; beech produced the highest emissions during the final third of a batch, whereas
birch had two clear emission peaks per batch—one at the beginning and the other (similar
to beech) towards the end of a batch. Spruce had considerably lower average mass emission
compared to the hardwood species. There were also clear peaks during the first two batches
of spruce combustion, after which emissions stabilised considerably. Common to all these
cases, peaks in mass emissions were all attributed to the increased formation of refractory
black carbon (rBC) (Paper II: Fig. 7).

The temporal variation of particle number and surface area concentrations followed the mass
concentration closely (Paper II: Fig. 2 and Supplementary Fig. 4). The surface area and
number concentrations were highest immediately after the insertion of a new batch. These
peaks at the beginning of each batch were, however, very brief. Typically, another peak in
number and surface area concentrations was observed during the most intense burning
phase. The surface area concentration for birch combustion was lowest during the
char-burning phase. For spruce, no such clear distinction between combustion phases (based
on surface area concentration) was seen.

The temporal variation in GMD was notably different between the wood species (Fig. 4).
For birch, the GMD was highest during the stable burning phase of each batch (considered
to start after ~3 minutes from batch insertion on glowing char bed) and dropped notably
during the char-burning phase (the last ~5 minutes of each batch and the whole 7% batch).
For beech combustion, the GMD was low at the beginning of a batch and increased towards
the end of batch until the char-burning phase, when the GMD was lowest. For spruce, a high
amount of char residue produced particles with considerably lower GMD (~50 nm).

5.3.2.1 Organic aerosols

The mass concentration of organic aerosols (OAs) measured by AMS was highest for beech
and birch. For beech, the highest OA emissions were produced at ignition (Fig. 5). The
ignition of beech was typically slower compared to birch or spruce; this type of ignition is
more prone to causing higher emission of organics due to a longer cold period compared to
fast ignition. The effect of ignition on organic emissions has been acknowledged also in
earlier studies (Tiitta et al., 2016). For birch combustion, the addition of a new batch
typically produced a high momentary concentration of OAs. Unfortunately, these peaks
were not captured in, for example, the AMS spectrum illustrated in Fig. 5 due to the
alternating PTOF (Particle Time-of-Flight) mode, which led to reduced time resolution
(operated for 20 s per minute). The time-resolved OA emissions of spruce were quite
different compared to hardwood combustion; OA emissions increased towards the end of a
batch, and were highest during the final char-burning phase. For beech and birch, OA
concentrations decreased as the combustion chamber temperature increased, when
secondary combustion was enhanced. Notably, in the case of birch combustion, the volatility
of OAs was found to increase rapidly at the end of the flaming phase and when char burning
was initiated. This led to a decrease in this emission of particulate organics and an increase
in the emission of gaseous organics.
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Fig. 4: Number size distribution for the batch combustion of beech, birch and
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Fig. 5: Time-resolved chemical composition of particle emissions measured by HR-SP-
AMS (Paper II).

5.3.2.2 Refractory black carbon

The formation of rBC takes place only when flame is visible (including ignition and stable
combustion). Notable differences were observed in rBC formation, however, between the
wood species. Birch combustion produced the highest average rBC emissions (Fig. 5). The
time-resolved rBC emissions of birch showed two major periods of black carbon emission—
at the ignition of a new batch and during the most intense combustion phase. In beech
combustion, no such peak was observed at the beginning of a batch. Spruce combustion
produced the lowest average rBC emissions. Most of the rBC from spruce was formed
during the first two batches. For birch, the batch-to-batch variation of rBC was small
throughout the experiment. In contrast, the concentration of rBC clearly increased for beech
and decreased for spruce during combustion.

Unlike in previous research (Nuutinen, 2016), a correlation was observed between the
emission of rBC and certain PAH compounds as measured by AMS (fluoranthene/pyrene).
The strength of this correlation was dependent on the type of fuel. One explanatory factor
for these PAHs and rBC being observed together is that PAHs are known precursors of soot
(Kennedy, 1997). Another factor is that gaseous PAHs may be adsorbed onto the surface of
soot, while remaining in the gas phase in the absence of soot.

5.3.2.3 Inorganics

Time-resolved information for major inorganic compounds were obtained from the
SP-AMS measurements. In addition to K and Zn (Fig. 5 and Fig. 7, respectively),
time-resolved emissions of chlorides, sulphates and nitrates were acquired (Fig. 6). The
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concentration of sulphates was notably highest for beech, which also had the highest fuel S
content. Because of the available sulphates, the formation of nitrates was minor (formation
of K>SOy is thermodynamically favoured over KNO; (Sippula ef al., 2007). The case was
different for birch and spruce as they contained less sulphur. The high availability of
potassium in relation to sulphates and chlorides, especially during the char-burning phase,
favoured the formation of potassium carbonates and nitrates. The release of K and Zn are
discussed in Section 5.4.
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Fig. 6: Time-resolved concentrations of chloride, sulphate and nitrate from batch combustion
experiments measured by HR-SP-AMS (Paper II).

5.4 Release of ash-forming elements and ash mass balances

The release of Zn and K was studied during continuous combustion using filter samples,
and during batch combustion using both filters and AMS. In addition, Pb and Cu were
investigated during the continuous combustion of wood and agricultural fuels using filter
and bottom ash samples. The highest Zn emission was observed for reed canary grass co-
combustion (averaging 787 pg MJ™). In batch combustion, birch produced the highest Zn
emission (averaging 482 ug MJ'), which was comparable to emission during the
continuous, non-optimal combustion of wood chips. In comparison, the smallest average Zn
emission was produced by batch combustion of beech logs (averaging 35 ug MJ!). The
release of Zn is known to be highly dependent not only on the fuel Zn concentration, but
also on the fuel bed temperature (van Lith ez al., 2008). The low Zn emission from beech
was attributed to its low Zn concentration. Low fuel Zn and low Zn emissions from beech
in comparison to spruce have also been measured in previous studies (Orasche et al., 2012;
van Lith et al., 2008).
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The time-resolved emission of Zn during beech combustion did not show any distinct
pattern, but was rather constant. For birch, Zn release was highest upon ignition of a new
batch and during the most intense phase of combustion (Fig. 7). The initial peak was likely
a product of the bark, which is known to have potentially high Zn concentrations compared
to the stem wood. The second Zn peak (appearing at the end of each batch) probably resulted
from the increasing fuel bed temperature combined with a reducing atmosphere which
favours the release of zinc as Zn-vapour (Senior and Flagan, 1982). The Zn release from
spruce combustion was lower compared to birch, and the release was highest during the
char-burning phase.
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Fig. 7: Time-resolved release of zinc from birch combustion measured by HR-SP-AMS
(Paper II).

In addition to Zn also Pb and Cu were present in notable quantities; Pb resulted mainly from
the non-optimised combustion of wood chips and Cu mainly occurred during the co-
combustion of wood and straw. In fact, limits for particle emissions from the incineration
and co-incineration of waste (EC 2000/76) were exceeded in the non-optimal combustion
of wood chips, where the concentration of Pb was particularly increased. Based on these
results, the release of Pb seems to be sensitive to conditions in the fuel bed (Paper I: Fig.
3). The poor combustion scenario (Wood 4) in Paper I resulted in considerably increased
Pb emission compared to more optimised combustion scenarios (Wood 1 — 3). The high Cu
emission from wood and straw combustion was likely connected to the high CI content of
straw (Paper I: Table 2), which may lead to the formation of copper chloride (CuCly). This
will enhance the release of Cu to the gas phase, later condensing onto the particles (Lind et
al., 2007).

Particle mass emission from batch combustion was dominated by EC and OC, and the share
of inorganics was only 10 % at the most. The proportion of inorganic emissions, especially
K, became higher, however, during the burnout phase. The release of K during the char
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oxidation phase is well established (van Lith ef al., 2008; Wornat et al., 1995). The highest
average particulate K emission was produced by the co-combustion of wood and straw.
High K emission from straw combustion results from its high fuel K content in addition to
a high Cl content, which further enhances the release of K as KCI.

Generally, batch combustion produced lower average emissions of inorganics compared to
continuous combustion of wood chips or pellets. The maximum K emission of birch during
the char burnout phase was similar to the average emission from the continuous combustion
of wood.

For fuels with high a silicate/alkali ratio, alkalis are likely bound in the bottom ash as
silicates more effectively. For all the fuels studied here, the Si/K ratio was by far the largest
for the wood chip and reed canary grass mixture. The high particle formation during wood-
straw combustion was mainly affected by the high concentration of K in the straw. K was
also the main responsible of the high ash content of straw compared to reed canary grass.

The elemental analyses of bottom ash samples were performed for the continuous
combustion of wood chips and blended agricultural fuels. All the samples were found to be
eligible for use as either field or forest fertilisers (Ministry of Agriculture and Forestry of
Finland, 2011). Thus, the recycling of bottom ash would not be a problem.
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6 Review of papers and the author’s contribution

Paper I investigates the effect of small-scale co-combustion of wood and selected
agricultural fuels on emissions and ash properties. Additionally, the effect of combustion
air-staging on emissions was studied. The air-staging experiments, data analysis,
interpretation and manuscript writing were carried out by the author under the supervision
of Doc. O. Sippula and Prof. J. Jokiniemi.

Paper II presents highly time-resolved emissions data from small-scale batch combustion
of three different wood species in a masonry heater. The data analysis and the manuscript
writing were mainly carried out by the author. Additionally, the author operated the
combustion device and contributed to the implementation of the experimental setup under
the supervision of Doc. J. Tissari, Doc. O. Sippula and Prof. J. Jokiniemi. The study was
carried out in cooperation with the Helmholtz Virtual Institute of Complex Molecular
Systems in Environmental Health (HICE).

Paper III investigates the temporal variation of organic emissions from batch-wise
combustion of three European wood species combusted in a modern masonry heater. The
study utilises Single Photon lonisation Mass Spectrometry for determining the real-time
emissions of volatile, intermediate-volatile and semivolatile organic compounds. The author
was responsible for the operation of the combustion appliance and, partly, for the data
analysis. Additionally, the author participated in the writing of the manuscript. The study
was carried out in cooperation with the Helmholtz Virtual Institute of Complex Molecular
Systems in Environmental Health (HICE) under the supervision of Prof. J. Jokiniemi and
Prof. R. Zimmermann.

Paper IV investigates the emission factors of carbonyls from the batch combustion of three
different wood species and the continuous combustion of softwood pellets. The carbonyl
sampling was done with 2,4-dinitrophenylhydrazine cartridges and was analysed using
Selective Ion Monitoring Gas Chromatography-Mass Spectrometry. The author was
responsible for operating the combustion device and contributed to the data analysis and
manuscript writing. The study was carried out in cooperation with the Helmholtz Virtual
Institute of Complex Molecular Systems in Environmental Health (HICE) under the
supervision of Prof. J. Jokiniemi and Prof. R. Zimmermann.
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7 Conclusions

In this thesis, the physicochemical properties of emissions from various small-scale
combustion appliances burning selected biomass fuels were determined. The effects of
biomass raw material and combustion conditions on particulate and gaseous emissions were
characterised in both batch and continuously operated combustion systems. Time
dependency of emissions (both particulate and gaseous components) were comprehensively
characterised from the batch combustion of wood logs and the continuous combustion of
wood chips, blended agricultural fuels and softwood pellets. This area of research is
important since wood is a common source of heat in detached houses, and utilisation of
these fuels may increase due to current EU climate policy aiming to increase the share of
renewables in final energy consumption.

The combustion air distribution in continuous combustion of wood chips affected the
emission of fine particles and the emissions of incomplete combustion. Increasing the
proportion of secondary air decreased the emissions of EC, OC, and CO. However, no major
influence was observed on the release of ash compounds, except for certain trace metals,
most notably Pb and Zn. For these elements, the release mechanism is probably governed
by the prevailing conditions at the fuel bed (in this context, mainly the bed temperature and
oxidising/reducing atmosphere).

The blending of reed canary grass with wood chips increased PM| mass emissions by about
40 % compared to pure wood chip combustion; however, the emission level remained
reasonably low. The difference in mass emissions was mostly due to the slightly increased
formation of KCI. Blending wood chips with straw increased PM; emissions considerably—
by more than 13 times. The high concentrations of K and Cl in barley straw had a substantial
effect on particle formation; particles from straw combustion were mainly composed of KCl
and their crystalline structure deviated notably from the typical amorphous particles
generated from wood combustion. These features of straw co-combustion indicate a high
potential for causing operational problems through fouling of the heat exchanger surfaces,
induced by deposition of ash with a high share of alkali chlorides. Another potential issue
in the thermal utilisation of straw is the high fuel ash concentration and its low melting
temperature resulting from the ash composition. The low melting temperature of ash often
leads to slag formation and, therefore, a solid grate combustion system is not applicable for
fuels of such quality. Finally, from an environmental viewpoint, high PM emissions from
co-combustion of straw and wood chips would require an efficient flue gas cleaning system.

The utilisation of ashes is often a concern, especially for large combustion plants. In this
study, addition of agricultural fuels was not found to significantly increase the amounts of
harmful metals in the bottom ash fraction. As a result, the ash met Finnish national
requirements for forest and field fertilisers. Therefore, the disposal of bottom ash from the
small-scale co-combustion of wood and agricultural fuels would not likely pose a problem.

In the batch-wise combustion, wood species was observed to have an effect not only on the
emission factors but also on the temporal variation of emissions. Common to all wood
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species was a high concentration of organic emissions during the ignition phase. During the
ignition phase, temperatures are typically too low for efficient secondary combustion. The
firebox temperature is also crucial considering the oxidation of elemental carbon emissions.
Both OC and EC emissions decreased as the burning rate increased. During the char-burning
phase, OC emissions decreased significantly and no EC formation was detected at all. The
time-resolved emissions of rBC also indicated that formation only occurred during the
flaming phase.

Differences between wood species were observed in the batch combustion with respect to
particle mass emissions. This depended on the prevailing conditions in the firebox, which
are partly determined by the properties of fuel. Based on these results, the efficient
utilisation of secondary combustion air seems to have a decreasing effect on particle mass
emission. The lowest mass emissions during stable burning were measured with the highest
fuel bed height, which provided the smallest distance between the fuel bed and the
secondary combustion air inlet, thereby leading to efficient mixing of combustion products
and air (verified by low lambda values).

This study indicates that batch combustion produces significantly higher emissions of
organics (e.g. carbonyls) compared to continuous pellet combustion; however, compared to
previous studies over the last 15 years using open fireplaces and wood stoves, both
appliances studied here had lower carbonyl emissions.

Zn-containing combustion-derived particles have been identified as inducing toxicological
responses in lung cell lines. Zn is a common element in most solid biofuels. The release of
Zn was found to be not only reliant on the fuel Zn content, but also highly time-dependent.
With birch bark, a high share of Zn was released during each batch ignition phase. This can
be explained by the fact that birch bark contains high concentrations of Zn and, for birch in
particular, the ignition of bark is rapid. The release of Zn during stable combustion and char
burning is governed by temperature and the prevailing conditions (i.e. whether oxidising or
reducing).

Assessing the time-resolved emissions of the batch combustion process is an important step
in identifying problematic combustion phases that produce elevated emissions, and for
developing low-emission combustion devices. The batch combustion process is a series of
complex events, some of which are overlapping and some consecutive. In this study, the
ignition of the first batch was always performed from a ‘cold start’, which creates
completely different combustion conditions compared to sequential batches, where the
combustion chamber temperature is high from the outset. Furthermore, each batch has three
fundamental combustion phases—ignition, stable combustion, and char burnout—and each
of these phases produces characteristic emissions. The optimisation of the combustion
process, considering all combustion phases and conditions, is not straightforward, especially
because batch combustion devices are usually relatively simple appliances without
automation. In small-scale combustion, primary measures for emission reduction should be
utilised thoroughly before applying secondary methods, which often have an increased need
for maintenance and involve higher costs in both acquisition and operation.
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As a general conclusion, the type of biomass fuel used in small-scale combustion has an
impact not only on the mass of fine particulate and gaseous emissions, but also on the
chemical composition of PM;. In this study, the batch combustion of spruce had clearly the
lowest mass emission of fine particulate matter. This result may not apply for all combustion
devices, but it shows that differences in emissions between wood species exists. The effect
of fuel elemental composition on PM emissions was especially notable in the continuous
combustion of wood and agricultural fuels. The temporal variation of the batch combustion
emissions also revealed differences between wood species—mostly in the formation of
black carbon and organic emissions. Slow ignition leads to a longer cold period in the
combustion chamber and inefficient oxidation of devolatilisation products (organic
compounds) results; fast ignition from the top of the batch is the most beneficial approach
considering the associated reduction in emissions. This can be confirmed also by earlier
studies.

Currently, emissions from different wood species are not taken into account in the
compilation of emission inventories. Based on this research, such emissions are clearly
variable, but challenging to estimate due to large variety of combustion appliances. A large
variety in combustion appliances leads to large variety in combustion emissions. This likely
increases the margin of error for emission inventories.
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APPENDIX 1
Table 5: Ash fusion temperatures of pure fuels (oxidising conditions).
Deformation Spherical Hemispherical  Fluid/Flow
temperature temperature temperature temperature °C
°C (DT) °C (ST) °C (HT) (FT)
Wood chips (co-combustion) 1450 >1450 >1450 >1450
Reed canary grass 1260 1290 1370 1400

Straw 970 1100 1110 1150
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