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ABSTRACT: The demand for increased overall efficiency, improved fuel flexibility, and more stringent environmental legislations
promotes the development of new fuel- and technology-related concepts for the bioenergy sector. Previous research has shown that
careful consideration of the fuel ash composition and the adjustment of the same via various routes, i.e., fuel design, have the
potential to alter the ash transformation reactions, leading to, e.g., a reduction of the formation of slag or entrained inorganic ash
particles. The objective of the present work was, therefore, to demonstrate the use of fuel design as a primary measure to reduce the
emission of PM1 during combustion of woody biomass in medium-scale grate-fired boilers while keeping the slag formation at a
manageable level. This was achieved by designing fuel blends of woody biomass with carefully selected Scandinavian peats rich in Si,
Ca, and S. The work includes results from three experimental campaigns, performed in three separate grate-fired boilers of different
sizes, specifically 0.2 MWth, 2 MWth, and 4 MWth. In one of the campaigns, softwood-based stemwood pellets were copelletized with
different additions of peat (5 and 15 wt %) before combustion. In the other campaigns, peat was added in a separate fuel feed to
Salix chips (15 wt % peat) and softwood-based stemwood pellets (10 and 20 wt % peat). Particulate matter and bottom ashes were
characterized by scanning electron microscopy−energy-dispersive X-ray spectroscopy for morphology and elemental composition as
well as by powder X-ray diffraction for crystalline phase composition. The results show that the fuel design approach provided PM1
reduction for all fuel blends between 30 and 50%. The PM1 reduction could be achieved without causing operational problems due
to slagging for any of the three commercial boilers used, although an expected increased slagging tendency was observed. Overall,
this paper illustrates that fuel design can be implemented on an industrial scale by achieving the desired ash transformation reactions,
in this case, leading to a reduction of fine particulate emissions by up to 50% without any operational disturbances due to slag
formation on the grate.

■ INTRODUCTION

Bioenergy accounts for approximately 10% of the world’s total
primary energy supply.1 According to recommendations by
IPCC regarding mitigation of global warming, the share of
bioenergy is expected to grow,2 and as it does, new challenges
arise. Biomass has the potential to replace fossil fuels in
production of heat and power as well as for vehicle fuels and
different materials such as plastics or fabrics. Traditionally,
wood-based fuels have been used in the bioenergy sector, but
the feedstock has been broadened and other, often cheaper and
more challenging, biomasses are used. Today, there is a need
to broaden the fuel base further, and the small- and medium-
scale heat and power sectors need a competitive market for
affordable fuel resources. Many of these resources are waste
streams from, e.g., forestry, agriculture, municipalities, or the
process industry. Unfortunately, the fuels’ ash composition can
potentially increase the risk of operational problems such as
slagging,3,4 fouling, and particulate matter (PM) emissions5,6 in
existing facilities. In addition, to meet new legislation and
policies,7,8 it will be necessary to carefully consider the fuels
and their composition before they are introduced.
One of the most important ash-related problems from an

operational point of view is slag formation on the grate.

Problems associated with slag formation in fixed-bed
combustion are disturbed air- and fuel supply and hindered
ash removal. Slag formation is not only affected by the amount
of ash and the chemical composition of the ash-forming
elements3,9−13 but is dependent on the combustion technology
used.14,15 The amount of alkali is of importance,16−18 and in
particular, a high alkali content in combination with silicon,
inherent or extrinsic,19−21 in the fuel can give rise to low-
temperature-melting alkali silicates in the fuel bed.22−24

PM derived from biomass combustion is composed of
varying amounts of inorganic ash-forming elements and
products of incomplete combustion, such as condensable
organics and soot.25,26 The coarse fraction of PM (>1 μm) is
generally composed of unburned fuel residues, char, and
mineral grains from the fuel. Such larger PM fractions are
efficiently removed from the flue gases by relatively simple
devices, such as cyclones. During combustion, some of the ash
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is volatilized27 and can, after subsequent gas-phase reactions,
condense and generate fine PM emissions (<1 μm, PM1). The
amount of volatilized matter depends on the combustion
technology used, the combustion conditions, and the fuel
characteristics where the chemical composition of the fuel’s ash
is important.9,20 This type of submicron particulate matter
consists mainly of alkali, e.g., K and Na, in the form of sulfates,
chlorides, or carbonates.28,29

PM, primarily that comprised by condensable organics and
soot, has negative environmental30 and health31,32 effects.
Emissions of PM from biomass combustion are of great
concern both in Europe and globally,33 resulting in the new
emission legislation in the EU.8 Some alkali salts, e.g., KCl,
may cause unplanned shut-downs due to corrosive deposit
formation.28 By changing the ash composition of the fuel, it is
possible to influence the chemical speciation as well as the total
amount of emitted PM.18,34,35 This could be a particularly
interesting route for small- to medium-scale boilers (1−5
MWth) since it is rarely economical to install advanced flue gas
cleaning of relevance for PM1 in this boiler segment.
Experiments with different fuel blends have been

performed4,36−40 and so has the use of additives.28,41−44 If
the amounts of additives or fuel blends in such experiments are
based on a thorough fuel characterization and application of
existing knowledge regarding ash transformation reactions,9 it
could be considered as fuel design.9,16,45 The aim of fuel
design, as the concept is defined here, is to impede or promote
specific ash transformation reactions between the fuels and/or
additives to reduce the risk of ash-related problems.
Fuel design is implemented by blending the primary fuel

with a secondary fuel or an additive that has to be chosen
explicitly to obtain the best and desired effect.4 For example,
this can result in more alkali being captured in bottom ash in
the form of sulfates, carbonates, and alumina silicates instead of
being emitted as volatile species.4,46,47 These measures can also
alter the particulate matter size distribution, and a reduction of
the fine fraction can be achieved.22 However, fuel design
measures aiming at reducing PM emissions can increase the
probability of slag formation47 due to the increased formation
of alkali silicates in the bottom ash. It has been shown that an

effective fuel design could reduce PM1 up to 60% while
keeping slag formation manageable.4 This approach has been
successfully applied to various types of biomasses and
demonstrated in small- and lab-scale burners.40,48−51 Success-
ful applications of fuel design rely on understanding which ash
transformation reactions are desired based on the fuel
composition. An example of the Supporting Information to
determine appropriate fuel ash composition has been
presented for predicting the risk and severity of slag formation
in the combustion of phosphorus-poor biomass,52 based on the
system (K2O + Na2O)−(CaO + MgO)−SiO2, as shown in
Figure 1. It is important to demonstrate and validate the fuel
design concept on an industrial scale in a variety of combustion
systems to gain acceptance in the bioenergy sector, thereby
enabling a broader fuel feedstock by utilizing existing
knowledge of ash transformation reactions without requiring
large investments in existing infrastructure.
The aim of this study was to demonstrate fuel design as a

primary measure in industrial medium-scale grate-fired
biomass boilers by (i) affecting speciation of silicates formed
in combustion of woody-type biomass and (ii) reducing fine
PM emissions. This will be achieved by blending woody-type
biomasses with peat in three different commercially installed
grate-fired boilers with rated thermal inputs of 0.2 MWth, 2
MWth, and 4 MWth, respectively. The samples of bottom ash,
slag, and particulate matter were collected and analyzed using
scanning electron microscopy coupled with energy-dispersive
X-ray spectroscopy (SEM−EDS) and XRD to determine the
effect of the fuel blending on chemical composition and
morphology in different ash fractions.

■ MATERIAL AND METHODS
Fuels and Fuel Blends. In total, eight different fuels or designed

fuel blends were used. The pure woody biomasses were stemwood
from spruce (Picea abies) and/or pine (Pinus sylvestris) (henceforth
abbreviated SW) from the northern part of Scandinavia (Sweden and
Finland) and Salix (Salix viminalis) grown in Umeå, Sweden, by the
Swedish University of Agricultural Sciences. As the secondary fuel,
Scandinavian peats (henceforth abbreviated P) were carefully selected
based on their ash chemical composition. The peats selected displayed
appropriate relative concentrations of Si, Ca, and S, since these

Figure 1. On the left, a fuel index for qualitative prediction of slag in biomass combustion based on the fraction of fuel ash that forms slag (wt %).
The colors of the areas correspond to the following: green = no/low slagging tendency, red = moderate slagging tendency, and black = major
slagging tendency. On the right, a fuel index for qualitative prediction of slag based on the sintering category. The colors of the areas correspond to
the following: green = category 1, red = category 2−3, and black = category 4 in accordance with the 5-step scale as defined by Öhman3 and further
refined by Diáz-Ramiŕez.53 The liquid isotherms are adopted from the K2O−CaO−SiO2 system in the work of Morey et al.,54 later revised by
Roedder.55 Images adapted with permission from Naz̈elius et al.52
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elements were considered crucial for achieving suitable total fuel
compositions.
The fuels were analyzed at external laboratories as follows:

moisture according to EN 14774; ash content determined at 550
°C according to EN 14775; chlorine by ion chromatography
according to EN 15289; and major, minor, and trace elements after
acid digestion by inductively coupled plasma-optical emission
spectrometry (ICP-OES) and inductively coupled plasma mass
spectrometry (ICP-MS) according to EN 15290/15297. The
concentrations of the main ash-forming elements in the fuels and
fuel blends used are presented in Table 1.
Fuel Design Approach. The fuel designs applied in this work aim

to reduce the fine particulate matter emissions by increasing the
amount of alkali bonded in silicates in the bottom ash while keeping
the slag formation manageable for the ash removal system. It is
generally accepted that a reduction of the release of alkali from the
fuel bed reduces the formation of PM.40,56,57 The peat used in this
study contributes with an increased Si content in the resulting fuel
blends, which increases the potential for formation of alkali
silicates19−24 and, consequently, a reduction in the release of alkali.
This could, on its own, cause slag-related operational problems, but
the simultaneous introduction of Ca with the peat mitigates this risk
by increasing the melting temperature of the formed K−Ca-silicates.
It should be noted that excess Ca could reduce the amount of K
bonded in silicates found in bottom ash or slag due to substitution
reactions, and such ash transformation reactions16 need to be
considered when determining suitable fuel blend compositions. The
increased Cl in the fuels and fuel blends could potentially lead to an
increased formation of KCl, increasing the risk for high-temperature

corrosion, but this is dependent on the amount of gaseous K-
compounds that leaves the bed ash. Introduction of Si with the peat is
aimed to reduce this transport and, thereby, the amount of alkali
chloride formation.

The addition of the selected peats increases the fraction of Ca, Si,
P, S, and Fe in the fuel ash. Fe does not generally take any significant
part in the ash transformation reactions for P-poor biomass,9 but Ca,
Si, and P can be expected to remain in the bed and to be available for
reactions involving alkali. The relative contents of K, Na, Ca, Mg, and
Si in the primary fuels and the resulting fuel blends are plotted in the
ternary compositional diagram (K2O + Na2O)−(CaO + MgO)−SiO2
presented in Figure 2. The resulting fuel blend compositions were
designed to fall within the low or medium slagging tendency areas as
defined by the slagging indices (Figure 2). The capture of alkali in the
bottom ash and slag can reduce the formation of condensable alkali
salts in the flue gas. In addition to the slag-related aspects of the fuel
design, the increase of S with the peat could reduce the formation of
alkali chlorides by sulfation reactions in the flue gas and,
consequently, a reduction of alkali chloride-induced high-temperature
corrosion.58,59

The addition of peat to the pure fuels shifted the ash chemical
composition in the ternary compositional system (K2O + Na2O)−
(CaO + MgO)−SiO2 toward the SiO2 corner, as shown in Figure 2.
The predicted result, as described in the indexes, is an increased slag
formation risk as the fraction of peat increases, but this remains in the
moderate slagging area of the index. In three of the cases (0.2 MWth
stemwood/peat 80/20, 2 MWth stemwood/peat 85/15, and 2 MWth
stemwood/peat 95/5), the resulting fuel ash composition is close
to−or in−areas of the index where moderate amounts and severity of

Table 1. Ash Content and Concentration of Main Ash-Forming Elements in the Fuels and Fuel Blends Used in the Study

0.2 MWth 2 MWth 4 MWth

SW SW/P 90/10a SW/P 80/20a SW SW/P 95/5a SW/P 85/15a Salix Salix/P 80/20a

ash content (wt %, wb) 0.40 0.62 0.84 0.40 0.68 1.25 1.70 6.40
K (mg/kg, db) 353 354 354 543 529 501 2300 2000
Na (mg/kg, db) 27 48 68 17 25 42 n.a. n.a.
Ca (mg/kg, db) 846 1002 1159 822 1078 1590 4300 5000
Mg (mg/kg, db) 141 201 261 227 250 296 660 660
Fe (mg/kg, db) 36 293 550 40 529 1507 29 1000
Al (mg/kg, db) 42 180 318 51 242 625 34 330
Si (mg/kg, db) 307 739 1171 183 524 1206 140 1300
P (mg/kg, db) 47 74 100 62 91 149 620 590
S (mg/kg, db) 57 164 271 58 199 482 400 1200
Cl (mg/kg, db) 100 120 140 28 33 42 400 430

aCalculated from the fuel analysis of the ingoing fuels.

Figure 2. Used fuels’ ash composition’s location in the fuel indices for qualitative prediction of slag in biomass combustion based on sintering
category (left) and share of slag formation (right) described in the ternary compositional system (K2O + Na2O)−(CaO + MgO)−SiO2, adapted
with permission from Naz̈elius et al.52
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slag formation are predicted. This was important to include in the
study, since fuel blends with a predicted chance for moderate slagging
are necessary for evaluating whether fuel design supported by fuel
indices for slagging is helpful in industrial environments.
Boiler Systems. The 0.2 MWth boiler was an inclined grate boiler

where the bottom ash is removed by an ash screw. The normal fuel, 8
mm stemwood pellets, was combusted as a reference case. Subsequent
experiments were performed where peat pellets (8 mm) were added
as separate pellets in amounts of 10 and 20% by weight to the
stemwood pellets. During the campaign, the plant was operated at 200
kWth and the excess O2 was kept at 7−9%. Sampling was performed
during steady-state operation but after approximately 4 h of operation
with each fuel or fuel blend to ensure that the collected bottom ash
samples were from the current fuel blend.
The 2 MWth boiler was an inclined moving stair grate. The flue

gases are routed through a cyclone, and cyclone ash as well as bottom
ash is transported separately to a joint containment bin. The
campaign started with combustion experiments with pure stemwood
pellets (8 mm) to obtain a reference level. Subsequent experiments
were performed where 5 and 15% peat by weight were copelletized
with stemwood (8 mm). The load during the campaign was on
average ∼1 MWth, with an excess O2 of 7−9% in the flue gas. The
respective fuels were combusted for 4−5 h before sampling to make
sure that bottom ash originated from the fuel blends.
The 4 MWth boiler was an inclined fixed-step grate, optimized for

wet fuels. Cyclone ash was mixed with bottom ash, while the ash
collected with an electrostatic precipitator was transported separately.
The flue gases were returned to the boiler, partly under the grate
together with the primary air and partly together with the secondary
air. Initially, 100% Salix was combusted to obtain the reference case,
and subsequently, a mixture of 15% peat and 85% Salix was
combusted as separate fuel particles. During the experiments, the
boiler output was ∼2 MWth with an excess O2 of 6−8% in the flue gas.
The boiler was operated for ∼40 h with each fuel and fuel blend, and
all bottom ash sampling took place during the second day to ensure
that no old bottom ash was included.
Sampling of PM and Flue Gases. PM samples were collected

after the cyclone in each system at sampling ports fitted where laminar
flows of the flue gas were expected. A 13-stage (0.03−10.0 μm) low-
pressure impactor (Dekati Ltd.) with aluminum foils as collection
substrates was used to sample the PM. The impactor was preheated
before sampling and kept at approximately 120 °C to avoid
condensation of water during sampling. No dilution was applied,
and samples were collected during 2−15 min depending on the boiler
and fuel composition.
Flue gas measurement of CO, O2, and NO was performed after the

cyclone using a multianalyzer, based on electrochemical sensors
(Testo 350 XL), in the flue gas duct after the electrostatic filter for the
experiments in the 0.2 MWth and the 4 MWth boiler. In the 2 MWth
boiler, the sampling of the gas data for O2, CO, and CO2 was
performed by means of a Gasmet DX-4000 Fourier transform infrared
spectroscopy analyzer.
Bottom Ash Classification. All bottom ash samples were

collected during steady-state operation and consisted of both
nonsintered bottom ash (denoted ash from henceforth) and sintered
bottom ash (denoted slag from henceforth). The bottom ash samples
were sieved to separate ash from slag, where sintered ash particles >
3.15 mm in sieving size were removed from the bottom ash and
classified as slag. A further categorization of the formed ash and slag
was performed according to the procedures first described in Öhman
et al.3 and later revised by Diáz-Ramiŕez et al.,53 presented in Table 2.
Due to the inherent challenges of sampling bottom ash fractions in
industrial facilities, the results of the classification of the slag and the
evaluation of the slagging tendencies should be considered qualitative.
Chemical Characterization. The ash, slag, and PM1 samples

were characterized by scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDS) for morphology and
elemental composition. The SEM instrument used on samples from
the 0.2 and 4 MWth boilers was a Philips XL30 ESEM coupled with an
EDAX EDS detector. The samples from the 2 MWth boiler were

analyzed on a variable-pressure SEM (Carl Zeiss EVO LS-15)
together with EDS (Oxford Instruments, detector X-Max 80 mm2).
The electron beam acceleration current was, in all cases, 20 kV, and a
backscatter electron detector was used for imaging and guidance for
the elemental analysis. Area (∼500 × 500 μm) and spot analyses were
performed to assess the overall and local elemental compositions, and
the scans were made on comparable areas. Three separate area
analyses were performed for slag, ash, and PM.

The ash and slag samples were also analyzed by powder X-ray
diffraction (XRD) to semiquantitatively determine the composition of
the crystalline content in the samples. The samples were homogenized
and, if necessary, ground, before analysis. Analyses were made on a
Bruker-AXS d8 Advance in θ−θ mode with Cu Kα radiation and a
Våntec-1 line detector. Repeated continuous scans were performed on
rotating samples in the 2θ range 10−70°. For initial identification,
Bruker DIFFRAC.EVA software together with the PDF-2 reference
database was used. Semiquantitative analysis of the identified
crystalline phases was performed using Rietveld refinement in
DIFFRAC.Topas v4.2 software with crystal structure reference data
from ICSD.

■ RESULTS AND DISCUSSION
Combustion Performance and Slag Formation. The

combustion performance was continuously evaluated during
each experiment, and the slagging tendencies were evaluated
on-site and compared to operation with the normal fuel blend.
Operational disturbances due to the changes in fuel quality or
supply of fuel or air, as well as O2 and CO levels in the flue
gases were monitored in addition to the performance of the
ash removal systems. In all six studied cases with fuel blends,
the excess oxygen was stable at ∼8% and no ash-related
problems occurred that hindered the continuous operation of
each boiler. The CO levels were below 100 ppm (dry) in all
cases and averaged between ∼10 and ∼60 ppm (dry basis).
Based on the evaluation and the length of the respective
experiments, the fuel design approach can therefore be
considered successful in keeping the slag formation manage-
able for the existing ash removal systems.
During the campaign in the 0.2 MWth boiler, the addition of

peat increased the slagging tendency of the fuel mix to a small
extent. The increased amount of slag, however, did not affect
the boiler’s operation during the experiments. The slag lumps
found mainly consisted of partly sintered ash, i.e., category 2a
and 2b.
Also, in the 2 MWth boiler, the slagging tendencies increased

during the combustion of the 5% peat fuel, and even further,
when the 15% peat was combusted. Comparatively large, fully
sintered lumps of category 3 slag could be found on the grate,
but the operation was not disturbed and the ash handling
system was able to remove all formed slag.

Table 2. Slag Classification System

category description

1 nonsintered ash residue, i.e., nonfused ash (clear grain structure).
2a partly sintered ash, i.e., particles containing clearly fused ash that

break at a light touch (distinguishable grain structure).
2b partly sintered ash, i.e., particles containing clearly fused ash that

hold together at a light touch but is easily broken apart by hand
(distinguishable grain structure).

3 totally sintered ash, i.e., deposited ash fused to smaller blocks that
are still breakable by hand (slightly distinguishable grain
structure).

4 totally sintered ash, i.e., deposited ash totally fused to larger blocks
that are not possible to break by hand (no distinguishable grain
structure).
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When Salix was combusted in the 4 MWth boiler, slagging
tendencies were reduced compared to when wood chips, the
normal fuel for the boiler, were combusted. Only a few slag
lumps of category 3 were found in the bottom ash. When peat
was added to Salix, the slagging tendencies increased to some
extent and were estimated to be on the same level as when
wood chips were combusted. Only a small number of smaller
slag lumps (category 3) were found in the bottom ash.
Chemical Composition of Bottom Ash and Slag. The

simplified oxide composition of the ash and slag fractions are
shown together with the fuel compositions in the ternary
compositional system (K2O + Na2O)−(CaO + MgO)−SiO2;
see Figure 3. The presented data is based on SEM−EDS

analysis provided in Supporting Information Tables S1 and S2.
The compositions of the ash from the three reference cases are
close to the original fuels’ respective composition. However,
the slag in the reference cases was depleted in alkali and was
much closer to the compositional binary (CaO + MgO)−SiO2.
With the addition of peat, the slag composition is slightly

enriched in silica but is still in the low and medium slagging
tendency areas. The formed ash is also enriched in silica and
centered in the moderate slagging area. This analysis agrees
well with the on-site observations regarding the slagging
behavior of the fuel blends. Importantly, a large share of alkali
introduced with the fuel was indeed captured in bottom ash or
slag compared to the reference cases.
The XRD results in Table 3 present semiquantitative

analysis of the crystalline content in the ash and slag samples.
Since only crystalline compounds are considered, these results
are not expected to, in cases where slag is formed, add up to
the elemental analysis of ash fractions presented in Figure 3. In
the ash samples from 0.2 MWth experiments, peat addition
resulted in more Ca-rich carbonates and a mixed K−Ca-silicate
could be identified. A lower share of crystalline Ca-containing
silicates was observed in the slag fraction from the 90/10 SW/
peat fuel blend compared to the reference case. Unfortunately,
the amount of slag sample from the 80/20 blend did not admit
analysis. Considering that the overall compositions with peat
addition suggest an increased silicate formation (Figure 3), it is
likely that the added ash-forming elements from peat are
present in amorphous phases.

This contrasts from the 2 MWth reference case where the
crystalline content in the ash and slag was dominated by Ca-
containing carbonates and various oxides. With the addition of
peat, both the ash and slag contained considerable amounts of
crystalline silicates. Interestingly, some of these are alumi-
nosilicates, which were likely formed due to the interaction
with clay minerals present in the peat. This demonstrates that
the volatile ash-forming elements can be captured not only in
the amorphous silicate slag but also in silicate compounds with
relatively high melting temperatures.
This is further emphasized in the ash samples from 4 MWth

experiments, where the Salix/peat experiment displays a
significant shift toward silicates, which is in line with the
changes in ash composition introduced by the fuel design. The
slag fraction was altered similarly to the 2 MWth experiments,
where K was bonded in aluminosilicates as peat was
introduced.
The excess S introduced with peat in the fuel blends did not

result in an increased sulfate formation in the ash or slag,
generally speaking. Still, some S was found as crystalline Ca-
sulfates or arcanite, most noticeable for the 2 MWth case, but
the general slagging behavior is more likely connected to
silicate formation than these low amounts of sulfates.

Particulate Matter Formation. The overall and general
increase of slagging should be viewed in relation to the
significantly reduced PM concentrations determined, as shown
in Figure 4. In all three boilers, the emissions were reduced by
approximately 50%. The relative amounts of PM between cases
show the large difference between stemwood and energy crops
such as Salix during combustion. The large difference in the
integrated peak area between Salix and the other two cases
with stemwood is primarily caused by the alkali released from
the grate during combustion, which can form PM in the flue
gas.28,29 As seen in Table 1, the K content in Salix is
significantly higher than what is found in stemwood. In the 4
MWth co-combustion of Salix and peat, there was a shift in
particle size distribution in the flue gas: the coarse mode
increased slightly on behalf of the fine mode. This effect was,
however, not as clearly present in the other campaigns. A larger
share of coarse mode is beneficial, since it can be removed by
measures such as cyclones.
The PM1 samples collected during the two stemwood

experiments (0.2 MWth and 2 MWth) consisted mainly of K,
Cl, and S; see Table 4. When peat was added, the relative
concentrations of S and K were reduced in PM while Na, Cl,
and Zn increased. In these cases, no increased sulfation could
be observed in PM1; however, the smaller amounts of PM1
would correspond to lower deposition rates of the chloride-
enriched particles. In the 4 MWth campaign, PM1 consisted
mainly of K, S, Cl, and Na. However, the addition of peat did
not significantly alter the chemical composition of PM1, and
the results from the SEM−EDS analysis of the samples indicate
only small changes in the total chemical composition of the
samples. For all cases, this is likely caused by the formation of
stable sulfates, possibly in coarse mode PM captured in
cyclones, since no large amounts of such sulfates were
identified in the ash or slag.

Evaluation of Fuel Design. The formation of PM1 was
reduced despite an increased overall ash content. This clearly
demonstrates that it is more important to consider the relative
concentrations of ash-forming elements rather than only the
amounts of these elements. The PM1 reduction could be
achieved without causing operational problems due to slagging

Figure 3. Composition of the fuels as determined by ICP-OES/ICP-
MS and formed ash and slag fractions as determined by SEM−EDS,
presented as wt % of oxides.
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for any of the three commercial boilers used, despite an
increased ash content in the fuel blends. Importantly, the slag
formation could be managed by the boilers without
modifications of the ash removal systems. A fundamental
approach to explain the observed slag formation is presented
below, where the suggested reaction products for the silicate
system have been simplified, since the actual composition in
slag particles varies.
The underlying reactions for initial slag formation are

governed by the interaction of gaseous K-compounds with a
silicate matrix in this case, where Reaction 1 presents an
idealized initial reaction balanced to match composition 1:0:2
in the ternary compositional diagram (K2O + Na2O)−(CaO +
MgO)−SiO2 (Figure 3). Na could play a role as well at
sufficient concentrations, but for the fuels and fuel blends

presented in this work, K-compounds are in focus. Reaction 1
assumes that the most reactive K-compound in the gas phase is
KOH(g) and that the fuel silicate matrix can be represented by
SiO2. Close to the burning fuel bed, Reaction 1 competes with
Reactions 2 and 3, whereas the formation of K2CO3 is not
considered to be a major route in the presence of sufficient Si,
P, S, and Cl to bond the cations introduced with the fuel.16

2KOH(g) 4SiO (s) K Si O (l, s) H O(g)2 2 4 9 2F+ + (1)

KOH(g) HCl(g) KCl(g, s) H O(g)2F+ + (2)

2KOH(g) SO (g) K SO (s) H O(g)3 2 4 2F+ + (3)

The present work demonstrated that it was feasible to
introduce a co-combustion fuel with a Si matrix available for
Reaction 1 and have this reaction take precedence over

Table 3. Semiquantitative Analysis of Crystalline Phases Detected with Powder X-ray Diffraction in the Ash and Slag Samples
Presented in wt % of Crystalline Content

0.2 MWth 2 MWth 4 MWth

SW SW/P 90/10 SW/P 80/20 SW SW/P 95/5 SW/P 85/15 Salix Salix/peat

ash slag ash slag ash slag ash slag ash slag ash slag ash slag ash slag

silicates SiO2 (quartz) 1 1 5 1 2 10 3 3 2 7

(Na,Ca)(Mg,Fe,Al)
(Si,Al)2O6 (pyroxene)

32 25

(Ca,Na)2(Al,Mg,Fe)
(Al,Si)SiO7 (melilite)

11 34 5 18 6 3 10 14 13 11 32

Ca7Mg(SiO4)4 (bredigite) 17 23

MgSiO3 (enstatite) 5

Ca2SiO4 1 71

Ca3Mg(SiO4)2 (merwinite) 34 17 14 26 24 28

CaAl2Si2O8 (anorthite) 15

CaMgSiO4 (monticellite) 8

K4CaSi3O9 3 5

K2Si4O9 2

KAlSiO4 10 6 9 8 12

KAlSi3O8 (sanidine) 1

KAlSi2O6 (leucite) 3 5 36 10 13

carbonates CaCO3 (calcite) 8 39 6 38 30 30 16 6 5

K2Ca(CO3)2 (fairchildite) 4 3 1 4 9 1 6 2

K2Ca(CO3)2 (buetschliite) 3 11 10 7 4 5

K2CO3·1.5H2O 16

oxides Mn2O3 2

CaMn2O4 (marokite) 2 5 7 8 5 7 3

Ca2MnO4 (Ca2MnO4) 4

CaMnO3 8 7

CaO (lime) 1 6 13 1 36 3 23

Fe3O4 (magnetite) 6 2 2 5 7 6

Fe2O3 (maghemite) 2 13 8 8

Fe2O3 (hematite) 4 3 2

MgO (periclase) 12 2 14 9 12 17 41 11 8 5 14 8

Ca3Al2O6 (Ca3Al2O6) 2 13

CaAl4O7 (grossite) 5

Ca2(Al,Fe)2O5
(brownmillerite)

3

Ca(OH)2 (portlandite) 10 2 9 3 9 12 14 9 1

phosphates CaKPO4 3 1

Ca5(PO4)3(OH)
(hydroxyapatite)

5 2 5 3 3 30 21 9

sulfates CaSO4·2H2O (gypsum) 4

CaSO4s·0.5H2O
(bassanite)

6

CaSO4 (anhydrite) 4

K2SO4 (arcanite) 4 7 8 11

SUM 100 100 100 100 100 N/A 101 100 99 100 98 101 100 100 99 101
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Reactions 2 and 3 on industrial scale. This reduced the amount
of alkali released from the bed ash and slag, thereby reducing
subsequent reaction products according to Reactions 2 and 3
in the flue gas, resulting in lower PM emissions. The low
melting temperature of K2Si4O9 and alkali silicates with similar
overall composition was remedied in this work by the presence
of Ca both in the original fuel and also introduced with the co-
combustion fuel. This inclusion may have been initiated in two
ways, either by the initial formation of Ca-silicates that were
subsequently reacting through diffusion with K-silicates
(Reactions 4 and 5) or by direct addition reactions of CaO
with the K-silicate slag (Reaction 6). Total liquidus temper-
atures of these idealized reaction products found in the ternary

compositional diagram (K2O + Na2O)−(CaO + MgO)−SiO2
(Figure 1) show that further inclusion of Ca is required to
reach regions where moderate slagging tendencies could be
expected. As evident from the final compositions of ash and
slag presented in Figure 3, this continued inclusion of Ca did
occur and was responsible for keeping the slag formation
manageable.

CaO(s) SiO (s) CaSiO (s)2 3F+ (4)

2CaSiO (s) K Si O (l, s) 3SiO (s)

Ca K Si O (s, l)
3 2 4 9 2

2 2 9 21F

+ +

(5)

CaO(s) 4K Si O (l, s) CaK Si O (s, l) 6SiO (s)2 4 9 8 10 25 2F+ +
(6)

In this work, peat was chosen as the co-combustion fuel
because of its availability as well as its chemical composition,
but any suitable secondary fuels or additives could be used in
its stead. There were two key parameters in the chemical
composition of the selected peat that made it a suitable
candidate: the first was its high content of Si that was expected
to be nonmineralized, which facilitates its reaction with
gaseous K-compounds according to Reaction 1; the second
was its relatively high Ca concentration that would counteract
low-temperature melts by increasing melting temperatures of
silicate structures upon its inclusion by Reactions 4−6 and
subsequent inclusion of additional Ca in the silicate slag.
Other co-combustion fuels with similar properties could

have been selected, such as bark fuels or even certain straws
with low alkali content, possibly after washing. Such fuels could
be equally suitable in co-combustion for the purposes used
here, provided they have relatively high Ca and Si contents in
comparison to alkali. Extrinsic Si from mineral inclusions
would likely not be as effective as Si from the biomass matrix,
which would have to be considered. Since the fuel design
employed in this case targeted release of K from the bed ash
and slag, the addition of kaolin would likely have yielded
similar results since it also reduces the available K for the
formation of particulate matter in flue gas according to
Reactions 2 and 3.
For these fuel design measures to be implemented as long-

term strategies, the operation and performance should
naturally be further optimized. However, the fundamental

Figure 4. Particle mass size distributions during combustion of
reference fuels and designed fuel blends for the 0.2 MWth (top), 2
MWth, (middle), and the 4 MWth (bottom) boilers, respectively.

Table 4. Chemical Composition of Collected PM1 Samples As Determined by SEM−EDS, Provided in Atomic %, on a C-, O-,
and Al-Free Basis

0.2 MWth 2 MWth 4 MWth

SW SW/P 90/10 SW/P 80/20 SW SW/P 95/5 SW/P 85/15 Salix Salix/peat

avg stdv avg stdv avg stdv avg stdv avg stdv avg stdv avg stdv avg stdv

K 54.5 0.4 43.2 0.1 40.3 0.2 72.4 0.1 51.2 0.3 45.8 0.4 61.3 0.7 57.5 0.4
Na 7.0 0.4 10.9 0.2 12.7 0.1 2.6 0.3 3.9 0.1 5.9 0.1 6.6 0.1 5.0 0.2
Ca 0.4 0.1 0.3 0.1 0.3 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1
Mg 0.8 0.1 1.1 0.1 1.5 0.3 0.1 0.2 0.2 0.0 0.1 0.1 0.0 0.2 0.2
Mn 0.4 0.0 0.3 0.2 0.5 0.0 1.1 0.1 0.7 0.0 0.4 0.1 0.1 0.1 0.2 0.0
Zn 3.5 0.2 5.3 0.1 6.2 0.4 1.3 0.2 2.3 0.1 4.7 0.2 3.5 0.2 2.9 0.1
Fe 0.5 0.0 0.5 0.2 0.8 0.1 0.0 0.0 2.2 0.2 1.6 0.2 0.1 0.1 0.1
Si 0.5 0.1 0.5 0.0 0.5 0.1 0.0 0.1 1.3 0.1 0.1 0.1 0.0 0.1 0.1
P 0.6 0.1 0.7 0.1 0.7 0.1 0.9 0.0 0.3 0.3 1.6 0.0 0.7 0.1 0.7 0.1
S 21.1 0.1 14.5 0.2 11.6 0.1 14.3 0.5 18.6 0.4 10.7 0.2 24.3 0.3 26.5 0.4
Cl 10.8 0.3 22.8 0.1 25.0 0.2 6.7 0.8 18.1 0.6 27.7 0.0 2.6 0.0 6.0 0.4
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principles concerning ash chemistry that were applied on an
industrial scale in this work proved successful. Ash trans-
formation reactions should be carefully considered when
deciding the appropriate fuel design approach. The intended
effects can be reached only if the fuel blends are chosen
specifically for the desired purpose, considering the specific
combustion application, and when trade-off effects between the
slag formation and PM1 emissions are appropriately addressed.
Predictive tools applicable to a large range of overall fuel
compositions, such as the fuel indices for P-poor biomass52

used in this work, are paramount for making informed fuel
design choices.
Fuel design could be implemented as a primary measure for

different reasons. Here, it was used to achieve specific
operational goals concerning PM1 and slagging in the
combustion of woody-type biomass. In other cases, it could
be applied to include challenging biomass in the fuel feedstock
for existing or future bioenergy supply technologies. This is
likely crucial for reaching the ambitious goals set out by the
IPCC to reduce global warming, where an increased bioenergy
supply is an important part.2 Fuel design could be one example
of a viable strategy to broaden the fuel feedstock for bioenergy
without increasing deforestation or competition with food
supply, since existing residual streams could be used more
wisely.

■ CONCLUSIONS
The fuel design applied in this work aimed to reduce the
amount of PM1 emissions in industrial medium-scale
combustion of woody-type biomass through an increased
formation of K-containing silicates in bottom ash and slag. Fuel
blends of three different woody-type biomasses and carefully
selected Scandinavian peats rich in Si, Ca, and S were
combusted in three different industrial scale boilers. The
resulting five fuel blends were designed to have ash
compositions predicted to result in low to moderate slagging,
based on fuel indices for P-poor biomasses.
Combustion of the designed fuel blends was demonstrated

to reduce PM1 emissions between 30 and 50% compared to
the reference cases. Increased but manageable slagging was
observed, and the chemical composition of ash and slag was
shifted to contain more K-silicates in accordance with the fuel
indices applied. The PM1 reduction through fuel design could
be achieved without causing operational problems due to
slagging for any of the three commercial boilers used. Overall,
this paper demonstrates that fuel design can be a powerful tool
and a primary measure to reduce emissions and avoid
operation problems on an industrial scale.
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