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ABSTRACT: Formation of sticky layers on bed particles has been considered as a prerequisite for bed agglomeration in
fluidized bed combustion of wood-derived fuels. The present investigation was undertaken to determine the quartz bed particle
layer formation process in fluidized bed combustion of wood-derived fuels. Bed material samples from three different appliances,
bench-scale bubbling fluidized bed, full-scale bubbling fluidized bed, and full-scale circulating fluidized bed, at different sampling
times from startup with a fresh bed were collected. Scanning electron microscopy/energy-dispersive spectroscopy (SEM/EDS)
and X-ray diffraction (XRD) were used to explore layer morphology and chemical composition and to gain information on
crystalline phases of the layers and coatings. Significant differences in layer morphology and composition were found for quartz
bed particles with different ages. For bed samples with operational duration of less than 1 day, only one thin Ca-, Si-, O-, and K-
rich homogeneous quartz bed particle layer that has a relatively high K/Ca molar ratio was found. For quartz bed particles with
an age from around 1 day to 2 weeks, an outer more particle-rich coating layer was also found. During the initial days of this
period, the layer growth rate was high but decreased over time, and decreasing K/Ca and increasing Ca/Si molar ratios in the
inner bed particle layer were observed. For bed particles with age between 2 and 3 weeks, a much lower layer growth rate was
observed. At the same time, the Ca/Si molar ratio reached high values and the K concentration remained on a very low level. In
addition to these layer formation processes mentioned, also an inner−inner/crack layer was also formed in the circulating
fluidized bed quartz bed particles simultaneously with the inner bed particle layer.

1. INTRODUCTION

Biomass fuels, provided for potentially renewable and CO2-
neutral energy sources, have been used widely during recent
decades. Fluidized bed combustion (FBC) is considered as one
of the most suitable technologies for heat and power
production, because of high fuel flexibility, low process
temperature, and emission control. However, bed agglomer-
ation could be one potential operational problem, which may
lead to a non-scheduled shutdown of the combustion plant in
severe cases with significant economic losses. Although
frequent bed change is a potential measure for reducing the
bed agglomeration risk for some fuels, it definitely brings about
additional cost and is not economically sustainable on a long-
term basis. In general, any predictive methodologies for
assessing the agglomeration tendency are important for
operated reactors.
To understand agglomeration phenomena in the FBC,

extensive bed particle layer analysis was performed on quartz
particles.1−6 Most FBC processes are run with natural sand
mainly consisting of quartz.7,8 The bed agglomeration
mechanisms during FBC of biomass fuels in a quartz bed
were summarized by Brus et al.,9,10 De Geyter et al.,11 and
Grimm et al.,2 who concluded that the agglomeration proceeds
with an initial bed particle layer formation, followed by
subsequent viscous flow sintering and agglomeration for fuels
rich in Ca and K, i.e., wood-derived fuels, or direct adhesion of
bed particles by partly molten ash-derived silicates or
phosphates for fuels rich in Si and/or P, e.g., straws and
agricultural residues. Coating/layer-induced bed agglomeration
has been suggested to be the main route for agglomeration in

combustion of woody biomass fuels. Multiple layers with
different properties and compositions have often been found
around bed particles during combustion of biomass.9,12−14 It
appears that the inner layer compositions depend upon the
composition of both the bed and the fuel, whereas the outer
layers are more related to the fuel ash compositions.7,9,11,14,15

The formation of sticky layers on bed particles has been
thought to be the prerequisite for agglomeration in combustion
of woody fuels. The ash compounds formed during the fuel
conversion can be attached to the bed material by a
combination of deposition of small ash particles on the bed
particle surface, condensation, and chemical reaction of gaseous
alkali metal species.13,16 Nuutinen et al.14 indicated that the
coating layers containing potassium or sodium may be adhesive
and cause the formation of agglomerates. Zevenhoven-Onder-
water et al.17 suggested that the interaction of potassium
containing easily soluble (reactive) components in the fuel with
the silica-rich bed was the first and critical step in the buildup of
a layer on the bed material, which captured other small ash
particles, forming a sticky layer. Thy et al.18 also concluded that
the initial interaction between bed particles and potassium
compounds likely carried by the flue gas or aerosols results in a
continuous surface reaction zone around bed particles without
enlargement of the particles.
During recent decades, most research on FBC regarding bed

agglomeration has been focused on bed particle layer
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characteristics of relatively mature bed particles. However, only
limited studies are found on bed particle layer buildup and
composition as a function of time, starting from fresh bed
material. Brus et al.19 reported that the initial growth rate for
the bed particle coating was a few micrometers per day but
decreased in time. In addition, the critical thickness was reached
within a few days and determined to be relatively thin (<10
μm). Visser et al.20 studied the chemical characteristics and
morphologies of bed particles collected after different opera-
tional times during lab-scale fluidized bed wood combustion
and concluded that the coating thickness increased over time
and with increasing ash content of the fuel. The objective of the
work was to determine the coating/layer formation processes
on quartz bed material during FBC of typical wood-derived
fuels (in this work, represented by fuel mixtures of soft wood
bark, different assortments of stem wood, and logging residues
from soft wood). The bed samples were collected at different
times from startup with a fresh bed during both laboratory
experiments and full-scale boiler experiments. The morpholo-
gies and elemental composition of the bed particle layers and
coatings were examined by scanning electron microscopy/
energy-dispersive spectroscopy (SEM/EDS). Semi-quantitative
information on the crystalline phases in bed particle layers was
obtained with X-ray diffraction (XRD).

2. MATERIALS AND METHODS
The methodologies used in the present study included the following:
(1) bed material sampling at different times during controlled bench-
scale FBC tests of bark, (2) bed material sampling at different times
from full bed change during full-scale combustion tests of wood-based
fuel mixtures, and (3) SEM/EDS and XRD analyses of collected bed
material samples, to determine the growth and change of composition
of the coatings/layers as a function of time.
2.1. Bed Material Sampling with a Bench-Scale Bubbling

Fluidized Bed (BFB) at 5 kW. Controlled FBC tests, described in
detail elsewhere,21 were performed with bark as fuel, using quartz sand
(>98% quartz) with a size fraction of 106−125 μm. These relatively
small bed particle sizes were chosen to facilitate the determination of
the coating/attack layer thickness of the bed particles. The primary
airflow was set to 80 NL/min and kept constant during the
experiments. The fluidization velocity was kept 10 times higher than
the minimum fluidization velocity, corresponding to ∼1 m/s. The
reactor was heated by external wall heating elements and preheated
primary air. During heating of the reactor, the bed material was
introduced gradually and fluidized all of the time. The pelletized fuel
was introduced into the reactor after reaching the desirable bed
temperature. A total of 540 g of bed material was used. A bed
temperature of 800 °C and excess oxygen concentration of 6% in the
flue gases were maintained throughout the experiment. Bed material
samples were collected after different lengths of time from startup (4,
8, 16, 24, 32, and 40 h).
2.2. Bed Material Sampling with a Full-Scale BFB at 30

MWth. Bed material samples were collected from a 30 MWth BFB
(Ahlström). The fuel consisted of a typical wood-based mixture, with
an ash composition relatively similar to the bark fuel used in the

bench-scale experiments. Sand material (>80% quartz) with an average
particle size of 700 μm was used as bed material. Bed material samples
(about 1 kg) were collected under normal operation conditions after 1,
3, 5, 13, and 23 days from completed bed change at startup. The bed
material was exchanged at the same rate as that during normal
operation (see Table 1 for further details).

2.3. Bed Material Sampling with a Full-Scale Circulating
Fluidized Bed (CFB) at 122 MWth. Bed material samples (about 1
kg) were also collected from a 122 MWth CFB (Foster Wheeler), after
different operation times (3, 4, and 6 days) from completed bed
change at startup. Sand material (>80% quartz) with an average
particle size of 280 μm was used as the bed material. Wood-based fuel
mixtures, with an ash composition relatively similar to the bark fuel
used in the bench-scale experiments, were used. The bed material was
changed to the same extent as that during normal operation (see Table
1 for further details).

The same type of fuel was used for the entire sampling campaign in
each full-scale plant, and the operating conditions were kept as normal
and constant as possible. This was verified by logged operation data as
well as semi-continuously determined fuel ash and moisture data. The
fuel characteristics for all used fuels are shown in Table 2.

2.4. SEM/EDS and XRD Analyses of Bed Material. Bed samples
from full-scale experiments were sieved gently, and bed particles from
BFB at 30 MWth and CFB at 122 MWth with the size of 500−850 and
200−355 μm were collected, respectively. Bed samples from bench-
scale experiments were not sieved because of the uniform bed material
used. The collected bed particles were mounted in epoxy resin, and
then the blocks of epoxy resin were polished to obtain cross-sections
of the bed material grains. The bed particles were thereafter analyzed
with SEM/EDS. To minimize the effects of non-central cross-sections
and the varying “particle age” because of the continuous bed change in
the full-scale plants, only the largest bed particle cross-sections with
the thickest layers were analyzed.

More than 10 typical quartz particles were analyzed for each sample,
and four spots evenly distributed over the periphery of the bed particle
were chosen for estimation of layer thickness. Where bed particle
layers were found, inner layers and outer coating layers were analyzed
separately. Inner layers and outer coating layers were discerned visually
on the SEM image of the cross-sections, and spots for elemental

Table 1. Summary of the Bed Material and Operational Data for the Sampling Campaign

plant abbreviation
bed mass
(ton)

bed consumption
(wt % of bed/day)

average bed
particle size (μm)

bed
temperature

(°C) fuel
campaign

duration (days)

bench-scale BFB
at 5 kW

BFB5 0.0005 0 106−125 800 bark 1.7

full-scale BFB at
30 MWth

BFB30 20 <3 700 800−880 10% bark, 30% logging residues,
and 40% wood chips

23

full-scale CFB at
122 MWth

CFB122 20−25 50 280 840−880 40% bark and 60% sawdust +
logging residues

6

Table 2. Fuel Characteristics of the Main Ash-Forming
Elements and Ash Content

BFB5 BFB30 CFB122

ash content (wt % dry substance) 3.0 1.8 ± 0.51 3.1 ± 0.47
ash-forming elements (wt % dry substance)

Si 0.21 0.12 0.20
Al 0.036 0.019 0.041
Ca 0.83 0.44 0.76
Fe <0.082 0.12 0.033
K 0.19 0.11 0.18
Mg 0.065 0.040 0.062
Na <0.036 0.010 0.016
P 0.037 0.027 0.042
S 0.030 0.023 0.033
Cl <0.010 <0.010 0.010
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analysis were chosen in the middle of each layer. To determine
elemental composition of the formed bed particle layers, 2−3 EDS
spot analyses evenly distributed for each quartz particle layer were
chosen. Where the layers were thin, the influence of the bed material
on the analysis results cannot be totally excluded because of the
limited spatial resolution for quantification with SEM/EDS (a few
micrometers).
The bed particles collected from bed materials sampled after 3, 5,

13, and 23 days from full-scale BFB at 30 MWth and 6 days from CFB
at 122 MWth were analyzed without grinding by XRD with a D8
Advance (Bruker AXS, Karlsruhe, Germany). Cu Kα radiation with a
nickel filter and a Van̊tec-1 detector were used. The samples were
measured by continuous scan mode between 10° and 70° in 2θ.
Diffracplus EVA22 with the PDF-2 database23 was used to make initial
qualitative identifications. Further analysis was performed in Diffracplus

TOPAS24 using Rietveld refinement techniques with reference data
from Inorganic Crystal Structure Database (ICSD)25 to make a semi-
quantitative analysis of the crystalline matter in these samples. The
penetration depth of the X-ray can be determined using the known
absorption coefficient and mass density of the material.26 The
penetration depth of X-ray in Si and Ca is 61 and 43 μm, respectively.
From XRD and EDS results of the layers, it is reasonable to assume
that the mass composition is 60% Ca and 40% Si without considering
other elements. On the basis of that, the penetration depth of the X-
ray calculated is 77 μm.

3. RESULTS

3.1. Bed Particle Layer Morphology. Typical illustrations
of cross-sections of the bed particle layers from different bed
samples collected from bench-scale experiments are shown in
Figure 1. From the backscattered electron images in panels a−f
of Figure 1, a layer can be distinguished around the bed
particles as a lighter periphery surrounding the darker bed
particles. In bench-scale samples (less than 40 h), only one bed
particle layer was found. Only limited parts of the bed particle
surfaces are covered by lighter material for the samples taken
after 4 and 8 h (panels a and b of Figure 1).
For samples taken from BFB at 30 MWth, with different

sampling times from 1 day to 23 days, all bed particles were
found to be surrounded by layers (Figure 2). Only one layer
around the bed particles was observed for samples with an age
of 1 day (Figure 2a). For bed particles with ages of 3, 5, 13, and
23 days, on the other hand, the accumulated material
surrounding the bed particles was found to consist of an
inner layer and an outer coating layer (panels b−e of Figure 2).
The inner layers are more homogeneous, whereas the outer
layers are more heterogeneous and particle-rich, in agreement
with previous results from the full-scale combustion of woody
biomass.9 It is clear that the total layer thickness increases with
increasing bed particle age.

Figure 1. SEM images of typical cross-sections of bed particle layers found in bed samples taken from BFB at 5 kW versus operation times of (a) 4 h,
(b) 8 h, (c) 16 h, (d) 24 h, (e) 32 h, and (f) 40 h from completed bed change at startup.

Figure 2. SEM images of typical cross-sections of bed particle layers found in bed samples taken from BFB at 30 MWth versus operation times of (a)
1 day, (b) 3 days, (c) 5 days, (d) 13 days, and (e) 23 days from completed bed change at startup.
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Typical illustrations of cross-sections of the bed particle
surfaces from different bed samples taken from CFB at 122
MWth are shown in Figure 3. In addition to the inner layer and
outer coating layer (lighter), a gray layer was also observed
between the bed particle surface (darker) and the inner layer
(panels a−c of Figure 3). This gray layer was defined here as an
inner−inner layer and can usually be found in the vicinity of
relatively thin inner layers or cracks rather than around the
whole bed particle surface. The outer layer is less obvious in the
bed samples taken after 3 days of operation (Figure 4a). For
bed particles with ages of 4 and 6 days, the outer coating layer
can be found but their thickness is much thinner compared to
the inner as well as inner−inner layers (panels b and c of Figure
4).
3.2. Bed Particle Layer Composition. To quantify the

elemental composition of the different layers/coatings, a large
number of EDS spot analyses were performed on each bed
particle. Each bar represents the average composition of more
than 20 spot analyses taken from different bed particle layers.
The element Si was excluded from the analyses shown in

panels a and b of Figure 5, i.e., for samples taken from BFB at 5
kW to avoid possible influence from other parts than the thin
layer because of limited spatial resolution. Besides, to avoid
possible effects of fine K-rich particles mainly presented as KCl
attached to the bed particle surface, the results of elemental
analyses for samples after 4 and 8 h were classified according to
the Cl content (Figure 5a). The results with Cl molar contents
less than 1% were used as layer compositions. The results in
Figure 5 show that the layers on the quartz bed particle mainly
consist of Ca (except O and Si). Relatively high K and low Ca
contents can be found for samples taken after 4 and 8 h
compared to samples collected after a longer time from startup.
It seems that the layer composition is similar for samples taken
after 16, 24, 32, and 40 h (Figure 5b).
For samples from BFB at 30 MWth, the results in Figure 6

show that the inner layers on the quartz bed particles mainly
consist of Ca and Si (except O), while the outer coating layers
are dominated by Ca, Si, and Mg (except O) and seem to
resemble the fuel ash composition more. The Ca content in the
inner layers increased over time, but nevertheless, no major
difference in the elemental composition for the outer layers

could be distinguished between samples taken after different
lengths of the experiment (Figure 6b).
The elemental compositions of the inner−inner and inner

layers for samples taken from CFB at 122 MWth are shown in
Figure 7. The results show that the inner−inner layers are
dominated by Si, K, and Ca (except O). The K and Ca contents

Figure 3. SEM images of typical cross-sections of bed particles found in bed samples taken from CFB at 122 MWth versus operation times of (a) 3
days, (b) 4 days, and (c) 6 days from completed bed change at startup.

Figure 4. SEM images of typical cross-sections of bed particle inner and outer layers found in bed samples taken from CFB at 122 MWth versus
operation times of (a) 3 days, (b) 4 days, and (c) 6 days from completed bed change at startup.

Figure 5. Average element composition with standard deviations on a
C-, O-, and Si-free basis of the layers formed around quartz bed
particles in BFB at 5 kW versus times at (a) 4 and 8 h and (b) 16, 24,
32, and 40 h and average element composition on a C- and O-free
basis at (c) 16, 24, 32, and 40 h.

Figure 6. Average element composition with standard deviations on a
C- and O-free basis of the (a) inner layer and (b) outer layer formed
around quartz bed particles in BFB at 30 MWth at different times.
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of inner−inner layers increased over time, while the Si content
remained almost constant (Figure 7a). The inner layers mainly
consist of Ca and Si (except O). The concentration of the other
elements than Ca, Si, and K in inner layers decreased over time.
The K/Ca molar ratio of the inner layers for BFB at 5 kW,

BFB at 30 MWth, and CFB at 122 MWth samples at different
sampling times is illustrated in Figure 8. For samples collected

after 4 and 8 h from bench-scale experiments, the K/Ca molar
ratio is quite high but significantly reduced to a lower and
similar level for samples collected after 16, 24, 32, and 40 h of
operational time. For BFB30 samples, the K/Ca molar ratio
decreased with increasing time until the 5 day samples, and
after that, it remained close to constant over time. It should be
noticed that BFB5 and BFB30 samples with similar sampling
times, around 1 day, have similar K/Ca molar ratios. This ratio
for samples from CFB122 is slightly higher compared to BFB30
samples collected after a similar time.
The collected bed samples taken after 3, 5, 13, and 23 days

from BFB30 and 6 days from CFB122 were further analyzed
with XRD to identify crystalline phases (Table 3). A number of
phases were observed: oxides, calcite, anhydrite, apatite, and Ca
manganate, probably reflecting the content of the outermost
layer, leucite and Ca and Ca−Mg silicates probably reflecting
the composition of the inner layer, and quartz and feldspars
reflecting the original bed particles.
3.3. Bed Particle Layer Thickness. A large number of

measurements were conducted on each bed sample to
determine the average layer thickness. Figure 9a displays the
layer thickness measured for bed particles from BFB experi-
ments of different ages. The layer thickness of bed particles
with ages of 4 and 8 h was not measured because of
discontinuous and too thin bed particle surface layers. The layer
thickness increased from 1 to 5 μm between 16 and 40 h from
startup, giving a layer growth rate of 4 μm per day during this
period. As illustrated in Figure 9b, the measured average total

layer thickness is 2, 11, 13, 29, and 35 μm for samples from
BFB30 after 1, 3, 5, 13, and 23 days, respectively. It is clear that
the initial layer growth rate is relatively high, with a few
micrometers per day, but decreasing over time to an
accumulated total thickness of about 35 μm after 23 days.
Figure 9c shows the measured average total layer thickness as a
function of time for the bed sampling for CFB at 122 MWth bed
samples (excluding inner−inner layer thickness). The layer
thickness, excluding inner−inner layer thickness, was 5 μm after
3 days and increased to 13 μm after 6 days.

4. DISCUSSION
The formation of bed particle layers has often been suggested
to be a prerequisite for bed agglomeration. In this work, the bed
particle layer characteristics were found to differ between bed
particles of different ages. On the basis of the experimental

Figure 7. Average element composition on a C- and O-free basis and
standard deviation of the (a) inner−inner layer and (b) inner layer
formed around quartz bed particles in CFB at 122 MWth at different
times.

Figure 8. K/Ca molar ratio of the inner layers for BFB at 5 kW
samples, BFB at 30 MWth samples, and CFB at 122 MWth samples as a
function of the bed particle age.

Table 3. Crystalline Phases in Weight Percentage Identified
with XRD for BFB30 with Sampling Time of 3, 5, 13, and 23
Days and CFB122 Samples with Sampling Time of 6 Days,
Respectively

phases
BFB 30
3 days

BFB 30
5 days

BFB 30
13 days

BFB 30
23 days

CFB 122
6 days

CaSO4 2
CaCO3 3 3 1
CaO 1 2
MgO 2 3 6 7 4
Ca5(PO4)3(OH) 3 4 10 14 1
CaMnO3 2 1 2 11
SiO2 40 48 25 25 35
NaAlSi3O8 8 5 3 2 8
KAlSi3O8 15 8 9 2 8
KAlSi2O6 2 4 3 2 11
CaSiO3 5 3 3 3 10
Ca3Mg(SiO4)2 3 6 10 11 3
Ca2MgSi2O7 1 4
Ca2SiO4(β) 6 7 12 14 6
Ca2SiO4(α) 6 4 9 3 3
Ca3SiO5 7 7 3 6 5

Figure 9. Average values of the measured layer thickness as a function
of time of bed sampling for the (a) BFB at 5 kW samples, (b) BFB at
30 MWth samples, and (c) CFB at 122 MWth samples (excluding
inner−inner layer thickness).
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results, processes responsible for layer formation are discussed
below.
In BFB samples (BFB at 5 kW and BFB at 30 MW), only one

layer around the quartz bed particles was observed for particles
with an age of 1 day or shorter. The younger quartz bed
particles, taken from both the 5 kW and 30 MW BFBs, have
layers with a significantly higher K/Ca molar ratio than the
older bed particles. The higher K/Ca ratio in the formed bed
layers for the younger bed particles suggest that the initial step
of the layer formation process starts with the formation of a K
silicate melt produced via the reaction between the quartz bed
particle surface and gaseous/condensed alkali species. This
sticky surface will subsequently trap coarse fly ash particles
produced from the fuel mainly consisting of refractory oxides,
including CaO and MgO. Attached on the sticky/molten bed
particle layer surface, these particles could subsequently
dissolve into and react with the melt, thereby decreasing the
K/Ca ratio in the layer. According to the ternary phase diagram
K2O−CaO−SiO2, the lowest melting temperature occurs in
compositions around 70 mol % Si and 30 mol % K,27 while
introducing increasingly more Ca moves the composition to
areas with higher melting temperatures. The dissolution of
calcium into the melt could also enhance the release of alkali
from the melt.28,29 Furthermore, Mg appears to be less
reactive/soluble in the melt in comparison to Ca, because a
higher Ca content was found in the inner layer rather than the
outer coating layer and a higher Mg concentration was found in
the outer coating layer (Figure 6b). This is in accordance with
previously reported results in combustion of woody fuels.14

During this early stage of the layer formation process, as
discussed before, only one bed particle layer was observed,
which indicates that ash particles attached on the bed particle
surface could react relatively fast with the initially formed
molten quartz bed particle layer. The dominating reaction
during this stage is between K species and quartz.
Two layers consisting of a homogeneous inner layer and an

inhomogeneous outer layer with compositions similar to fuel
were found for BFB particles with age longer than 3 days. For
bed particles from BFB30 with age from around 1 day to 13
days, the layer growth rate is initially relatively high but
decreases over time. According to Figure 6a, the calcium
concentration in the inner layer increases but the rate decreases
over time, following the similar trend of the inner layer growth
rate. The K/Ca molar ratio of the inner layer decreases from
day 1 to day 5, most likely because of the diffusion of and
reaction with CaO from the outer layer. For the inner layer
composition, an obvious increase of Ca was found from 5 to 13
days (Figure 6a). Therefore, the K/Ca molar ratio keeps
decreasing for bed particles with age from around day 1 to day
13 (Figure 8). However, with increasing amounts of dissolved
CaO in the molten phase, the limit of saturation is approached;
i.e., conditions for crystallization of CaSiO3 (s) are reached.
For BFB30 samples from day 13 and day 23, the K

concentration was very low, whereas the Ca/Si ratio reached a
relatively high level. The calcium-rich silicate layer thus formed
to an increasing extent “protected” the bed particles from
further potassium attacks and subsequently significantly
reduced the rate of the inner layer formation process. The
molar ratios of Ca2SiO4 and Ca3SiO5 to CaSiO3 were used to
investigate the occurrence of dominating crystalline phases of
inner bed layers as a function of the sampling time, as
illustrated in Figure 10. An obvious increase was found over
time until day 13. This is interpreted as if, after the initial

crystallization of CaSiO3, the inner layer growth rate decreased
significantly (see Figure 9b, around day 3 to day 23). Upon
further supply of CaO from the outer layer, more CaO-rich
silicates, such as Ca2SiO4 and thereafter Ca3SiO5, were formed.
Because these are solid-state and diffusion-controlled reactions,
the continued layer formation rate was slow.
The results from SEM pictures show different layer

morphologies between samples from CFB122 and BFB30.
The outer coating layer is much thinner for CFB122 samples.
The possible reason is that the outer coating layer formation
rate is hampered because of the more significant attrition
between particles in CFBs compared to those in BFBs. In that
case, less calcium from the outer layer will be available to
dissolve into the K-rich silicate melt that initially forms the
inner quartz bed particle layer. Less Ca will thereby be available
to decrease the amount of the molten phase in the inner bed
particle layer, and potassium can go through the layer easily and
react with the bed particle surface because of lower diffusion
resistance. That can explain why higher K/Ca molar ratios in
the inner layer for CFB samples compared to BFB samples
collected after a similar time were observed.
In comparison to BFB particles of similar ages (3−6 days),

the quartz bed particles of CFB samples had both more
discontinuous inner layers and more cracks. These cracks were
also found to propagate into the core of the quartz particle. The
cracks of the inner layers could provide an additional route for
the K species (g) to react with the bed particle surface, followed
by dissolution/reaction of CaO (s). Thus, the inner−inner
layer can usually be found where relatively thin inner layers or
cracks are formed. Obviously, inner−inner layers with higher
potassium and silicon contents and lower calcium content
compared to inner layers can be observed for CFB samples
(Figure 7). The formation of these inner−inner layers/core
crack layers in older quartz bed particles has also been shown in
other studies during wood combustion in CFBs using natural
sand.30,31 Because no cracks could be identified in the unused
bed material, the formation of these cracks on older quartz bed
particles remains unexplained. It has previously been speculated
whether the phase transition between α quartz and β quartz or
quartz and tridymite can enhance the crack formation in the
quartz bed particles because the molar volumes are different for
all three phases.31

For woody fuels, the dominating elements in the quartz bed
particle layers are calcium, silicon, oxygen, and potassium. The
K/Ca and Ca/Si molar ratios of the (inner) layer as well as the
layer growth rates were used to reveal/discuss the layer
formation process. On the basis of that, the layer formation
process could be divided into different stages. At an initial stage,

Figure 10. Molar ratio of the amount of element Ca in the chemical
form of Ca2SiO4 and Ca3SiO5 to CaSiO3 as a function of the sampling
time.
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i.e., for bed particles with an age less than about 1 day, a high
K/Ca molar ratio was observed. The layer formation process
was dominated by the reaction of potassium with the quartz
bed particle surface, and a relatively small quantity of the
molten phase forms. Only one layer was formed during this
stage. At the second stage (bed particles ages of 1−13 days), a
substantial outer particle-rich layer was also formed and the K/
Ca molar ratio of the inner bed particle layer decreased
dramatically once plenty of Ca-rich coarse fly ashes attached on
the sticky (partially melt) inner bed particle layer, providing a
significant amount of calcium dissolving into the melt
accompanied by a diminishing molten phase amount. During
the initial days of this period, the layer growth rate was high but
decreased over time. At the last stage (bed particles older than
13 days), the K/Ca molar ratio was low in the inner bed
particle layer and remained constant during the sampling time,
whereas the Ca/Si molar ratio was high. The dissolution rate of
Ca became quite slow as a result of the quite low chemical
driving force because no substantial molten phase was formed,
resulting in a slow layer growth rate. In addition to these layer
formation processes mentioned, an inner−inner/crack layer
was also formed in CFB samples simultaneously with the inner
bed particle layer. This layer was formed in the vicinity of
formed cracks that were introduced already after some days in
the CFB.
The practical implication of the results from this work is that

a low bed material renewable rate in wood-derived fired BFB
boilers using natural sand is recommended. The formation of
high-melting Ca silicates for older quartz bed particles protects
the bed particle layer surface from further attack of potassium,
leading to reduced agglomeration tendency.

5. CONCLUSION
There were significant differences in layer morphology and
composition for quartz bed particles with different ages. The K/
Ca and Ca/Si molar ratios of the inner quartz bed particle layer
were found to differ for samples with different sampling times.
This has been used to depict different stages of the layer
formation process.
At the initial stage of the quartz bed particle layer formation

process, i.e., for bed particles with operational duration of less
than about 1 day (24 h), only one thin Ca-, Si-, O-, and K-rich
homogeneous layer that has a relatively high K/Ca molar ratio
and slow layer growth rate was found. For bed particles with
age from around 1 day to 2 weeks, also a substantial outer more
particle (CaO) rich layer was found. During the initial days of
this period, the layer growth rate is high but decreases over
time, and decreasing K/Ca and increasing Ca/Si molar ratios in
the inner bed particle layer were observed. For bed particles
with age between 2 and 3 weeks, a much lower layer growth
rate was observed. At the same time, the Ca/Si molar ratio
reached high values and the K concentration remained on a
very low level. In addition to these layer formation processes
mentioned, also an inner−inner/crack layer with high K, Si, and
O contents and relatively low Ca content was also formed in
CFB quartz bed particles simultaneously with the inner bed
particle layer. This layer was formed in the vicinity of formed
cracks that were introduced already after some days in the CFB.
The following coating/layer formation process is suggested:
The reaction of potassium species with the bed particle

surface to form low-melting K-rich silicates is probably the first
step in the buildup of a layer on bed quartz bed particles. The
continuous layer growth could be induced by a gradual

incorporation of Ca into the melt, followed by the precipitation
of stable and high-temperature melting calcium silicates.
However, because of the increasing calcium concentration
and release of potassium from the inner layer, the diffusion and
reaction driving force for calcium decreases, resulting in a
decreasing layer growth rate. The melting propensity of the
inner layer could be an important factor on layer growth,
because the presence of a molten phase promotes diffusion of
Ca into the layer as well as reaction with the layer.
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