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ABSTRACT: The objective of the work was to evaluate differences in agglomeration characteristics between commercially 
available alternative bed materials and quartz-based bed materials, commonly used in fluidised bed combustion. Pure quartz 
as well as natural sand with a high content of non-quartz minerals (K-feldspar and plagioclase) were used as reference bed 
materials. Magnesium oxide and foundry sand (natural sand with a clay coating) were used as alternative bed materials. 
Carefully controlled bench-scale fluidised bed agglomeration experiments were performed, using calcium-rich bark and 
potassium-rich olive residue as model fuels with significantly different ash compositions, typical for forestry and agriculture 
residues respectively. The resulting bed material particles and agglomerates were analysed with SEM/EDS. Analysis of bed 
material and agglomerates suggested that Mg and Al in the bed materials affect the agglomeration temperature positively for 
calcium-rich fuels. Al-rich foundry sand was found to decrease the agglomeration temperature in (Si, K)-rich systems. For 
combustion of olive residue in MgO bed, no attack layer was formed and agglomeration probably occurred via direct 
adhesion by partly melted alkali-silicates. The results suggest that the choice of bed material should take the intended fuel use 
into consideration. 
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1 INTRODUCTION 
 

Efforts to identify mechanisms responsible for bed 
agglomeration have mainly focused on quartz as bed 
material. An extensive overview of mechanistic literature 
has been reported by Brus [1]. For biomass fuels, three 
dominating bed agglomeration mechanisms were identified 
[2]: (a) coating induced agglomeration with attack and 
diffusion of Ca, forming low melting silicates also 
including minor amounts of K, with subsequent viscous-
flow sintering and agglomeration (typical for woody fuels) 
; (b) direct attack by K in gas or aerosol phase, forming low 
melting silicates inducing viscous-flow sintering and 
agglomeration (typical for alkali-rich fuels) and (c) direct 
adhesion by partly melted alkali-silicate droplets (fuels with 
high alkali and reactive silica content). The layers formed 
according to (a) and (b) have also been found to consist of 
several superimposed layers. The inner attack layer is rather 
homogenous, growing inwards and depends both on the 
ash composition and the bed material (quartz), whereas the 
outer coating layer is more heterogeneous and similar in 
composition to the fuel ash [2]. Mechanisms (a) and (b) 
thus suggest that the bed material is playing an active role 
in the agglomeration process. An increasing number of 
“new” bio-fuels are being introduced in fluidised bed 
installations. These are often characterised by high levels of 
alkali elements, lowering the agglomeration temperature in 
a quartz bed significantly [3, 4]. A possible way of 
preventing agglomeration might therefore be to change the 
commonly used natural sand, often consisting of a mix of 
many different minerals such as quartz, K-feldspars and 
plagioclases [5], to alternative bed materials. 

Mg and Al (in kaolinite and other clay minerals) have 
both been suggested as interesting elements with regards to 
their capacity to increase the ash melting point and 
agglomeration temperature in fluidised bed combustion [6-
9]. However, the application of alternative bed materials 
needs further study in order to gain a better understanding 
of the agglomeration characteristics in combination with 
different fuel types. 

The objective of the present work was therefore to 

determine possible differences in agglomeration 
characteristics between some “new” alternative bed 
materials and the traditionally used quartz-based bed 
materials.  
 
2 MATERIALS AND METHODS 
 
2.1  Bed materials and fuels 
Table I: Bed material elemental compostion (given as 
oxides in wt% of sample) 

 Quartz Natural 
sand 

MgO Foundry 
sand 

SiO2 98,9 82,6 0,4 87,8 
Al2O3 0,18 9,62 0,05 5,66 
Fe2O3 0,12 1,04 0,1 0,78 
CaO 0,12 1,07 1,8 0,34 
MgO 0,13 0,2 97,6 0,33 
Na2O 0,00 3,14  1,35 
K2O 0,06 2,01  0,71 
MnO 0,01 0,04 0,1 0,03 
P2O5 <0,01 -  - 
TiO2 0,04 0,16  0,14 

 
Natural sand (Rådasand) was used to represent a 

typical bed material as used in full scale installations. Apart 
from quartz (54% of counted particles), it contains 16% 
potassium feldspar and 25 % placioclase minerals [10]. The 
MgO-material was sintered to obtain desirable fluidisation 
characteristics. Foundry sand is available as a waste 
product from the iron casting industry, where it is used to 
produce high temperature casting moulds. It consists of 
natural sand (Baskarp-sand) with a relatively low content of 
non-quartz minerals (< 20% of particles). The particles are 
covered with a thin layer of bentonite clay (7-8 wt% on 
total). Elementary compositions of the different bed 
materials are shown in Table I. The bed material was 
standardised to 200 – 250 µm (125-250 µm for MgO) by 
sieving. The amount of bed material used was 540 g in 
each experiment.  
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Calcium-rich bark was used as a model fuel for forestry 
residues typically following the previously identified bed 
agglomeration mechanism (a) and olive residue was used to 
model potassium-rich agro-fuels, typically following 
mechanism (b). The fuels ( 

Table II) were pelletised to a diameter of 6-8 mm and a 
length of 5-10 mm. 
 

Table II: Fuel and ash composition 
 Bark Olive residue 

Dry substance 
(d.s.)* 

90,6 85,1 

Ash** 3,0 6,6 
Cl** 0,01 0,09 
S** 0,03 0,1 

SiO2*** 14,6 16,1 
Al2O3*** 2.24 2,59 
CaO*** 38,7 13,6 

Fe2O3*** <3,9 1,8 
K2O*** 7,7 33,0 
MgO*** 3,6 5,2 
MnO*** 1,5 0,05 
Na2O*** <1,6 0,7 
P2O5*** 2,84 4,35 
TiO2*** 0,1 0,1 

*wt% of fuel ; **wt% of d.s. ; ***wt% of ash 
 
2.2  Combustion and agglomeration experiments 

The Controlled Fluidised Bed Agglomeration method 
(CFBA), described in detail elsewhere [11], was used for 
combustion and determination of the agglomeration 
tendencies. The reactor consists of a cylindrical bed and 
freeboard section constructed in stainless steel with a 
diameter of 100 and 200 mm respectively. Electrical wall 
heaters provide isothermal conditions minimizing the 
influence of cold wall effects.  

The agglomeration was initiated by normal fluidised 
bed combustion. The oxygen content in the flue gases was 
maintained at 6% and the combustion temperature was kept 
at 800º C for bark and was lowered to 720ºC for olive 
residue in order to avoid direct agglomeration. The air flow 
was set at four times the minimum fluidisation velocity. At 
an ash amount theoretically corresponding to 20 wt-% on 
bed material, the fuel feeding was stopped to avoid the 
uncertainty of the burning particle temperature and external 
heating was switched on. In order to maintain a combustion 
atmosphere in the reactor during the heating phase, propane 
was burnt with primary air in a combustion chamber under 
the distribution plate. The bed was heated continuously and 
isothermally at 3ºC/min until bed agglomeration was 
achieved or until 1050ºC was reached.  

The onset of defluidisation was indicated by deviating 
differential pressures and temperatures in the bed. This 
methodology has been evaluated to give a reproducibility 
of ±5ºC (SD) [11]. 

 
2.3  SEM/EDS analysis 

Bed samples taken after fuel combustion and after 
agglomeration respectively were mounted in epoxy, cut and 
polished. Scanning Electron Microscopy / Energy-
Dispersive Spectroscopy (SEM/EDS) was then used to 
examine cross-sections of particles and agglomerate necks 
for their morphology and elemental composition. 4-5 
particles were analysed for each sample. 5 spots evenly 
distributed over the particle’s periphery were used for 

elementary analysis and measurement of inner attack and 
outer attack coating layer thickness. Quartz and K-feldspar 
particles found in natural sand samples were evaluated 
separately. Elementary composition of agglomerate necks 
was analysed on at least 20 spots for each sample. 

 
3 RESULTS 

 
3.1  Agglomeration temperature 

Upon combustion of bark, natural sand resulted in a 
slightly higher agglomeration temperature than quartz, 
whereas MgO and foundry sand increased the 
agglomeration temperature above 1050ºC (Table III). With 
olive residue however, the tested alternative bed materials, 
as well as natural sand, were found to result in a 30-90ºC 
lower agglomeration temperatures compared to quartz. 
 

Table III: Overview of the results: agglomeration 
temperature according to CFBA experiments, dominating 
elements in agglomerate necks (SEM/EDS) and their 
theoretical initial melting temperatures according to 
relevant ternary phase diagrams 

Bark 

CFBA 

aggl. 

temp. 

(ºC) 

Dominating 

neck/inner 

layer 

elements 

Theoretical 

initial 

melting 

temp. (ºC) 

Quartz 980[12] Si, Ca, K 725 
Natural sand 1005 Si, Ca, K 725 
MgO > 1050 Ca, Si, Mg* (>1502) 

Foundry Sand > 1050 Si, Al, K* (>985) 

Olive residue 
   

Quartz 860 Si, K, Ca 725 
Natural sand 785 Si, K, Al 710 
MgO 830 Mg, K, Si ** 
Foundry Sand 770 Si, K, Al 710 
*inner layer composition ; **data not available 
 
3.2  SEM/EDS analysis  

The different bed material – fuel combinations resulted 
in differences in the morphology and distribution of attack 
and coating layers (Figure 1) formed on bed particles. For 
bark combustion, continuously distributed attack layers 
were found for all bed materials, although they were very 
thin for K-feldspar particles. Upon combustion of olive 
residue, attack layers were generally thicker than for bark. 
In the case of K-feldspar, layers were again very thin and 
almost no difference was seen between inner attack and 
outer coating layer. For MgO with olive residue however, 
only a few particles showed local attack spots but 
continuous attack layers could not be found. An overview 
of layer thickness is given in Figure 2. 

As the spatial resolution for quantification with 
SEM/EDS is a few micrometers, influence of the bed 
material or from different attack layers can not be totally 
excluded for elemental analysis of samples with low 
average layer thickness (K-feldspar). Results for outer 
coating layers are not further discussed here as they were 
rather thin. 

An overview of the elemental compositions of inner 
attack layers upon bark combustion is shown in Figure 3. 
For a quartz bed and quartz particles in natural sand, inner 
layers contain mainly Si, Ca and some K. Inner layers of K-
feldspar particles contain significantly less Si, but more K 
and Al, although measurement uncertainty due to small 
layer thickness can not be excluded. For MgO particles, 

 1344

14th European Biomass Conference, 17-21 October 2005, Paris, France



inner layers are dominated by Ca, Si and Mg. Inner layers 
of foundry sand however contain Si, Al and K, but almost 
no Ca. 

 

 
Figure 1: SEM image for attack layers on quartz for olive 
residue combustion 
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Figure 2: Total layer thickness (in µm) of the different 
samples 
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Figure 3: Elemental analysis of inner attack layers upon 
combustion of bark 

 
For combustion of olive residues, inner layers were 

dominated by Si and K for all bed materials (Figure 4). K-
feldspar and foundry sand contain also relatively high 
amounts of Al. No continuous inner layers could be 
analysed for MgO.  

Upon combustion of bark, only quartz and natural sand 
agglomerated below 1050ºC. Agglomerate necks were 
enriched in potassium and calcium, both with a 
concentration of around 10 At%. The concentration of 
aluminium was somewhat higher for the necks of natural 
sand than for quartz, but the difference was not significant. 
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Figure 4: Elemental analysis of inner attack layers upon 
combustion of olive residue 

 
For combustion of olive residues (Figure 5), 

agglomerate necks of quartz, natural sand and foundry sand 
are similar to the inner attack layers in composition. For 
MgO however, agglomeration occurred although no 
continuous inner layers could be found prior to 
agglomeration and agglomerate necks contained high 
amounts of Mg, K and Si.  
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Figure 5: Elemental analysis of the agglomerate necks 
upon combustion of olive residue 

 
4 DISCUSSION 

 
Significant differences were found in agglomeration 

temperatures using different bed materials. The effect of 
bed materials however also strongly depended on the fuel 
ash composition. MgO and foundry sand increased the 
agglomeration temperature compared to quartz and natural 
sand for bark combustion, whereas natural sand and 
foundry sand were found to result in significantly lower 
agglomeration temperatures as compared to quartz and 
MgO upon olive residue combustion. 

The results of the agglomeration experiments suggested 
that non-quartz minerals in natural sand can have an 
important influence on the agglomeration behaviour, again 
depending on fuel ash composition. Bark combustion 
resulted in somewhat increased agglomeration temperature 
in a natural sand bed, whereas combustion of olive residues 
lowered the agglomeration temperature with 85ºC. This has 
considerable practical implications since most studies on 
agglomeration behaviour until now have been done on pure 
quartz minerals, whereas full scale installations most often 
use natural minerals as bed material. 

Inner layer and agglomerate neck composition in 
quartz and natural sand upon bark combustion were 
dominated by Si, Ca and some K, confirming a mechanism 
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(a)-pathway where the attack is initiated by diffusion of Ca 
and K into the bed particle, forming low melting silicates.  

For all bed materials during olive residue combustion, 
except for MgO, the high concentrations of potassium in 
attack layers as well as in agglomerate necks point at the 
occurrence of mechanism (b), direct attack by K in gas or 
aerosol phase. The presence of Si in the necks of MgO 
particles however indicates the formation of a (Mg,K) 
silicate melt. As no continuous attack layers were formed, 
mechanism (c) seems to be involved, i.e. agglomeration is 
induced by direct adhesion of partly melted alkali-silicate 
droplets. The high concentration of Mg in the agglomerate 
necks is somewhat unexpected as no evidence is found of 
diffusion by Si or K prior to agglomeration. A suggestion is 
that reaction or diffusion of Mg is only initiated upon 
adhesion of molten potassium-silicate droplets on the MgO 
particle surface. 

In order to gain a better understanding of the 
agglomeration chemistry, phase diagrams were consulted 
for the three main components occurring in agglomerate 
necks (Table III). For quartz and natural sand necks upon 
bark combustion, the relevant area of the system K2O – 
CaO – SiO2 is characterised by an important conjugation 
line, with a first peritectic around 1075ºC at the higher 
Ca/K side and a eutectic at 725ºC on the lower Ca/K side. 
Due to measurement uncertainties, the position in the 
diagram and melt-to-solid ratios can not be defined exactly, 
but there is a clear tendency for increasing agglomeration 
temperatures with increasing Ca/K ratio. For MgO and 
bark, the relevant area in the system CaO – MgO – SiO2 
has a first peritectic at 1502ºC. The elementary composition 
of the inner attack layers of foundry sand for bark 
combustion, results in a first peritectic at 985ºC in the 
system K2O-Al2O3-SiO2, which is much higher than was 
found for quartz and natural sand. 

For olive residue combustion in quartz bed, the 
composition of the necks are clearly situated at the low 
Ca/K side of the same conjugation line in the system K2O – 
CaO – SiO2, as discussed for bark. In natural sand as well 
as in foundry sand, neck compositions for olive residue 
combustion lie within an area of the K2O-Al2O3-SiO2-
system where a first eutectic occurs at 710ºC. It is clear 
from this diagram that high K/Al ratios (>1) result in a 
dramatic decrease in agglomeration temperatures with 
eutectics as low as 695 and 710ºC, compared to 985ºC as 
was found for foundry sand and bark. Moreover, according 
to the K2O-Al2O3-SiO2-system, efforts to prevent 
agglomeration should benefit from favouring a high 
(K2+Al2)/Si ratio (>1). The agglomerate neck composition 
for olive residue combustion in MgO is situated in an area 
of the phase diagram K2O – MgO – SiO2 where no data is 
available, but here, the diffusion or reaction of Mg might 
have taken place after adhesion of melted particles on the 
surface. 

 
5 CONCLUSIONS 
 

In short, the results of this work can be summarised as 
follows: 
• In comparison to quartz-based bed materials, aluminium-

rich beds (foundry sand) have a positive influence on 
agglomeration characteristics for the combustion of fuels 
with a relatively low K-content (bark, wood). 

• For potassium-rich fuels however, with aluminium-rich 
beds (foundry sand), a high K/Al ratio will influence the 

agglomeration temperature negatively in comparison to 
silica-based bed materials: eutectics in this area of the 
K2O-Al2O3-SiO2-system are lower and melting behaviour 
more severe than in a K2O – CaO – SiO2-system. 

• No reaction with K seems to take place in Mg-rich beds. 
However in the presence of some Si in the fuel ash, direct 
adhesion of melted particles can still initiate 
agglomeration, independent of the bed material.  

• Minerals in natural sand affect the agglomeration 
characteristics. This work indicates that agglomeration 
temperatures for potassium-rich fuels might be lowered 
significantly when the natural bed material is rich in K-
feldspar. 

As an overall conclusion of this work, operation of 
fluidised bed installations would profit from a careful fuel-
based selection of bed materials. 
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