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I

Abstract

 

The present thesis is a summary of eight papers dealing with experimental studies on bed 
agglomeration, slag formation, formation of deposits and fine particulate matter during 
combustion of phosphorus-rich biomass fuels. The experimental procedures were performed in 
a bubbling fluidized bed (5 kW), two fixed bed appliances (20 and 15 kW) and in a powder 
burner (150 kW). The phosphorus-rich fuels studied (separately and in mixtures with typical 
woody or straw biomass fuels) included; rapeseed meal, rapeseed cake, wheat distillers dried 
grain with solubles (DDGS) and, oat grains. Phosphoric acid (H3PO4 (PA)), kaolin 
(Al2Si2O5(OH)4) and calcite (CaCO3) were used as fuel additives. The bed materials used in 
fluidized bed experiments included, quartz (SiO2) and, olivine ((Mg, Fe)2SiO4).  

During fluidized bed combustion of the phosphorus-rich fuels; i.e. DDGS, rapeseed meal 
and, rapeseed cake, ash particles rich in K-Ca/Mg-phosphates were formed during combustion, 
leading to the formation of non-continuous bed particle layers and subsequently bed 
agglomerates. For woody fuels; i.e. logging residues, willow and, bark, K-compounds in 
gas/liquid phase reacted with the quartz bed material, and formed an inner bed particle layer 
rich in K-silicates. The melting behaviour of this layer was found responsible for the initiation of 
the bed agglomeration. The addition of a high enough amount of phosphorus to the woody fuels 
(by co-firing with a P-rich fuel or adding PA additive), to convert the available fuel ash basic 
oxides into phosphates, reduced the amount of K available for the reaction with the quartz bed 
material particles, thus preventing the formation of an inner reaction bed particle layer. The 
phosphate-rich ash particles formed during combustion adhered and reacted with the bed 
material forming non-continuous coating layers, and subsequently agglomerates. During 
combustion of straw fuels (rich in Si and K), partially molten K-silicates formed non-continuous 
bed particle layers and subsequently bed agglomerates. Adding phosphorus to the last fuel, 
changed the composition of the bed ash from being dominated by low melting temperature K-
silicates, to a system dominated by crystalline K-Ca-phosphates. The phosphate-silicate ash 
particles formed during the combustion were found responsible for the initiation of the bed 
agglomeration process. 

No significant difference in the bed agglomeration tendency/characteristics was found 
between olivine and quartz bed materials when combusting the phosphorus-rich DDGS fuel. 
The bed agglomeration mechanism for this fuel in quartz bed therefore seems to be directly 
applicable in olivine beds, and can be described as direct adhesion of bed particles by partially 
molten K-Mg-phosphates in both bed materials. 

In fixed bed combustion of phosphorus-rich fuels, it was found that the relation between 
alkali and alkaline earth metals in the fuel ash has a key role in the slag formation. DDGS (rich 
in S, K, P and Mg), formed high amounts of molten material. Fuels with higher Ca content, i.e. 
rapeseed meal, showed low slagging tendency. The effect is attributed to the formation of low 
melting temperature K-Mg-phosphates, or more stable K-Ca/Mg-phosphates, respectively. The 
slag formed during combustion of woody and straw fuels, consisted mainly of K-rich silicates. 
The addition of phosphorus (by co-firing with a P-rich fuel or adding PA additive), promoted the 
formation of K-Ca/Mg-phosphates, thereby reducing the amount of K-rich-silicates formed 
during combustion. 

The formation and composition of deposits and fine particulate matter during combustion of 
phosphorus-rich fuels were also studied. In general, during fluidized bed and to a minor extent 
in fixed bed combustion, a reduction of fine particulate matter containing KCl as the main 
component was achieved by increasing the phosphorus content in woody or straw fuels. As a 
consequence, an increased amount of potassium was found in the coarse ash particle fractions 
principally as KMgPO4, CaK2P2O7, CaKPO4, and KPO3, while the levels of HCl and SO2 in the flue 
gases increased. It was found that the relationship between alkali and alkaline-earth metals 
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(i.e., (K + Na)/(Ca + Mg)) in the overall fuel ash composition must be considered, since both Ca 
and Mg are needed for the formation of refractory ternary phosphate phases containing K. The 
addition of excessive amounts of phosphorus to P-poor fuels with high (K + Na)/(Ca + Mg) 
molar ratio resulted in the formation of low melting temperature alkali-rich phosphates, which 
increased the bed agglomeration tendency and release of alkali and phosphorus from the bed. 
Powder combustion of the DDGS-fuel resulted in the formation of high amounts of fine 
particulate matter and deposits rich in KPO3. 

During fixed bed combustion of oat grains, slag rich in K-silicates and fine particulate matter 
rich in K-phosphates and KCl was formed. The result of using kaolin additive was that no slag 
was formed, and the effect on the formation of fine particulate matter was an increased content 
of condensed K-phosphates at the expense of K2SO4 and KCl. Consequently, higher levels of HCl 
and SO2 in the flue gases were obtained. The addition of calcite increased the amount of slag 
formed. Phosphorus was captured to a higher degree in the slag and bottom ash, compared to 
the combustion of pure oat. The molten phase formed during combustion consisted of both 
phosphates and silicates and probably had a low melting temperature. The effect of the calcite 
additive on the fine particle emissions was that the content of KPO3 decreased considerably, 
while the content of K2SO4 and KCl increased. Consequently, the levels of HCl and SO2 in the 
flue-gas decreased.  

A general observation was that phosphorus is the controlling element in ash transformation 
reactions during biomass combustion because of the high stability of ternary phosphate 
compounds. 
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1. Introduction 
 

This thesis concerns experimental studies of ash transformation processes in 
combustion of phosphorus-rich biomass fuels or fuel mixtures.

1.1. Background 

Concerns like fossil fuel depletion and global warming are nowadays causing 
considerable changes in the energy conversion systems used in the developed parts of 
the world. Figure 1 shows the EUs gross inland fuel consumption. It can be seen that the 
values for different fuels do not show significant changes during the last years, and 
according to the last annual report released by the European Commission in 2010 
(Market Observatory and Statistics) [1], the shares in 2009 remained close to the 2008 
values. Oil is the most used energy source in the EU, followed by gas, solid fuels and 
nuclear power. Figure 2 shows the renewable energy sources gross inland consumption 
by source in the EU. It can be seen that biomass has far the largest share, followed by 
hydro- and wind- power. 
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Figure 1. Gross inland fuel consumption in EU. (values in per cent) [1]. 
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Figure 2. Renewable energy sources. Gross inland consumption by source in the EU. 
(values in per cent) [1]. 
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The European Union (EU) is showing initiatives to reduce the climate change. In 
2007 the EU leaders sanctioned an integrated approach to climate and energy policy, 
and decided to transform Europe’s energy conversion systems into a highly energy-
efficient and low carbon economy. This sanction includes a cut of the CO2 emissions by 
at least 20% of 1990 levels by 2020.[2]  

Worldwide, the Kyoto protocol (protocol to the United Nations Framework 
Convention on Climate Change), aimed at reducing the anthropogenic emissions of 
greenhouse gases to a level that would prevent serious interference with the climate 
system, was initially adopted on 11 December 1997 in Kyoto, Japan, and went into effect 
on 16 February 2005.[3] Increasing interest in renewable and CO2-neutral fuels for 
power and heat production in industrialised countries has therefore been seen during 
the last decades.  

The use of biomass for energy purposes in the forested parts of the world has mainly 
been restricted to woody materials. However, as the competition for raw materials for 
biofuel production has increased significantly, other biomass assortments, i.e. energy 
crops and various types of biomass waste products from the agricultural and industrial 
sector, will come into question.  

Biofuels with ash rich in alkali metals, chlorine and low phosphorus content, have 
shown a tendency to cause different alkali-related operational problems like fouling, bed 
agglomeration, and high temperature corrosion in super-heater sections, which leads to 
reduced installation efficiency.[4-8] 

For woody biomass fuels, a comprehensive theoretical and practical knowledge 
about thermochemical conversion and ash transformation processes during combustion 
has been gathered for a long time.  

For some agricultural crops and certain industrial residues the situation is different, 
the high ash content and a general trend of higher levels of phosphorus (which can for 
some cases even be higher than the silicon content), have a major impact on the ash 
transformation reactions. Relatively few reported studies have been devoted to alkali-
rich fuels with high phosphorus content. In general it was found that phosphorus 
(depending on the overall fuel ash composition) can be either beneficial or problematic 
with regard to bed agglomeration and slag formation.[9-22]  

Some studies have also indicated that phosphorus may decrease the problems 
related to corrosive ash deposition by converting the reactive gaseous-alkali species 
formed during biomass combustion into high temperature melting alkali-
phosphates.[21-29]  

Thus, there may be a potential to reduce the amount of alkali that volatilizes during 
combustion and forms fine particles, e.g. KCl, known to be a very troublesome product 
with regard to corrosion, fouling or deposit problems in biomass fired CHP plants.  

However, the understanding of the influence that phosphorus has on the general ash 
transformation processes, including ash related problems like bed agglomeration, 
slagging and fouling, is far from been complete. Therefore, several experimental studies 
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of the behaviour of phosphorus during combustion of different phosphorus-rich fuels 
(pure and in mixtures) in different combustion techniques were carried out, and the 
results are presented in this thesis. 

 

1.2. Objective of the thesis  

The objective of this work was to obtain a general knowledge of the ash 
transformation processes during combustion of phosphorus-rich biomass fuels, based 
on bench- and pilot- scale experiments in different combustion appliances and with 
different fuels and fuel mixtures. 

More specifically the objectives include:  

 Determination of the bed agglomeration characteristics and ash 
transformation mechanisms in fluidized bed combustion of phosphorus-rich 
fuels/fuel mixtures. 

 Investigation of the influence of the bed material composition on the bed 
agglomeration mechanisms in combustion of phosphorus-rich and -poor fuels. 

 Determination of the slag formation characteristics in fixed bed combustion 
of phosphorus-rich biomass fuels. 

 Investigation of the influence of phosphorus on the alkali distribution and 
formation of deposits and fine particulate matter in different biomass 
combustion technologies. 

 Determination of the influence of fuel additives (calcite and kaolin) on the 
ash transformation processes in fixed bed combustion of phosphorus-rich fuels. 

 

The phosphorus-containing compounds in different phosphorus-rich fuels can either 
be of organic origin (with a high availability and reactivity); or of mineral origin (e.g. 
such as apatite in meat and bone meal), with low reactivity. This thesis is focused on 
fuels where the phosphorus-containing compounds are mainly of organic origin.

 

1.3. Outline 

This thesis is based on eight papers, all focusing on experimental studies of ash 
transformation during combustion of different phosphorus-rich fuels/fuel mixtures. The 
papers cover different parts of the subject, as shown in Table 1. 

An attempt to give a schematic general description of the ash transformation 
reactions of biomass fuels is presented in terms of a conceptual model, with the 
intention to provide a guidance to the understanding of ash matter behaviour of 
biomasses with high and low phosphorus content, primarily from the knowledge of the 
ash-forming elements concentration, given in paper I. 
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Table 1. Outline of the thesis 

ASH TRANSFORMATION PROCESSES IN COMBUSTION OF PHOSPHORUS-RICH 
FUELS 

 

Ash 
formation/ 
transformation 
(general) 

Bed 
agglomeration 

Slag 
formation 

Deposit- and 
fine particles 
formation 

Paper I. Ash transformation 
chemistry during combustion of 
biomass. 

x    

Paper II. Bed agglomeration 
characteristics in fluidized 
quartz bed combustion of 
phosphorus-rich biomass fuels. 

x x   

Paper III. Fluidized-bed 
combustion of mixtures of 
rapeseed cake and bark: the 
resulting bed agglomeration 
characteristics. 

x x   

Paper IV. Systematic studies of 
ash composition during the co-
combustion of rapeseed cake 
and bark. 

x x   

Paper V. Bed agglomeration 
characteristics in fluidized-bed 
combustion of biomass fuels 
using olivine as bed material. 

x x   

Paper VI. Combustion and fuel 
characterization of wheat 
distillers dried grain with 
solubles (DDGS) and possible 
combustion applications. 

x x x x 

Paper VII. Influence of 
phosphorus on alkali 
distribution during combustion 
of logging residues and wheat 
straw in a bench-scale fluidized 
bed. 

x x  x 

Paper VIII. Influence of 
kaoline and calcite additives on 
ash transformations in small-
scale combustion of oat. 

x  x x 

 

Fluidized bed combustion technologies suffer from different problems or 
complications when alkali-rich biomasses are used. Bed agglomeration is one of these 
problems which are of major concern. Different studies of combustion of various 
phosphorus-poor fuels have been made during the recent decades, but a precise and 
quantitative evaluation of the role of phosphorus in the bed agglomeration process 
during fluidized (quartz) bed combustion has not yet been presented. A determination 
of the bed agglomeration characteristics and ash transformation mechanisms in 
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fluidized (quartz) bed combustion of several phosphorus-rich biomass fuels and fuel 
mixtures is therefore provide in paper II. 

Previous studies have shown that the agglomeration tendencies of phosphorus-rich 
fuels are dependent on the Ca/P ratio in the fuel mix. In full-scale biomass boilers, there 
is a possibility to employ mixtures of different kinds of fuels with different compositions 
to establish certain rates between important ash forming elements, thereby preventing 
the risk of severe bed agglomeration problems. Therefore, a study of the agglomeration 
tendencies of several mixtures of a typical calcium-rich/phosphorus-poor fuel, i.e. bark, 
and a phosphorus-rich fuel, i.e. rapeseed cake, was carried out to study how the layer 
formation and agglomeration mechanisms change depending on the fuel composition. 
Results are summarized in papers III and IV. 

Most of the studies of ash related problems performed to elucidate the mechanisms 
involved in bed defluidization/agglomeration during combustion of biomass have used 
quartz (SiO2) as a model bed material. However, there are alternative bed materials that 
have been used as counter measures for bed agglomeration, like for example olivine 
((Mg,Fe)2SiO4). There are relatively few published studies in the literature focused on 
the bed agglomeration characteristics/mechanisms using olivine as bed material. None 
of these studies concerns fuels rich in phosphorus. Therefore a determination of the bed 
agglomeration characteristics of typical phosphorus-poor/rich biomass fuels using 
olivine as bed material is presented in paper V. 

The combustion properties, with especial focus on the potential risk of ash related 
operational problems, i.e. slag and deposit formation, of a typical phosphorus-rich 
residue from industrial wheat-based production of ethanol (distiller dried grains with 
solubles (wheat-DDGS)), were determined in different fuel mixtures and combustion 
technologies (fixed bed, fluidized bed and powder combustion). The results are 
presented in paper VI.  

There are relatively few previous studies in the literature focused on the influence of 
phosphorus on the formation of volatile alkali compounds in combustion of 
phosphorus-rich biomasses. The objective of paper VII was to determine the influence 
of phosphorus on the alkali distribution in fluidized bed combustion of two typical 
biomass fuels, i.e., logging residues and wheat straw.  

A growing interest has been observed in the use of phosphorus-rich fuels such as 
cereal grain wastes, from for example food production, in small- and medium-scale 
fixed bed applications. Previous studies have shown that slagging and fouling problems 
during combustion of phosphorus-rich fuels can be reduced by employing different 
calcium-rich additives, but detailed information on the ash transformation during 
combustion of these mixtures is still not available. Therefore, an investigation was 
undertaken in order to elucidate the potential abatement of slag and deposit formation 
by using fuel additives (calcite and kaolin) during combustion of phosphorus-rich 
biomasses (oat grains). Special emphasis was put on understanding the role of slag and 
bottom ash composition on the volatilization of species responsible for fouling and 
emission of fine particles. Results are presented in paper VIII. 
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2. Previous work 

2.1. Phosphorus in biomass fuels 

In nature phosphorus is mostly found in fossil ocean sedimentary rocks that have 
accumulated over hundreds of millions of years. Most of the worlds mined phosphate 
rocks are used for agricultural and food production, principally for fertilizers and to a 
lesser extent for food additives. Phosphorus is the 11th most abundant element in the 
earth crust; however the available and accessible amount does not correspond to the 
amount needed for global food production.[30] 

Among the many inorganic nutrients required by plants during growing, phosphorus 
is one of the key substances for metabolism and biosynthesis of nucleic acids and 
membranes. Phosphorus is also an essential nutrient that plays an important role 
during photosynthesis, respiration and regulation of enzymes.[31] 

Phosphorus is an important component of the DNA and RNA of all living organisms, 
as the double helix of both structures is linked together by phosphorus bonds.[32] 

Extensive research work has been dedicated to studying how phosphorus is associated 
in the organic structure of biomass.[33-37] In general it is suggested that most of the 
phosphorus in different biomasses forms part of phytic acids, phospholipids (a 
component of all cell membranes), or is bound with K, Mg and Ca; as phytates, which 
are considered to form highly reactive phosphorus-containing compounds during 
combustion. 

Beside this, phosphorus is also found in bones of all vertebrates and exoskeletons of 
insects (principally as Ca-phosphate), which is considered to have low reactivity during 
combustion.[13, 14] Another interesting and potentially important phosphorus-rich fuel 
is sewage sludge, where P is present in both organic and inorganic/mineral form.[38] 
Sewage sludge has shown to be an effective additive to reduce problems related to 
fouling when co-combusted with problematic alkali rich biomass fuels.[39-41] 

2.2. Ash transformation processes in combustion of phosphorus-
rich biomasses 

Ash is the name given to the non-combustible part of a fuel, and consists of different 
inorganic elements. The amount and composition of the ashes vary both among and 
within different fuel types. In general, the ash content in fast growing biomasses, e.g. 
straws or grasses, among others, is much higher than in woody fuels. 

The research made during the last decades within the area of ash transformation 
processes, including ash related problems such as bed agglomeration, slagging, fouling 
and high temperature corrosion in combustion of biomass fuels has mainly focused on 
fuels with relatively high alkali- and low phosphorus- content. 
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Biomass combustion technologies that are usually used for heat and power 
generation include fluidized beds, fixed bed/grate firing and powder burner boilers.  

Fluidized bed technologies are particularly suitable for biomass combustion due to 
the inherent advantages of low process temperatures (800-900°C), flexibility and 
emission control. However, the employment of biomass fuels carries with it problems 
that can lead to reduced installation efficiency, and in the most severe cases, complete 
bed agglomeration and unscheduled plant shutdown. The terms “bed agglomeration” 
and “bed sintering” are usually interchangeably used to describe the same phenomenon. 
Bed sintering can be defined as the formation of bonds between bed particles at high 
temperatures [42], while bed agglomeration is defined as the formation of clusters of 
bonded primary particles (i.e., bed particles), called “agglomerates”.  

Fixed bed and powder technologies sometimes suffer from slag formation. In these 
technologies the temperature in the furnace usually rises over 1100°C. Due to the high 
temperatures in the combustion zone, and depending on the fuel ash composition, the 
coarse ash particles (which remain in the combustion zone/furnace) can melt, 
accumulate, and form as a consequence lumps of considerable size called “slag”. Ash 
deposits that are formed on surfaces that are subject to radiant heat from the flames, are 
also called “slag”. The consequences of deposit build-up are lowered heat transfer 
performance, and also disturbances on the normal flue gas flow by plugging up parts of 
the boiler. Ash deposition on heat transferring surfaces (superheaters or economizers) is 
defined as “fouling”, which is usually formed by condensation and deposition of fuel ash 
components evaporated from the fuel particles during combustion, and also large ash 
particles entrained from the bed/grate zone by the flue gases.  

2.2.1. Bed agglomeration 

Extensive research has been done regarding the employment of biomass fuels in 
fluidized bed combustion.[43-47] The bed agglomeration phenomenon in the fluidized 
bed combustion of phosphorus-poor biomass fuels has been a subject of several studies 
and the understanding of it is fairly good, if not complete. The initiation of the 
agglomeration or defluidization process has been associated to the formation of low 
temperature melting ash compounds and/or layers formed on the surface of the bed 
material particles.[48-53] 

The chemical composition of the bed particle layers has shown to have a strong 
dependence on the fuel-ash and bed material composition. Furthermore, the bed 
particle layers may consist of several superimposed layers with different properties and 
composition.[53-56] Inner layers seem to be more dependent on the bed material 
composition and outer layers have a composition which is more similar to the fuel ash 
characteristics.[50, 53, 57, 58] 

The different dominating mechanisms behind the bed particle layer formation and 
bed agglomeration for phosphorus-poor biomasses in quartz beds were summarized by 
Brus et al., [53] and later updated by De Geyter et al.[58] They included the following:  
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(a) Bed layer formation initiated by potassium silicate melt (formed on the bed 
particle surfaces by the reaction with gaseous/liquid K-compounds), accompanied by 
diffusion or dissolving of Ca into the melt, followed by viscous-flow sintering and 
agglomeration (typical of woody fuels containing K, Ca, and a relatively low amount of 
Si and P);  

(b) Direct reactions of K-compounds in gaseous or aerosol phase with bed particles 
surfaces, to formation of low melting K-silicates layers with subsequent development of 
viscous-flow sintering and agglomeration (typical of fuels with high alkali and relatively 
low Si and P content);  

(c) Direct adhesion of bed particles by partly molten ash-derived potassium silicate 
particles/droplets (typical of fuels with high K and organically-bound-Si, i.e., Si that is 
integrated (on molecular level) in the organic structure of the biomass, and low content 
of other ash-forming elements). 

 

Relatively few published research works regarding bed agglomeration 
characteristics/mechanisms during combustion or gasification of phosphorus-rich 
biomasses can be found in the literature, and the most relevant are mentioned below. 

In fluidized bed combustion experiments with different bark and rapeseed meal 
mixtures, Boström et al. [9] observed clear differences in the bed agglomeration 
characteristics between phosphorus-rich and -poor biomass fuels or fuel mixtures. The 
quartz bed grains with continuous inner reaction layers observed in fluidized bed 
combustion of woody biomass fuels, were not seen when the main fuel (bark) was co-
combusted with a phosphorus-rich fuel (rapeseed meal). Instead, discontinuous and 
thin coating ash layers were observed together with isolated partially molten ash 
particles. The bed agglomeration mechanism proposed by the authors for the 
phosphorus-rich fuel mixtures involved the adhesion of bed particles by partially molten 
ash derived K-Ca-phosphates. On the other hand, for the woody fuel, the initiation of 
the bed agglomeration process involved the direct reaction of gaseous alkali with the bed 
particles, forming potassium-calcium silicate rich bed particle layers. Piotrowska et al. 
[10], also found that agglomerate necks from FB co-combustion of rapeseed cake and 
wood consisted of potassium, calcium and phosphorus. Bariši  and co-authors [11] 
found that the addition of limestone to the mixtures of rapeseed cake and wood 
prevented bed agglomeration due to the formation of bed particle coatings containing 
high temperature melting phosphates. During full scale combustion of wood and grain 
waste (oat seed) in a 75 MWth BFB boiler, Silvennoinen and Hedman [12] showed that 
the formed bed particle layers consisted mainly of P, K, Ca, and Mg. Fryda et al. [13], co-
fired meat and bone meal (MBM) with olive bagasse residues and concluded that the 
phosphorus in the MBM contributed to the rapid bed agglomeration. This was explained 
by the formation of low temperature melting potassium-phosphates. In addition, in 
fluidized bed combustion of meat and bone meal (MBM) mixed with refuse-derived 
fuels (RDF), Öhman et al. [14] showed that phosphorus in MBM is principally found as 
apatite (Ca5(PO4)3(OH)) which during combustion is elutriated from the bed and 
enriched in the fly ash, while sodium and potassium are enriched in the bed material. 
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The characteristics of the corresponding bed agglomerates suggest that silicate melts 
were responsible for the bed agglomeration. Shao and co-workers [15] reported that 
alkali phosphates (KPO3 and NaPO3) and the eutectics of Fe2O3 and SiO2 may play an 
important role in the bed defluidization process by forming compounds with low 
melting-temperature during fluidized bed combustion of sewage sludge.  

2.2.2. Slag formation 

In fixed bed technologies the slagging tendency of a biofuel is related to the fuel ash 
content and its composition. It was found that the relation between Si and the alkali 
metal’s content in the fuel ash has a strong influence on the slagging tendencies in 
combustion of phosphorus-poor biomass fuels.[59-65] Moreover, it was demonstrated 
that sand and soil contamination can contribute to the formation of silicate melts and 
enhance the formation of slag during combustion.[66, 67] Some studies have focused on 
the abatement of ash sintering and slagging problems, most of them based on co-firing 
and/or employing different kinds of chemical additives. By addition of limestone to 
problematic woody fuels, severe slagging was eliminated; the effect was attributed to the 
formation of high melting temperature Ca-rich silicates instead of K-rich-silicates.[68] 

Addition of Ca-based additive added to corn stover has also shown to be effective to 
reduce the amount of slag formed during combustion. The authors conclude that Ca 
contributed to the formation of high melting temperature Ca-Mg-silicates instead of 
glassy K-rich-silicates.[69] Steenari and Lindqvist [70], in a study on straw combustion 
using dolomite and kaolin additives, found that compared to the experiments with the 
pure fuel, the addition of kaolin gave as a result increased formation of K-Al-silicates, 
which reduced the sintering tendency. Dolomite was found to react with the silica to 
form silicates; no clear reaction between potassium and the additive was detected. 

The behavior of phosphorus-rich biomasses in fixed bed combustion has been 
studied by some research groups, but the available information about the ash 
transformations during fixed bed combustion of such fuels is scarce. The production of 
heat by combusting second-rate cereals (unsuitable for human or animal food) and/or 
grain husk, is common among farmers in Scandinavia.[16-18] Compared to woody fuels, 
cereals have higher ash content and higher content of nitrogen, silicon, phosphorus, 
alkali metals, chlorine and sulphur.[19] Combustion of cereal grains is known to cause 
slag formation during fixed bed combustion. Few works have been dedicated to studying 
the slag formation mechanisms of phosphorus-rich fuels in grate combustion and the 
possibilities for its reduction. In a research work done by Lindström et al. [20], four 
different kinds of cereal grains (oats, barley, rye, and wheat) were combusted in a 25 kW 
horizontal cereal burner connected to a domestic biomass boiler. All pure fuels showed 
some tendency to form slag during combustion. For all studied pure fuels, the slag 
consisted mainly of K-Ca/Mg-phosphates, K-rich-phosphates and K-silicates. When 
using lime (CaO) as additive, the formation of slag was reduced or eliminated. The effect 
was attributed to the increased formation of high melting temperature Ca-K-phosphates 
instead of K-rich- silicates and phosphates. Díaz et al. [21], combusted different 
phosphorus-rich fuels in a domestic scale fixed bed pellet burner. All fuels tested 
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showed low agglomeration tendency. In a recent study, Wang and co-authors [22], 
studied the sintering behaviour of different kinds of corn cob. The formation and 
melting behaviour of potassium-rich silicates/phosphates mixtures played a dominating 
role during the sintering of the fuel ash. The abundance of calcium and magnesium in 
some of the used fuels led to the formation of high-temperature-melting silicates and 
phosphates, restraining ash melt formation and the extent of ash sintering. Eriksson et 
al. [23], combusted different mixtures of bark and rapeseed meal. The amount of slag 
formed during combustion of bark was considerably reduced when rapeseed meal was 
added. The slag formed during combustion of the mixtures was found to be rich in P, Ca, 
K and Mg, compared to Si, K, Ca and Mg for the pure bark. The authors conclude that 
the formation of high temperature K-Ca/Mg-phosphates instead of low melting 
temperature K-rich silicates contributed to the reduction of the amount of slag formed.  

Powder firing of biomass is considered as a fairly new technology compared to FBs 
and fixed beds. Few investigations have been published on firing of biomass fuels in 
pulverized-fuel fired boilers. This technology also suffers from slagging and ash 
deposition problems, and the use of additives, co-firing with coal, or mixing of different 
biomasses is a common way to reduce ash related problems.[71-77] Very few published 
studies on the slagging behaviour of phosphorus-rich fuels during powder combustion 
can be found in the literature. Eriksson et al., [23] studied the slagging tendency during 
powder combustion of rapeseed meal. Low amounts of slag were formed during the 
combustion. The bottom ash was rich in K, P, Ca, and Mg. 

2.2.3. Deposit and fine particle forming matter 

Biofuels with an ash rich in alkali metals and chlorine used in biomass-fired power 
plants have shown a tendency to cause fouling and high temperature corrosion in super-
heater sections, which leads to reduced installation efficiency and service life.[78-81]  

Various well-known methods to reduce alkali-related problems and protect the 
boiler against deposits rich in potassium and chlorine during combustion of biofuels are 
based on co-combustion with peat [82, 83], coal [84, 85] and sewage sludge [39-41], or 
employing different sulphur-rich additives as well as clay minerals.[86-93] The general 
goal of co-firing or adding additives to problematic biomasses is the retention of 
potassium in stable ash compounds. 

Relatively few reported research works have been devoted to studying the influence 
of phosphorus on the formation of deposits and fine particulate forming matter. Diaz 
and co-authors [21] found that in fixed bed combustion of phosphorus-rich fuels with 
high (K + Na)/(Ca + Mg) fuel ash ratio, a significant degree of alkali metal volatilization 
occurs during combustion, which forms large amounts of particulate matter. Wang et al. 
[22] found that the high contents of chlorine, calcium, and magnesium in corn cob may 
promote potassium release from ash residues, instead of being incorporated into the 
silicate and phosphate structures. Eriksson et al. [23], in combustion experiments of 
rapeseed meal in a 150 kW powder burner, found that the particle emissions during 
combustion of rapeseed meal were 17 times higher than for wood. The fine particles 
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(<1 μm) contained mainly K, P and O. In addition, Novakovic and co-authors [24] 
studied the release of K from the K-Ca-P and K-Ca-Si ash systems. For systems 
containing K, Ca and P, the authors showed that K is preferentially incorporated in non-
volatile (K2O)k (CaO)l (P2O5)m structures. Some studies of P-rich fuels have 
demonstrated that phosphorus may decrease the problems related to corrosive ash 
deposition by converting the reactive gaseous-alkali species formed during biomass 
combustion into high temperature melting alkali-phosphates. Boström et al. [25] found 
that the content of KCl in fine particles released during fluidized bed combustion of bark 
can be significantly reduced by mixing with phosphorus-rich biomasses. Working with 
fixed bed combustion of a phosphorus-rich fuel, Wu et al. [26] showed that the effect of 
Ca-based additives greatly increased the K/P molar ratio in flue gas ash particles. In 
fixed bed combustion experiments with oat grain using limestone (CaCO3) and kaolin 
(Al2Si2O5(OH)4) additives, Bäfver et al. [27] found that limestone lowered the emissions 
of HCl and led to higher amounts of chlorine and sulphur and a smaller amount of 
phosphorus in the fine particles. The kaolin additive increased the fraction of potassium 
in the bottom ash, and reduced the chlorine in the fine particles. Kuligowski and co-
authors [28] in CFB gasification experiments with pig manure, found that fly ash 
particles were rich in K and P among some other heavy metals. Copablo et al. [29], 
studied the resulting fly ash composition from different phosphorus-rich fuels in a 
laboratory scale swirl burner. Analysis of the coarse fly ash showed the formation of Ca, 
K, S, and P rich particles.  

2.2.4. Concluding remarks on the literature 

Research works have shown that phosphorus in biomass is found as a component of 
cellular structures, which is considered to form highly reactive P-containing compounds 
during combustion, or as inorganic minerals forming part of for example bones, which 
was found to have low reactivity.  

Results from previous investigations on combustion of phosphorus-rich fuels have 
shown that the bed agglomeration characteristics, including the formation of bed 
particle layers, are highly dependent on the phosphorus-content in the overall fuel ash 
composition. However, a quantitative evaluation of the role of phosphorus in the bed 
agglomeration processes in fluidized bed combustion has not yet been presented. 

The behaviour of phosphorus-rich biomasses in fixed bed combustion has been 
studied by some research groups, but the available information about the ash 
transformation reactions during fixed bed combustion of fuels rich in phosphorus is 
scarce, and the results are not conclusive. In addition, very few studies of the slagging 
behaviour/characteristics of phosphorus-rich fuels in powder combustion can be found 
in the literature. 

Few research works have been focused on the formation of fine particulate matter 
during combustion of phosphorus-rich fuels, and the available information of the role of 
phosphorus in the formation of volatile alkali compounds indicates that it is still not 
fully understood. It was found that phosphorus has a tendency to react with potassium 
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and form coarse ash fractions, which reduce the formation of fine particulate matter as a 
consequence, but no research works that study this effect in depth, can be found in the 
literature. 

Some research has been dedicated to analysing how the addition of calcium-rich 
additives affects the slag formation. Results show that the addition of Ca helps to reduce 
the slag formation. But the available information about how mineral additives affect the 
formation and composition of the fine particulate matter and deposits is not conclusive.  
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3. Methods 

3.1. Fuels 

The following phosphorus-rich/poor biomasses (pure and in mixtures) were used in 
this thesis: 

 

Phosphorus-rich biomasses: 

 Wheat distillers dried grain with solubles (DDGS); solid residue obtained 
from wheat based ethanol production, was obtained from an ethanol producer in 
Northern Europe.

 Rapeseed meal; solid residue obtained after the chemical extraction of the 
remaining oil from the mechanical extraction of oil from rapeseed (Brassica 
napus) for biodiesel production, was obtained from the Karlshamn plant in 
Southern Sweden.

 Rapeseed cake; solid residue obtained from the mechanical extraction of oil 
from the rapeseed (Brassica napus) for biodiesel production, was obtained from 
Emmelev A/S, Denmark.

 Oat grains; locally produced in the neighbourhoods of Umeå, Sweden.

Phosphorus-poor biomasses: 

 Logging residues from spruce; mainly tops and branches that remain after 
harvest of trees, was obtained from SCA Skog AB Norrbränslen. 

 Bark from spruce; rest obtained after barking of wood-logs, was obtained from 
Södra Skogsenergi, Mönsterås.

 Willow; was harvested from an experimental plantation in the Department of 
Agricultural Research for Northern Sweden (NJV) in Umeå.

 Two typical wheat straws; i.e. -1 and -2, rest that remains after harvest and 
separation of cereal grains, were obtained from Southern Sweden.

 

The employed raw materials presented were analysed for the contents of ash (SS-18 
7171), carbon, hydrogen and nitrogen (ASTM D3178-79), sulfur (SS-187177), and 
chlorine (SS–187185). The main ash forming elements were analysed by inductively-
coupled plasma-atomic emission spectroscopy (ICP-AES); in this method a 
representative fuel sample was ashed at 550°C, then digested in LiBO2 and dissolved in 
HNO3 before elemental analysis. Tables 2 and 3 show the content of the main ash 
forming elements for each biomass fuel used in this thesis.  

DDGS is a fuel rich in S, K, P and Mg; rapeseed meal contains much higher Ca 
content compared to DDGS, being dominated by P, K, Mg and Ca. Rapeseed cake is 
dominated by P, K, Ca, Na and Mg. Oat grains are rich in Si, K, P and some Mg.  
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Table 2. Total ash content, ultimate analysis and the content of main ash-forming 
elements in the phosphorus-rich fuels used in this thesis. Values are given in weight per 
cent of dry substance. 

 DDGS Rapeseed cake Rapeseed meal Oat grain 

 
Paper  

II, V, VI 
Paper  
III, IV 

Paper  
II 

Paper  
VIII 

Ash 4.4 7.50 7.4 2.8 
C 48 50 46.9 43 
H 6.9 6.6 6.3 6.9 
N 5.9 4.9 6.4 1.6 
O (diff.) 33.5 29.8 32.2 46 
S 1.03 0.50 0.91 0.14 
Cl 0.22 0.7 0.03 0.06 
Si 0.101 0.05 0.09 0.57 
Al 0.0013 0.01 0.013 <0.001 
Ca 0.109 0.79 0.721 0.067 
Fe 0.01 0.02 0.034 0.004 
K 1.06 1.26 1.32 0.49 
Mg 0.278 0.42 0.535 0.12 
Na 0.1 0.45 0.013 0.005 
P 0.825 1.29 1.257 0.37 

(K+Na)/(Ca+Mg) a 1.94 1.40 0.85 1.93 

P/K a 0.98 1.29 1.2 0.95 
(a) Molar ratio

Table 3. Total ash content, ultimate analysis and the content of main ash-forming 
elements in the phosphorus-poor fuels used in this thesis. Values are given in weight per 
cent of dry substance. 

 Logging residues Bark-1 Bark-2 Willow Wheat straw-1 Wheat straw-2 

 
Paper 

II, V, VII 
Paper  

II 
Paper  
III, IV 

Paper  
II; V 

Paper  
II, V; VII 

Paper  
VII 

Ash 2.4 3.7 4.9 2.1 5.7 6.2 
C 51.2 52.5 52.3 50.3 46.2 48.1 
H 5.8 5.7 5.7 4.8 5.6 5.4 
N 0.4 0.4 0.4 0.8 0.9 0.8 
O (diff.) 40.4 39.3 36.6 41.3 40.7 42 
S 0.041 0.04 <0.01 0.04 0.19 0.11 
Cl <0.01 0.02 <0.01 <0.01 0.26 0.24 
Si 0.29 0.50 0.46 0.086 0.80 1.5 
Al 0.036 0.087 0.10 0.017 0.006 0.022 
Ca 0.51 0.743 0.96 0.50 0.40 0.46 
Fe 0.024 0.042 0.05 0.01 0.005 0.015 
K 0.17 0.190 0.22 0.25 1.25 0.9 
Mg 0.061 0.064 0.01 0.044 0.10 0.08 
Na 0.014 0.032 0.04 0.011 0.03 0.03 
P 0.046 0.037 0.05 0.059 0.13 0.10 
(K+Na)/(Ca+Mg) a 0.32 0.30 0.30 0.48 2.36 1.64 
Si/K a 2.38 3.66 2.91 0.48 0.89 2.32 
(a) Molar ratio
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3.2. Chemical additives 

The chemical additives used in the combustion experiments include:  

 Phosphoric acid (PA) 85% from Merck; was employed as a “clean” phosphorus 
additive in papers II and VII. The reason for choosing phosphoric acid as additive 
was to compare the co-fired phosphorus-rich fuels (DDGS and rapeseed- 
meal/cake) with a P-additive that is likely to be much more reactive, and also to 
be able to change more effectively the alkali/P ratios.

 Ground and precipitated calcite (CaCO3) from Duchefa Biochemie and Riedel-de 
Haen; respectively, were used as a Ca-rich additives in paper VIII.

 Kaolin (Al2Si2O5(OH)4) from Riedelde Haën, was used as additive in paper VIII.

3.3. Produced fuel mixtures 

The following fuels were produced by mixing P-poor with P-rich biomasses or by 
adding chemical additives:  

DDGS was added in the amount of 40 wt% d.s. to logging residues, 50 wt% d.s. to 
willow, and 50 wt% d.s. to wheat straw-1. Rapeseed meal was added to bark-1 in the 
amount of 30 wt% d.s. Rapeseed cake and bark-2 were mixed in proportions ranging 
from 10 to 90 wt% d.s.  

Phosphoric acid (PA) was added to the logging residues at two levels, increasing the 
molar relation between potassium and phosphorus (P/K) in the fuel ash from 0.34 to 
0.5 (PA-low) and to 0.9 (PA-high). PA was also added to wheat straw-1 increasing the 
P/K molar ratio from 0.13 to 0.5 (PA-low), and to wheat straw-2 at 3 levels; increasing 
the P/K molar ratio from 0.14 to 1.15 (PA-low), 1.5 (PA-medium) and 2.23 (PA-high). 

Oat was mixed with 1 wt% kaolin, 2 wt% precipitated calcite and, 3 wt% ground 
calcite. 

 

3.4. Bed materials used in fluidized bed experiments 

The bed material used in papers II to IV, VI and VII, was commercial quartz sand 
(98% SiO2). In paper V olivine sand (Mg,Fe)2SiO4 was used. Both bed materials were 
sieved, and a grain size fraction between 200 and 250 μm was used in the experiments. 

3.5. Experimental procedure 

3.5.1. Fluidized bed combustion experiments (papers II to VII) 

The experiments were conducted in a bench-scale (5 kW) bubbling fluidized bed 
reactor (BFB), figure 1. The reactor is 2 m high with a fluidized bed and freeboard 
section diameters of 100 mm and 200 mm respectively. A perforated stainless steal 
plate at the bottom of the fluidized bed with 1% open area is used as air distributor. 



16

During the combustion phase the fluidization velocity was kept 10 times higher than the 
minimum fluidization velocity, corresponding to about 1 m/s. A total amount of 5 kg of 
each fuel was combusted in 540 g of quartz- or olivine sand for 8 hours or until 
agglomeration occurred. The bed temperature (measured with thermocouples type N) 
was kept at approximately 800°C for all fuels, except for the wheat straw based fuels 
that were combusted at an average bed temperature of 730°C to minimize the risk of 
fast agglomeration during the combustion stage. Constant temperature along the 
reactor was achieved with the use of pre-heated primary air, heat from the combustion 
and electrical heaters in the free-board section. The oxygen level during the experiments 
was approximately 8-10%, and the CO was 100-150 mg/Nm3 in dry flue gas for all the 
experiments. After the free board section, the flue gases were led through a cyclone 
separator with a cut-size >10 m. During the combustion period the flue gas 
temperature after the cyclone; where online flue gas analysis and particulate matter 
sampling were measured, was 210±20°C for all experiments. 

 

Figure 1. Illustration of the bench scale bubbling fluidized bed reactor and the different 
sampling positions. (A) Bed section; (B) Free board section; (C) Air-cooled temperature 
controlled deposition probe. 

After 8 h of combustion, the fuel feeding was stopped and bed material samples were 
taken. Next, temperature staging was started by external heating via the wall heaters. 
Combustion of propane gas in a chamber prior to the primary air distributor plate was 
started to maintain a combustion atmosphere in the reactor while the bed was 
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continuously isothermally heated at ~3°C/min until bed agglomeration was achieved. 
The onset of defluidization is indicated by a drop in differential bed pressures and, 
deviations in the bed temperature measurements which are registered continuously. 
The reproducibility of the initial defluidization temperature measured with this method 
has previously been determined to be ±5°C. [94] 

 

3.5.2. Fixed bed combustion experiments (paper VI and VIII) 

In paper VI the experiments were performed in an under feed EcoTec pellets burner 
(~20 kW), and in paper VIII an AgroTec horizontal feeding cereal-burner (~15 kW) was 
used. The burners were installed in a reference residential biomass water jacketed 
boiler. A schematic view of the experimental setup is shown in Figure 2. The 
experiments lasted for at least 24 hours. The maximum average temperatures 
(measured by thermocouples type N) in the burner were around 1100°C for all 
experiments shown in paper VI, and around 1000°C for the experiments shown in paper 
VIII. No significant differences in the measured temperatures between the different 
fuels or fuel mixtures were observed. Generally, the combustion conditions were 
relatively stable. For the experiments shown in paper VI; the O2 and CO contents in dry 
flue gas basis were 9-10%, and ~600 mg/Nm3, respectively. For the experiments shown 
in paper VIII, the O2 and CO contents in dry flue gas basis were 7-10% and <250 
mg/Nm3, respectively. For the experiment with addition of ground calcite the values 
were higher, i.e. 6-15% O2 with <1000 mg/Nm3 CO. 

 

Figure 2. Illustration of the experimental setup used in paper VIII. (A) Air-cooled 
temperature controlled deposition probe; (B) Stainless steel plate; (C) Water jacketed 
boiler rear wall; (D) Heat exchanger (water based). (in paper VI an underfeed EcoTec 
pellet burner was used instead) 
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3.5.3. Powder combustion experiments (paper VI) 

The combustion experiments were conducted in a 150 kW swirl powder burner, with 
three sets of air vanes with separate flow control, figure 3. Oil was used to heat up the 
combustion chamber to around 950ºC. When temperatures reached stable levels, the oil 
flow was cut off and the biomass powder feeding was started. The fuel was transported 
pneumatically along the axis of the burner with three annular sets of swirl vanes.  

The average fuel flow was 21 kg/hour and the air flow was adjusted for an oxygen 
concentration of 3.5 to 4% in dried flue gas basis. The respective airflows as percentage 
of total flow were transport air (10%), primary air (20%), secondary air (30%) and 
tertiary air (40%). The measured furnace temperature (measured with thermocouples 
type N) was 1100ºC (T1 and T2), and 950ºC at the end of the furnace (T4).  

 

Figure 3. Illustration of the powder burner boiler experimental setup. T1-4: 
thermocouples. 

 

3.6. Ash, slag, deposit and fine particle sampling 

In fluidized bed experiments (papers II to VII) bed material samples were taken after 
the end of the combustion period, i.e. before the bed agglomeration test. Bed 
agglomerates and cyclone ash samples were also taken after the bed agglomeration test. 
In papers II, IV, V and VII, bed ash particles with size below 100 μm were separated by 
sieving from the bed samples taken before the agglomeration test.  

For powder (paper VI), fluidized bed (paper VI and VII), fixed bed (paper VIII) 
experiments, an air-cooled temperature controlled deposition probe with an 
exchangeable stainless steel (SS 2343) sample ring, which simulates the heat 
exchanging surfaces of industrial biomass-fueled boilers, were used to qualitatively 
study the deposit formation and composition. The sample ring was placed in the upper 
free board section (fluidized bed), just in front of the heat exchanger tubes (fixed bed), 
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or at the end of the combustion chamber (powder). The temperature of the flue gases 
where the deposition probe was inserted was approximately 800°C in all installations. 
The surface of the probe was air-cooled to 450°C in FB and powder experiments and 
150°C in fixed bed experiments. The probe was inserted when stable combustion 
conditions were reached.  

After each fixed bed experiment (papers VI and VIII) the boiler was inspected with 
respect to slag formation in the burner and deposited boiler ash (bottom ash). Slag was 
here defined as a material that clearly could be established as previously molten, that 
was larger than 3 mm, and that was separated by sieving. The degree of sintering for the 
collected slag samples was assessed through visual inspection and a simple strength 
test, and classified according to the following criteria: 

Category 1: very lightly sintered ash that breaks at a light touch. 

Category 2: slightly sintered ash that holds together at a light touch but is easily 
broken apart. The grain structure could still clearly be distinguished. 

Category 3: sintered ash that still is breakable. Visually, it is still possible to 
distinguish single grains, but parts of the ash have structures resembling slag where 
melted material could be observed. 

Category 4: totally sintered ash which is not breakable by hand. The ash is fused to 
larger lumps (slag). No individual grain structure could visually be distinguished. 

 

In paper VIII, deposits on the stainless steel plate in the upper part of the boiler, as 
well as on the rear boiler wall (marked respectively with B and C in Figure 2) were also 
sampled and analysed. The plate and the sampling areas on the rear wall were carefully 
cleaned before each combustion experiment. The average temperature on the stainless 
steel plate was around 650°C, and 170°C on the boiler rear wall. 

After each experiment in the powder rig (paper VI), ash from the burner, ash from 
the bottom of the furnace and fly ash were collected for further analysis. 

In papers VI to VIII isokinetic particle sampling was carried out in the flue gas 
channel by using a 13-step low-pressure cascade impactor from Dekati Ltd. (DLPI), that 
size classifies ash particles according to aerodynamic diameter in the range of 0.03-
10 m. Aluminium foils (not greased) were used as substrates in the impactor. The 
impactor was heated to ~120°C during the sampling. Measurements were made when 
stable combustion conditions were reached. 

3.7. Gaseous emissions analysis 

In papers VI to VIII, the concentration of CO, SO2 and HCl were continuously 
monitored during the experiments by using Fourier transform infrared spectroscopy 
(FTIR) and the O2 level with a lambda probe. For the fixed bed experiments shown in 
papers VI and VIII the CO concentration and O2 level were also measured with 
electrochemical sensors (TESTO XL30).  
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3.8. Chemical characterization of ash, slag, deposits and fine 
particle fractions 

The morphology and elemental composition of the ash fractions studied in all papers 
presented in this thesis were analysed semiquantitatively by using a Philips model XL30 
scanning electron microscope (SEM), combined with an energy-dispersive X-ray 
spectrometer (EDS). Furthermore, determination of crystalline compounds in the ash 
samples was analysed by powder-XRD analysis. The XRD data collections were 
performed using a Bruker d8 Advance instrument in -  mode, with an optical 
configuration consisting of a primary Göbel mirror, CuK -radiation and a Våntec-1 
detector. Continuous scans were applied. By adding repeated scans, the total data 
collection time for each sample lasted for at least 6 h. The PDF2 databank [95] together 
with Bruker software was used to make initial qualitative identifications. The data was 
further analysed with the Rietveld technique and crystal structure data from ICSD [96] 
to obtain semi-quantitative information of the present crystalline phases. The 
amorphous contribution to the diffraction pattern was treated as background and 
subtracted from the quantification. 

In papers II to VI and VIII, the bed material or slag samples was mounted in epoxy 
and dry polished in order to avoid possible leakage out of soluble ash elements. The 
cross sections of the samples were then analysed by SEM-EDS for the determination of 
the morphology and elemental composition. Several slag samples, and bed material 
particles or agglomerates necks (i.e. necks formed between bed particles) from each bed 
sample were analysed. The elemental compositions were analysed on the chosen 
samples with spots/area (EDS) evenly distributed over the formed layers, agglomerate 
necks or slag. The sieved bed ash particle samples were ground (homogenized) before 
XRD and subsequent SEM-EDS analyses. Bed material components and/or minerals 
introduced with the fuels, i.e., quartz (SiO2), albite (NaAlSi3O8) and microcline 
(KAlSi3O8) grains were excluded from the results presented. The total amount of cyclone 
ash was thoroughly homogenized and a representative sample was used for XRD and 
SEM-EDS analyses. Prior to the SEM-EDS analysis the samples were mounted on 
carbon tape and 10 area analyses (100x100 μm) were performed for these ash fractions. 
Slag and bottom ash samples were also ground and analyzed with XRD. 

In papers VI to VIII, the major part of the deposits formed on the wind- and lee- side 
of the probe rings was removed and mounted for XRD analysis. In paper VIII deposits 
on the stainless steel plate in the upper part of the boiler, as well as on the rear boiler 
wall, were homogenized and mounted for XRD analysis. Subsequently, these samples 
were mounted on carbon tape and 10 SEM-EDS area analyses (100x100μm) were 
performed.  

Ash particles sampled with the impactor (0.03-10 μm) in fluidized bed, fixed bed and 
powder experiments (papers VI to VIII) were removed from the aluminium plates and 
mounted for XRD analysis. Subsequently, these samples were mounted on carbon tape 
and 10 SEM-EDS area analyses (100x100μm) were performed. 
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3.9. Chemical Equilibrium Calculations (paper V) 

In fluidized bed combustion of biomasses rich in K, Ca and lower amounts of P and 
Si (i.e. typical woody fuels), the K usually has a tendency to react with the bed material 
particles, and form low melting temperature K-rich-silicate layers. In paper V two 
different bed materials, i.e. olivine and quartz were compared. Chemical equilibrium 
model calculations were performed to interpret the experimental findings of bed particle 
layer formation, and reaction tendencies for both bed materials during combustion of 
logging residues and willow. Fact-Sage 6.1 [97] was used to investigate the 
thermodynamical driving force and resulting potential layer composition from reactions 
between the used bed materials and the fuel ash elements K and Ca (i.e. the dominating 
ash forming elements in woody fuels). The program utilizes the method of minimization 
of the total Gibbs’ free energy of a chemical system. Thermodynamical data for gaseous 
compounds, stoichiometric condensed phases and non-ideal solutions from the Fact-
database were employed (Table 4).  

Calculations were performed assuming that some of the bed particle layers, 
corresponding to an average thickness of 10 μm, participate in the chemical reactions. 
All K and Ca that were introduced by the fuel ash were calculated to participate in the 
reactions. The chemical equilibrium calculations were performed at 800 and 900°C in 
both oxidizing (excess of O2) and reducing (no O2) conditions. 

 

Table 4. Elements and solution models used in the chemical equilibrium model 
calculations. The designations of the solution models are the ones used in Fact-Sage 6.1. 

Elements C, H, N, O, K, Ca, Mg, Fe, Si 

Solution models Slag melt: SLAGA (MgO, SiO2, CaO, K2O, Fe2O3, FeO) (liquid) 

 Salt melt: SALTA (KOH, K2CO3, K2O) (liquid) 

 Olivine: (Mg, Fe, Ca)/SiO3 

 (Ca, Mg): liq-K, Ca/CO3, SO4 (LCSO) 

                   s-K, Ca/CO3, SO4 (SCSO) 
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4. Results and Discussions

4.1. General biomass ash transformation reactions in 
combustion of phosphorus-rich fuels (paper I) 

The aim of the work in Paper I was to summarize and formalize the empirical 
biomass ash transformation phenomena and observations into a simplified conceptual 
model. The model takes as a starting point the concentrations of the main ash-forming 
elements, fundamental chemical thermodynamics, and basic inorganic high-
temperature chemical concepts.  

The ash transformation processes during thermal conversion of biomass can be 
divided into primary and secondary reactions.  

Primary reactions are mainly used to denote and define the mutual affinity of the 
ash-forming elements to oxygen in relation to the oxygen affinity of the carbon-
hydrogen matrix of the fuel, thus isolated from any further reaction. The most 
significant ash forming elements in biomass fuels are, Ca, Mg, Si, P, K, Na, S, and Cl. 
Considering the thermodynamic stability of the corresponding oxides formed during the 
biomass conversion process, the following general and simplified description of the 
primary element-specific behaviour can be made: 

(1) Because of the high stability of oxidized Ca, it is presumably present in various 
oxide configurations already in the biomass. During the thermochemical conversion of 
the biomass, the oxide (CaO) will probably be liberated as small solid micrometer-sized 
particles.  

(2) The same accounts for Mg and MgO (s).  

(3) Si in biomasses is also present as either amorphous SiO2 • H2O (s) or dissolved 
Si(OH)4 (aq) in biomass fluids. This element shows stronger affinity to oxygen than the 
carbon-hydrogen matrix. During combustion or gasification, Si will probably be 
liberated as small silica SiO2 (s) particles. As for the earth alkali oxides, silica is also a 
refractory, which, in pure form, will be solid at all combustion or gasification 
temperatures.  

(4) P is present in fully oxidized form (V) as various phosphates in the biomass. 
Upon the thermal breakdown of the biomass it is probably released as P2O5, i.e., as 
volatile P4O10 (g).  

(5) The alkali metals, K and Na, form less stable oxides than all of the previous ash-
forming elements. These alkali species will initially readily react with water vapour to 
more stable and relatively volatile hydroxides KOH(g) and NaOH(g).  

(6) Sulphur has lower affinity to oxygen than the carbon-hydrogen matrix. 
Subsequently, it will be released as elemental and gaseous sulphur S2 (g) or as H2S (g) 
that will oxidize to gaseous sulphur dioxide SO2 (g) and later to sulphur trioxide SO3 (g) 
depending upon the O2 concentration in the atmosphere.  
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(7) Chlorine, in general, forms relatively weak oxides that are not stable at 
combustion conditions. Thus, it will be liberated as Cl2 (g) that will react with water 
vapour to HCl (g). 

 
To facilitate the description of the secondary ash transformation reactions, i.e. the 

essential ash-forming reactions, the primary products of ash-forming elements from the 
initial stages of combustion (primary ash transformation reactions) can be divided into 
two categories, i.e. basic and acidic compounds (Table 5).  

Roughly, the compounds are arranged according to reactivity that descends from the 
top downward. This is not a completely strict order, because, for instance, varying the 
temperature may change it in some cases. However, despite its schematic character, this 
arrangement is a useful tool that will serve for the purpose of organizing and 
rationalizing the complex ash transformation reactions. 

 
Table 5. Primary products of ash-forming elements from the initial stages of 
combustion divided in basic and acidic compounds. 

Basic compounds Acid compounds 
KOH (l, g) (K2O) P2O5 (g) 
NaOH (l, g) (Na2O) SO2 (g)/SO3 (g) 
CaO (s) SiO2 (s) 
MgO (s) HCl (g) (Cl2) 
H2O (g) CO2 (g) 
 H2O (g) 

 

The order is solely based on thermodynamical considerations, i.e., reflecting pure 
equilibrium conditions at temperatures around 1000°C. Thus, in a situation where there 
is a competition for P2O5 (g) among the basic compounds, primarily K-phosphates will 
form first. If K is consumed, the turn comes to Na, etc. In a reversed case, if there is a 
competition for K among the acid components, a K-phosphate would be the first 
compound to form. If P2O5 (g) is consumed, K will react with SO2 (g)/SO3 (g), etc.  

As pointed out, this is a simplification, and in a realistic situation, further reactions 
will take place, where mixed compounds such as K-Ca- and K-Mg- phosphates and 
silicates may form because of the lower formation energies. 

Restrictions on the model in terms of reactivity limitations and physical conditions 
of the conversion process are discussed and exemplified in Paper I. In addition, some 
principal differences between biomass ashes dominated by Si and P, separately, are 
outlined and discussed. The conceptual models that are formulated in Paper I are later 
used in this thesis to discuss and interpret the results from the experimental 
investigations (paper II-VIII). 
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4.2. Bed agglomeration characteristics in fluidized bed 
combustion of phosphorus-rich fuels (Papers II to IV and VI) 
 

4.2.1. Agglomeration tendencies  

The initial defluidization temperatures (IDT) obtained in the controlled fluidized bed 
agglomeration test for the studied fuels and fuel mixtures are listed in Table 6.  

Table 6. Initial defluidization temperatures (IDT) in quartz bed. 
Fuel Paper Dominating ash 

forming elements in 
the fuel (a) 

Initial defluidization 
temperature (ºC)

Phosphorus-rich fuels 
DDGS II S, K, P, Mg Tot. def. during comb. at ~800 
Rapeseed meal  II P, K, Mg, Ca 1020 
Rapeseed cake III and IV P, K, Ca, Na, Mg Def. during comb. at ~ 800 
Phosphorus-rich fuel mixtures 
40 wt% DDGS in logging residues II S, K, P, Ca, Si, Mg 950 
Logging residues +PA (low) II Ca, Si, K, Mg, P 980 
Logging residues + PA (high) II Ca, Si, K, P, Mg 990 
50 wt% DDGS in willow II K, S, P, Ca, Mg  Def. under comb. at ~800 
30 wt% Rapeseed meal in bark-1 II Ca, K, Si, P, S, Mg 930 
50 wt% DDGS in wheat straw-1  II K, S, Si, P, Mg Tot. def. during comb. at ~730 
Wheat straw-1+PA (low) II K, Si, P, Ca 880 
Wheat straw-2+PA (low)  Si, P, K, Ca 970 
Wheat straw-2+PA (medium)  Si, P, K, Ca 950 
Wheat straw-2 +PA (high)  Si, P, K Tot. def. during comb. at ~730 
10 wt% Bark-2 in Rapeseed cake  III and IV P, K, Ca, Na, Mg Def. during comb. at ~800 
20 wt% Bark-2 in Rapeseed cake III and IV P, K, Ca, Na, Mg Def. during comb. at ~800 
30 wt% Bark-2 in Rapeseed cake III and IV P, K, Ca, Na, Mg Def. during comb. at ~800 
40 wt% Bark-2 in Rapeseed cake III and IV P, K, Ca, Na Def. during comb. at ~800 
50 wt% Bark-2 in Rapeseed cake III and IV P, Ca, K, Na  Def. during comb. at ~800 
60 wt% Bark-2 in Rapeseed cake III and IV Ca, P, K, Si, Na 860 
70 wt% Bark-2 in Rapeseed cake III and IV Ca, P, K, Si 895 
80 wt% Bark-2 in Rapeseed cake III and IV Ca, Si, K, P 910 
90 wt% Bark-2 in Rapeseed cake III and IV Ca, Si, K, P 920 
Phosphorus-poor fuels 
Logging residues II Ca, Si, K, Mg 1030 
Bark-1 II Ca, Si, K 1050 
Bark-2  III and IV Ca, Si, K >1045 
Willow  II Ca, K, Si 900 
Wheat straw-1  II K, Si, Ca 750 

(a) The elements are ordered in decreasing molar concentration from left to right  

 

The phosphorus-rich fuels that had a relative high K(+Na) content, compared to Ca 
and Mg content, i.e. the DDGS- and rapeseed cake fuel showed a high agglomeration 
tendency. These fuels have a molar ratio (K+Na)/(Ca+Mg) of 1.94 and 1.4, respectively. 
The rapeseed meal fuel, which has a relatively higher Ca content than the DDGS and the 
rapeseed cake fuels, i.e. molar ratio (K+Na)/(Ca+Mg) of 0.85, showed a low 
agglomeration tendency. For the woody biomasses with ash rich in Ca, Si and K, i.e. 
logging residues, bark-1, and bark-2, the agglomeration temperatures were well over the 
normal operational temperatures in fluidized bed technologies, i.e. 800-900°C. The 
willow fuel, which has a significantly lower Ca/K molar ratio than the previous fuels, 
showed a moderate agglomeration tendency. Fuels with ash rich in Si and K, i.e. wheat 
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straws, are well known problematic fuels with a high agglomeration tendency, as also 
shown in this work.  

In general, the tested mixtures of DDGS, rapeseed cake and rapeseed meal with 
logging residues, bark-1/-2, and willow, resulted generally in a fuel ash composition 
with higher Ca content than the pure P-rich fuel component. The agglomeration 
tendencies of the mixtures were in general lower than the corresponding pure 
phosphorus-rich component. In paper III, mixtures with a minimum of 60 wt% bark-2 
resulted in significantly lower agglomeration tendencies, compared to what occurs in 
pure rapeseed cake combustion. The addition of 50 wt% DDGS to wheat straw-1 
resulted in a fuel with high agglomeration tendency. 

The addition of phosphoric acid (PA) to the logging residue fuel resulted in a 
significantly higher agglomeration tendency compared to the pure fuel. By adding 
adequate amounts of phosphorus to the K and Si-rich fuels, i.e. wheat straw-1 + PA 
(low) and wheat straw-2 + PA (low and medium), a significantly lower agglomeration 
tendency was obtain as result. Increasing the phosphorus content even further, i.e. 
wheat staw-2 + PA (high), resulted in a fuel composition rich in Si, P and K, with a high 
agglomeration tendency.  

 

4.2.2. Bed particle layer and agglomerate neck characteristics 

In FB combustion of woody biomasses, the fuel alkali metals (generally K and/or Na) 
tend to react with the bed material giving as a result homogeneous inner reaction bed 
particle layers. Fuel ash particles also tend to stick to the bed particles and form an 
outer bed particle coating layer with a more granular structure, see Figure 4-left. For 
herbaceous fuels like straws or grasses, with ash rich in K and Si, generally only 
discontinuous coating layers are formed. Here these layers are named as (outer) bed 
particle coating layer (Figure 4-right). In papers II to IV and VI the influence of 
phosphorus on the formation and composition of bed particle layers was studied. 

 

 

 

 

 
 
 

 

Figure 4. Example of an inner reaction/outer coating layer formed on a quartz bed 
particle (left), taken from a 65 MW CFB boiler fired with logging residue (unpublished 
work); and an (outer) coating layer (right), formed on a quartz bed particle, taken from 
an experiment with wheat straw (5 kW BFB, this work).  
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4.2.2.1. Bed particle layer characteristics 

The fuels/fuel mixtures that developed an inner reaction-/outer- coating layer, or an 
(outer) coating layer are shown in Table 7. Examples of typical bed particle cross 
sections for some of the studied fuels/fuel mixtures are shown in Figures 5 and 6.  

In general, fuels dominated by Ca, K and Si, had a tendency to form inner reaction 
layers, Figure 5. When the content of phosphorus in the fuel is increased (by co-firing 
with a phosphorus-rich fuel or by adding additive), to a level that most of the alkali and 
alkaline earth metals are converted into phosphates, no indication of the reaction 
between K and the quartz bed material particles was seen, Figure 6. This is in 
qualitatively agreement with the conceptual model developed in paper I, i.e. if there is a 
competition for K among the acid components, a K-phosphate would be the first 
compound to form. 

Table 8 summarizes the results obtained by SEM-EDS analysis of the bed particle 
layers, sieved bed ash particles and agglomerate neck elemental composition for the 
studied phosphorus poor/rich fuels.  

The composition of the developed inner reaction layers (see Tables 7 and 8) were in 
general dominated by Si, K and Ca. The outer coating bed particle layers for the studied 
phosphorus-poor fuels were in general dominated by Si, K(Na), Ca and Mg, although 
with quantitative differences. For the phosphorus-rich fuels (pure or in mixtures) the 
outer/(outer) coating layers were in general dominated by P, K/(Na), Ca/Mg, and Si, 
although with quantitative differences. 

 

Table 7. Bed particle layer characteristics. Fuels that developed bed particle layers. 

Fuels/fuel mixtures that developed 
inner reaction- and outer coating 
layer 

Dominating ash 
forming elements 
in the fuel (a) 

Fuels/fuel mixtures that 
developed (outer) coating layer 

Dominating ash 
forming elements 
in the fuel (a) 

Logging residues Ca, Si, K, Mg DDGS S, K, P, Mg 

40 wt% DDGS in logging residues S, K, P, Ca, Si, Mg Rapeseed meal P, K, Mg, Ca 

Logging residues + PA (low) Ca, Si, K, Mg, P 30 wt% rapeseed meal in bark-1 Ca, K, Si, P, S, Mg 

Willow Ca, K, Si Logging residues + PA (high) Ca, Si, K, P, Mg 

Bark-1 Ca, Si, K Wheat straw-1 K, Si, Ca 

Bark-2 Ca, Si, K 50 wt% DDGS in wheat straw-1 K, S, Si, P, Mg 

30 wt% Bark-2 in Rapeseed cake P, K, Ca, Na, Mg Wheat straw-1 + PA (low) K, Si, P, Ca 

40 wt% Bark-2 in Rapeseed cake P, K, Ca, Na Wheat straw-2 Si, K, Ca 

50 wt% Bark-2 in Rapeseed cake P, Ca, K, Na Wheat straw-2 + PA (low) Si, P, K, Ca 

60 wt% Bark-2 in Rapeseed cake Ca, P, K, Si, Na Wheat straw-2 + PA (medium) Si, P, K, Ca 

70 wt% Bark-2 in Rapeseed cake Ca, P, K, Si Wheat straw-2 + PA (high) Si, P, K 

80 wt% Bark-2 in Rapeseed cake Ca, Si, K, P 50 wt% DDGS in willow K, S, P, Ca, Mg 

90 wt% Bark-2 in Rapeseed cake Ca, Si, K, P Rapeseed cake P, K, Ca, Na, Mg 

  10 wt% Bark-2 in Rapeseed cake P, K, Ca, Na, Mg 

  20 wt% Bark-2 in Rapeseed cake P, K, Ca, Na, Mg 

(a) The elements are ordered in decreasing molar concentration from left to right  
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a) Willow                                                                  b) Bark-2 
 
 
 
 
 
 
 
 
 
 
 
 
c) Logging residues + PA (low)                         d) 40 wt % DDGS in Logging residues  
 
 
 
 
 
 
 
 
 
 
 
 
 
e) 30 wt% Bark-2 in Rapeseed cake                 f) 50 wt% Bark-2 in Rapeseed cake 
 
 
 
 
 
 
 
 
 
 
 
 
g) 60 wt% Bark-2 in Rapeseed cake                 h) 90 wt% Bark-2 in Rapeseed cake 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Scanning electron microscopy (SEM) images of typical cross sections of bed 
particle layers formed during combustion of willow, bark-2, 40 wt% DDGS in logging 
residues, logging residues + PA (low), 30-50-60-90 wt% Bark-2 in Rapeseed cake.  
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a) Logging residues + PA (high)                     b) 30 wt % Rapeseed meal in Bark-1 

 

 

 

 

 

 

 

c) 10 wt% Bark-2 in Rapeseed cake             d) 20 wt% Bark-2 in Rapeseed cake 

 
 
 
 
 
 
 
 
 
 
 

Figure 6. Scanning electron microscopy (SEM) images of typical cross sections of 
(outer) bed particle coating layers formed during combustion of 30 wt% rapeseed meal 
in bark, logging residues + PA (high), 10-20 wt% Bark-2 in Rapeseed cake. 

 
4.2.2.2. Individual (sieved) ash particles 

In papers II and IV bed ash particles were sieved from the bed material samples and 
analysed by SEM-EDS. The elemental composition was in general similar to the 
outer/(outer) bed particle coating layers (Table 8). The determination of crystalline 
phases by XRD analysis was also made (Tables 9 and 10). The results showed 
occurrence of minerals introduced as fuel contaminants and/or rests of bed material not 
separated by the sieving, i.e. quartz (SiO2), microcline (KAlSi3O8) and, albite 
(NaAlSi3O8). The XRD results are therefore presented on a sand mineral free basis to 
facilitate the comparison. In Tables A1 and A2 in the appendix, the complete XRD 
analysis is shown. For willow and logging residues, the amounts of bed ash particles in 
the bed samples were low. For willow, no SEM/XRD analysis could be done due to the 
scarce amount of sample. The amount of separate bed ash particles for all fuel mixtures 
obtained by co-firing with a P-rich fuel or by adding PA additive were in general high.  

 

4.2.2.3. Bed agglomerate necks 

Agglomerate necks for the phosphorus-poor biomasses had in general similar 
compositions as the inner reaction layer, rich in Si, K and Ca (Table 8). For phosphorus-
rich fuel or fuel mixtures, the agglomerate necks had in general a composition similar to 
the outer/(outer) bed particle coating layer or bed ash particles, dominated by P, 
K/(Na), Ca/Mg, and Si (Table 8).  
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Table 10. Crystalline phases identified with XRD in the sieved bed samples for the 
wheat straw based fuel/fuel mixtures and DDGS.a 

 

  

Wheat 
straw-1 DDGS 

50 wt% 
DDGS in 

Wheat 
straw-1 

Wheat 
straw-1 + 
PA (low) 

Wheat 
straw-2 + 
PA (low) 

Wheat 
straw-2 + 

PA 
(medium) 

Wheat 
straw-2 + 
PA (high) 

CaCO3  14      

MgO        

CaSO4  8      

K2SO4 61 10 30 20 7   

K3Na(SO4)2 4  11     

KCl 3       

Ca5(PO4)3(OH) 9  6    2 

Ca3(PO4)2  8   1   

CaK2P2O7  34 16 51 53 66 33 

CaKPO4 18   7    

CaMgP2O7        

KMgPO4  12 14    9 

Ca3Mg(SiO4)2 2 14 11     

Ca2MgSi2O7 3  6     

CaMg(SiO3)2        

SiO2 (cristobalite) (b) (b) 6 22 39 34 56 

(a) The values in the table give the contents of crystalline phases (wt %). Results are shown in 
quartz (SiO2), microcline (KAlSi3O8), and albite (NaAlSi3O8) free basis. (b) Traces. 

 

4.2.2.4. Discussions 

The following is a general discussion of the bed particle layer formation and 
agglomeration mechanisms, which is based on the SEM-EDS and XRD analyses of the 
bed material and bed ash samples.  

The phosphorus-rich biomasses DDGS, rapeseed meal and rapeseed cake have fuel 
ash dominated by P, K, Na, Ca, Mg and for DDGS also S. Coating layers, agglomerate 
necks and sieved bed ash particles were found to have relatively similar compositions 
dominated by P, K, Mg, Si for DDGS; Si, P, Ca, Mg, K for rapeseed meal and; P, K, Ca, 
Mg, Na for rapeseed cake (Table 8). For DDGS and rapeseed cake, the molar ratio 
between alkali metals and alkaline earth metals, i.e. (K+Na)/(Ca+Mg), is particularly 
high, i.e. 1.94 and 1.40 respectively. These ratios indicate that there is a lack of available 
Ca or Mg to increase the melting temperature of the K-rich-phosphates formed during 
the thermochemical conversion of the fuel. Moreover, Mg has a tendency to form 
phosphates with lower melting temperature compared to Ca, see Figures 7 and 8. On the 
other hand, rapeseed meal exhibited lower agglomeration tendency due to the higher 
content of Ca, i.e., (K+Na)/(Ca+Mg) molar ratio around 0.85. The bed agglomeration 
mechanism for these fuels can be then described as direct adhesion of bed particles by 
partially molten K-Ca/Mg-phosphates.  
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Figure 7. Ternary phase diagram of Ca-K-P system. Taken from Lindström et al., [20], 
the diagram was constructed from references [98-102]. 

 

The phosphorus-poor fuels logging residues, willow, bark-1 and bark-2 are fuels with 
relatively high Ca and K content in comparison to the inherent Si (associated to the 
organic structure of the biomass). In quartz bed combustion of these fuels, the 
agglomeration process is usually initiated by the formation of an inner layer by reaction 
of gaseous or liquid K-compounds with the surface of the bed material particles to form 
a K-silicate rich melt, accompanied by diffusion/dissolving of Ca into the melt, followed 
by viscous flow sintering and agglomeration.[53, 58] In the K2O-CaO-SiO2 ash system 
[107], see Figure 9, the Ca/K ratio is particularly interesting since increasing the Ca 
content results in approaching regions with higher melting temperatures, whereas 
increasing the K concentration, together with moderate to high SiO2 contents, moves the 
composition toward regions with lower eutectic temperatures, illustrating the effect of 
increased initial melting temperatures by introducing Ca into a potassium silicate melt 
(suspended or adhered ash particles). Willow showed a higher agglomeration tendency 
compared to both the logging residues and bark fuels due to the lower Ca/K fuel ash 
ratio. 
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Figure 8. Ternary phase diagram of Mg-K-P system. Taken from Lindström et al., [20], 
the diagram was constructed from references [103-106]. 

 

Figure 9. Ternary phase diagram of K2O-CaO-SiO2 system. [107] 
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Wheat straw is a well known problematic fuel, with an ash dominated by Si and K. 
Bed particles coating layers, agglomerate necks and bed ash particles were all 
characterized by high K and Si concentrations, (Table 8). As it was found in many 
previous works, partially molten alkali-rich-silicate particles will occasionally stick to 
the bed particles forming non-continuous layers and subsequently bed agglomerates, 
thus following a mechanism previously described as direct adhesion of the bed particles 
by partially molten ash derived K-silicates.[53, 54]  

By adding phosphoric acid (PA) to logging residues, the P/K ratio was increased 
from 0.34 to 0.5 (PA-low) and 0.9 (PA-high). While in combustion of pure logging 
residues the sieved bed ash particles, i.e. the individual bed ash particles, were 
dominated by silicates, K-Ca/Mg-phosphates were found when PA was added, see Table 
9. The latter is in quantitatively agreement with the overall ash transformation 
theories/model presented in section 4.1 (paper I). For the logging residues + PA-low 
fuel, thick continuous inner reaction layers rich in Si, K and minor amounts of Ca were 
formed, see Table 8 and Figure 5c. Thick non-continuous (outer) coating layers 
containing Si, Ca, P, and K appeared when the P concentration in the mixture was 
increased (PA-high), while the inner reaction layer was absent, see Table 8 and Figure 
6-a. Our interpretation of the results from the PA-low mixture is that the available 
amount of P was not sufficient to eliminate the reaction of gaseous/liquid K-compounds 
on the quartz bed grains, leading to K-silicate formation. Furthermore, part of the alkali 
earth oxides will react together with the alkali phosphates to form more stable ternary 
phosphates, thus withdrawing some of those refractory oxide components from 
dissolving into the K-silicate layer on the bed grains. In the PA-high mixture the 
available amount of P appears to be enough to capture most of the K, since no inner 
reaction layers were present on the quartz bed particles. Also a slight increase in K-
Ca/Mg-phosphate phases in the sieved bed ash particles along with a decrease in Ca-
Mg-silicate phases was found compared to the PA-low mixture (Table 9). SEM analysis 
indicated that mainly the outer coating layer was involved in the bed agglomeration 
process for both mixtures with PA. It was also found that the agglomeration tendency 
was increased compared to the pure fuel. Apparently, compared to the K-Ca rich silicate 
inner reaction layer occurring in the pure fuel, the formation of a complex silicate-
phosphate outer coating layer causes a lowering of the melting temperature. 
Unfortunately no information concerning the melting behaviour of such complex multi-
component mixtures is available. 

The mixtures of 40 wt% DDGS in logging residues and 30 to 90 wt% bark-2 in 
rapeseed cake resulted in formation of inner reaction layers rich in Si, K(Na), and some 
Ca or Mg, see Figure 5 d-h for examples of SEM images of cross sections of bed 
particles. The formation of the inner reaction layer probably took place due to the much 
higher total K+Na content compared to P, that is, the K and Na introduced by the DDGS 
or rapeseed cake enhanced the reaction of gaseous/liquid K(Na)-compounds on the 
quartz bed grains, leading to inner reaction layers. The SEM analysis of the bed material 
and agglomerates shows that the outer coating layer was responsible for the bed 
agglomeration process. Partially molten ash particles consisting of K-Ca/Mg-
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phosphates/silicates, occasionally adhered and reacted with the bed particles, and 
formed non-continuous layers and agglomerates.  

For the fuel mixtures, 50 wt% DDGS in Willow, 30 wt% rapeseed meal with bark-1, 
and 10 and 20 wt% bark-2 in rapeseed cake, only (outer) coating layers with a 
composition similar to the bed ash particles, i.e. mainly dominated by P, K(Na), Ca/Mg, 
and Si were formed, see Table 8. Some examples of bed material particles SEM pictures 
are shown in Figure 6 b-d. Similarly to the logging residue with PA addition, the amount 
of introduced P determines the ash behaviour. SEM analysis of the bed material shows 
that mainly the (outer) bed particle coating layer was responsible for the bed 
agglomeration process. During the combustion of the fuel mixtures, plausibly K-
phosphates are formed initially, subsequently incorporating Ca- and Mg- oxides. The 
ability of P to act as a K-capturing agent was efficient enough to reduce the 
concentration of gaseous/liquid K-species to very low levels since no inner reaction 
layers rich in K(Na) were found. The ash particles rich in K-Ca/Mg-phosphates 
occasionally adhered to the bed particles, forming non-continuous layers and 
subsequently bed agglomerates. 

By adding 50 wt% DDGS to the K and Si-rich wheat straw-1, the K content does not 
change much compared to the pure fuel. The (K+Na)/(Ca+Mg) molar ratio is 2.36 for 
pure wheat straw-1; 1.94 for pure DDGS; and 2.15 for the mixture. The Si and P contents 
approach similar levels, while the Ca content decreases and Mg increases although the 
sum of these basic components is almost constant. This means blending a low-melting 
K-Si-dominated fuel (wheat straw) with a low-melting K-P-dominated fuel (DDGS) to a 
fuel mixture, whose ash exhibits formation of low-temperature K-Ca/Mg-
phosphate/silicate melts. SEM analysis showed that molten ash or the (outer) bed 
particle coating layer was the main responsible factor behind the bed agglomeration. 
Partially molten ash occasionally adhered to the bed particles and formed non-
continuous layers and subsequently agglomerates, following the agglomeration 
mechanism described as direct adhesion of bed particles by partially molten K-Ca/Mg-
phosphates/silicates. 

For the wheat straw-1 + PA (low) and, wheat straw-2 + PA (low and medium) fuels 
the major change in the fuel composition is an increase in the P content, which 
promoted the formation of K-Ca-phosphates, see Table 10. Agglomerate necks and outer 
coating layers are mainly composed by K, Si, P and Ca (Table 8). That is, shifting the 
fuel composition to a higher P content, part of the low-melting-temperature K-rich-
silicates are “replaced” by more stable Ca-K-phosphates, leading to significantly 
increased initial defluidization temperature (Table 6). Increased content of cristobalite 
(SiO2) is left as a rest from the reactions (Table 10). This is in qualitative agreement with 
the conceptual model developed in paper I, i.e. if there is a competition for K among the 
acid components, a K-phosphate would be the first compound to form. Increasing the 
phosphorus content even further, i.e. wheat straw-2 + PA (high), results in an ash 
composition dominated by P and K. During the combustion, high amounts of K-rich 
phosphates are probably formed. The Ca-K-P ash system, figure 7, revels that a region 
with a low eutectic temperature (590°C) is formed between K5P3O10 and KPO3. This 
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points to the formation of an ash material in the bed section that probably was molten 
prior to cooling, explaining the high agglomeration tendency of this fuel. For both wheat 
straws with PA addition, the (outer) bed particle coating layers, agglomerate necks and 
sieved ash particles had similar elemental compositions. The agglomeration mechanism 
for these assortments can be described as direct adhesion of bed particles by partially 
molten K-Ca-phosphates/silicates. 

4.2.3. Melting behaviour of the individual (sieved) bed ash particles 

As was explained in the last section, for all fuels containing significant amounts of 
phosphorus, the (outer) bed particle coating layer was responsible for the initiation of 
the bed agglomeration process. It was found that the outer coating layer and the ash 
particles that were separated from the bed material by sieving have similar 
compositions (Table 8). The melting behaviour of the outer bed particle coating layer, 
seems to control the adhesive forces that are responsible for the final temperature-
controlled agglomeration process. To interpret the results, the average elemental 
compositions of the sieved (individual) bed ash particles for each fuel/fuel mixture are 
represented in the pseudo-ternary system K2O-(+Na2O)-CaO(+MgO)-P2O5, Figures 10 
and 11. For 80 and 90 wt% Bark-2 in rapeseed cake, 50 wt% DDGS in wheat straw-1 and 
wheat straw-1 + PA (low) fuels, the sum of the oxides K2O, Na2O, CaO, MgO and, P2O5 
(Table 11) made up less than 70 wt% of the ash composition, and for this reason these 
fuel mixtures are not included in the compositional diagrams. 

 

Table 11. Sum of the oxides (given in wt %) K2O, Na2O, CaO, MgO and, P2O5 in the 
sieved bed ash (Sand minerals excluded). 
 K2O+Na2O+CaO+MgO+P2O5  
Rapeseed meal 91.7 
DDGS 89.4 
40 wt% DDGS in Logging residues 84.6 
50 wt% DDGS in Willow 86.7 
Logging residues + PA (low) 85.0 
Logging residues + PA (high) 82.0 
30 wt% Rapeseed meal in bark 81.3 
Wheat straw 2 + PA (low) 78.0 
Wheat straw 2 + PA (medium) 78.5 
Wheat straw 2 + PA (high) 72.3 
Rapeseed cake 96.4 
10 wt% Bark-2 in Rapeseed cake  94.2 
20 wt% Bark-2 in Rapeseed cake  91.3 
30 wt% Bark-2 in Rapeseed cake 89.3 
40 wt% Bark-2 in Rapeseed cake 87.0 
50 wt% Bark-2 in Rapeseed cake 84.8 
60 wt% Bark-2 in Rapeseed cake 75.1 
70 wt% Bark-2 in Rapeseed cake  76.8 
80 wt% Bark-2 in Rapeseed cake 67.6 
90 wt% Bark-2 in Rapeseed cake  38.3 
50 wt%DDGS in Wheat straw 1 66.6 
Wheat straw 1 + PA (low) 66.3 
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In the Ca-K-P [98-102] and Mg-K-P [103-106] ash systems, the compositions close 
to the binary K2O-P2O5 reveal the formation of compounds with low melting 
temperatures; the eutectic and peritectic temperatures in the region (40-60 wt % K2O) 
go down to 590°C. With increasing MgO and/or CaO contents, the influence of low 
temperature melts will decrease as the composition approaches the pyrophosphates 
(P2O74-) K2MgP2O7 (melting point (mp) = 736°C) [103-106] and CaK2P2O7 (mp = 
1143°C) [100] and, subsequently; to the orthophosphates (PO43-) MgKPO4 (mp = 
1520°C) [103-106] and CaKPO4 (mp = 1560°C).[101] Moreover, fuels containing high 
amounts of Mg will behave in a different way than those containing high amounts of Ca. 
Comparing pyrophosphates with the same amount of K, it can be seen that fuels 
containing Ca will tend to form unproblematic phosphates like CaK2P2O7 (e.g. rapeseed 
meal) and fuels containing Mg will tend to form low melting point phosphates like 
K2MgP2O7 (e.g. DDGS), probably explaining the big difference in agglomeration 
tendencies between these fuels.  

 

 

Figure 10. Compositional triangle (in weight per cent) of the K2O-(+Na2O)-
CaO(+MgO)-P2O5 system. The liquidus isotherms are adopted from a number of 
experimental investigations of the K2O-CaO-P2O5 system.[98-102] The elemental 
average composition of the individual ash particles found in the bed for different 
fuel/fuel mixtures is shown in the figure. 
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Figure 11. Compositional triangle (in weight per cent) of the K2O-(+Na2O)-
CaO(+MgO)-P2O5 system. The liquidus isotherms are adopted from a number of 
experimental investigations of the K2O-CaO-P2O5 system. [98-102] The elemental 
average composition of the individual ash particles found in the bed for different 
fuel/fuel mixtures is shown in the figure. 
 

In general, increasing the amount of phosphorus in K/Si-rich fuels, e.g. wheat straw, 
results in a bed ash composition that for high P-additions approaches the P-rich side of 
the diagram; see Figure 10, where low-melting temperature phosphates are found.  

In the opposite case, increasing the Ca content in P-rich fuels, for example by co-
firing rapeseed cake with increasing amounts of bark (Figure 11), the resulting bed ash 
composition approaches the Ca-rich side of the diagram, where high melting 
temperature phosphates are found. That is, increasing the Ca/P ratio in problematic 
phosphorus-rich fuels, the formation of high melting temperature phosphates was 
favoured, and lower agglomeration tendencies were obtained as a result, Table 6.  

Furthermore, for fuels with a high agglomeration tendency, e.g. DDGS and wheat 
straw-2 + PA (high), the average composition of the bed ash particles is found closer to 
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the P-rich side of the composition triangle, where phosphates with low melting 
temperature are found.  

It should be noted that the position of each fuel’s individual ash particle composition 
in Figures 10 and 11, represents projections on ternary subsystems, and the “true” 
locations (assuming that K and Na behave in the same way); are situated in the 
quaternary system K2O (Na2O) - CaO - MgO - P2O5. Furthermore, Si was in most cases 
found to form part of the ash particles. The XRD analysis of the bed ash showed high 
contents of cristobalite (SiO2), see Tables 9 and 10, and the existence of amorphous 
materials containing Si cannot be discarded. Information about the melting behaviour 
of such complex mixtures containing Ca, Mg, K, Na, P and Si, is unfortunately not at 
hand. Studies of the interaction between the silicate and phosphate systems should be 
encouraged. From the results presented here, it can be concluded that the melting 
temperature of the ash produced during combustion of phosphorus-rich fuels is in most 
cases lower than the one predicted by using available K/(Na)-Ca/Mg-P phase diagrams. 

 

4.2.4. Effect of bed material on bed agglomeration characteristics during 
combustion of phosphorus-rich/poor fuels (paper V) 

Most of the studies on ash related problems performed to elucidate the mechanisms 
involved in bed defluidization or agglomeration during combustion of biomass have 
used quartz (SiO2) as a model bed material. However, there are alternative bed 
materials that have been used as counter measures for bed agglomeration, like for 
example olivine ((Mg,Fe)2SiO4). 

There are relatively few published studies in the literature focused on combustion of 
phosphorus-poor fuels in olivine beds, and no published research works for 
phosphorus-rich fuels can be found.  

For these reasons the agglomeration characteristics of different phosphorus poor/-
rich fuels in olivine bed were determined in paper V and the results were compared with 
similar studies performed in a quartz bed. The studied fuels include logging residues, 
willow, wheat straw, and DDGS.  

4.2.4.1. Agglomeration tendencies 

The initial defluidization temperatures (IDT) of the tested P-rich/-poor fuels in both 
bed materials are listed in Table 12. The results showed a large difference in the IDT 
between olivine and quartz bed materials for the willow fuel. The difference between the 
IDT for logging residues in both beds was significant but rather small. For these fuels 
the IDT in olivine bed were well above the normal bed temperatures in FB biomass 
boilers, i.e. 800-900ºC. For the wheat straw and DDGS fuels no significant difference in 
the agglomeration tendency between olivine and quartz bed materials could be found.  
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Table 12. Initial defluidization temperatures (IDT) in olivine and quartz beds. 

Fuel Olivine bed (ºC)  Quartz bed (ºC)  

Willow  > 1060  900  

Logging residues  > 1060  1030 

DDGS  def. during comb. at ~ 800   total def. during comb. at ~800  

Wheat straw  740   750  

4.2.4.2. Bed particle layer characteristics and composition 

Combustion of logging residues (rich in Ca, Si and K) and willow (rich in Ca, K, and 
Si) in olivine bed resulted in bed material particles with relatively continuous and 
homogeneous inner reaction layers and more granular structured outer coating layers. 
Typical bed particle cross sections for these fuels in olivine bed are shown in Figure 12. 
One example of the willow fuel in quartz bed is shown in Figure 5-a (section 4.2.2.1).  
 

a) Logging residues in olivine                  b) Willow in olivine 

 

 

 

 

 

 

 

 

Figure 12. Scanning electron microscopy (SEM) images of typical cross sections of bed 
particle layers/coatings formed during combustion of logging residues and willow in 
olivine bed material. 

 

In combustion of logging residues, the total thickness of the formed layers (after 8 
hours combustion) was always below 10 m for the analyzed olivine and quartz bed 
particles. In combustion of willow, there were significant differences in the bed particle 
layer thickness between the olivine and the quartz bed particles. The analyzed quartz 
particles had in general a maximum layer thickness of 20 m, whereas the bed particle 
layer thickness was always under 10 m for the olivine case.  

During combustion of wheat straw (rich in K, Si and Ca) and DDGS (rich in S, K, P 
and Mg) in both olivine and quartz bed materials, only discontinuous (outer) coating 
layers resembling lumps of fused ash particles adhered to the bed particles were found, 
Figure 13 shows some typical examples of the olivine case. A summary of the results of 
the bed particle layer, agglomerate necks, and bed ash particles obtained by SEM-EDS is 
shown in Table 13. Results of experiments in quartz bed are also given in order to 
simplify the comparison between both bed materials. 
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a) Wheat straw in olivine                          b) DDGS in olivine 

 

 

 

 

 

 

 

 

Figure 13. Scanning electron microscopy (SEM) images of typical cross sections of bed 
particle layers/coatings formed during combustion of wheat straw and DDGS in olivine 
bed material. 

Table 13. Summary of the results: Dominating elements in inner bed particle reaction 
layers, (outer) bed particle coating layers, agglomerate necks and sieved bed ash 
particles obtained by SEM-EDS analysis.

Fuel Bed 
material 

Dominating 

inner 
reaction layer 
elements a 

Dominating  
coating layer 
elements a 

Dominating  
neck 
elements a 

Dominating bed 
ash particles 
elements (Sand 
minerals 
excluded)a 

willow olivine Mg, Si, Ca Ca, Si, P, K, Mg Si, K, Ca, Mg Ca, Si, K, Mg 

 quartz  Si, K, Ca Si, Ca, K, Mg Si, K, Ca n.a. 

logging residues olivine Mg, Si, Ca Ca, Si, Mg, P Si, K, Mg, Ca Si, Ca, K  

 quartz  (too thin) Ca, Si, K, Mg Si, K, Ca small amounts  

wheat straw olivine - Si, K Si, K Si, K, Ca 

 quartz  - Si, K Si, K Si, K, Ca 

DDGS olivine - P, K, Mg, Si P, K, Mg, Si P, K, Mg, Si 

 quartz  - P, K, Mg, Si Si, P, K, Mg P, K, Mg, Si 

a Concentrations > ~5 mole % on an O- and C-free basis. Elements in the table are ordered in 
decreasing concentration from left to right. 

 

4.2.4.3. Individual (sieved) bed ash particle XRD analysis 

The XRD analysis of the sieved bed samples showed occurrence of minerals 
introduced as fuel contaminants and/ or rests of bed material not separated by the 
sieving, i.e. quartz (SiO2), microcline (KAlSi3O8), albite (NaAlSi3O8), and olivine 
((Mg,Fe)2SiO4). The XRD results of the sieved bed ash in both bed materials are 
therefore presented on a sand- and olivine- mineral free basis to facilitate the 
comparison (Table 14). In Table A3 in the appendix is shown the complete analysis.  
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The major differences in the sieved bed ash particles from experiments with the 
phosphorus-poor fuels in olivine compared to quartz were the presence of MgO and, 
higher amounts of Ca-, and Ca/Mg-silicates. The phosphorus rich fuel DDGS resulted in 
bed ash dominated by K-Ca/Mg-phosphates and minor amounts of Ca-Mg-silicates in 
both bed materials. 

Table 14. Crystalline phases identified with XRD in the sieved bed ash samples.a 

  Logging residues Willow Wheat straw DDGS 
  Olivine Quartz Olivine Quartz (b) Olivine Quartz Olivine Quartz 
CaO   3 n.a     
CaCO3  11  n.a    14 

K2Ca(CO3)2    n.a 3    
MgO 5  22 n.a 6    
CaSO4    n.a 2   8 
K2SO4  11 19 n.a 34 61  10 
K3Na(SO4)2    n.a  4   
KCl    n.a  3   
Ca5(PO4)3(OH)  21 19 n.a 11 9 4  
Ca3(PO4)2    n.a 6   8 
CaK2P2O7    n.a   30 34 
CaKPO4    n.a  18   
KMgPO4    n.a   38 12 
Ca3Mg(SiO4)2 6  14 n.a 5 2 8 14 
Ca2MgSi2O7 19  11 n.a  3 5  

CaSiO3 54   n.a 8    
CaMg(SiO3)2  37  n.a 13    
K2MgSiO4   4 n.a 8    
KAlSiO4   8 n.a     
KAlSi2O6 8   n.a     
SiO2 (cristobalite) 8 20  n.a 4 (c) 15 (c) 

(a) The values in the table give the contents of crystalline phases (wt %) on a sand- and olivine 
mineral free basis in the different samples. (b) Quantification for willow bed ash was not possible 
due to the scarce amount of sample. (c) Traces. 

4.2.4.4. Chemical equilibrium calculations 

Chemical equilibrium model calculations were performed to interpret the 
experimental findings of layer formation and reaction tendencies for olivine and quartz 
bed materials, i.e., for the experiments with willow and logging residue fuels. The 
chemical equilibrium calculations performed at 800 and 900°C, in oxidizing 
atmosphere (6% O2) and reducing atmosphere (no O2), showed no large difference 
between the cases.  

The results from the calculations in quartz bed predicted all K and Ca introduced by 
the fuel to mainly form K2Si2O5 (s), a K-rich silicate melt and, CaSiO3 (s). In olivine bed, 
all K introduced by the fuel is predicted to form KOH (g), K2CO3(s) and a small amount 
of a K-rich silicate melt. The Ca is predicted to react with the bed material to mainly 
form Ca3Mg(SiO4)2 (s), minor amounts of Ca2Fe2O5 (s) and CaFe2O4 (s). The major part 
of the Mg in the olivine is predicted to form Ca3Mg(SiO4)2 (s) and MgO (s). 
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4.2.4.5. Discussions 

The following is a general discussion of the fuel with high phosphorus content, i.e., 
DDGS. The phosphorus-poor fuels, i.e. logging residues, willow and, wheat straw, are 
not discussed here, but information about these fuels can be found in paper V. For 
DDGS, no major differences in the agglomeration tendency between quartz and olivine 
bed materials were found. DDGS formed (outer) coating layers and agglomerate necks 
with similar composition in both bed materials, mainly dominated by P, K, Mg and Si, 
Table 13. The bed agglomeration mechanism for phosphorus-rich fuels in quartz bed 
therefore seems to be directly applicable in olivine bed and is described as direct 
adhesion of bed particles by partially molten K-Mg-phosphates in both bed materials.  

 

4.3. Slagging characteristics of phosphorus-rich fuels (paper VI) 
 

4.3.1. Slagging tendencies 

During the fixed bed experiments presented in paper VI, the maximum combustion 
temperature in the region where the slag was formed, i.e. in the burner grate, was 
estimated to be around 1100°C. The slagging tendencies of the combusted fuels, 
expressed as the fraction of fuel ash that forms slag and the sintering degree (according 
to the classification given in section 3.6), are shown in Table 15. The table also shows the 
slagging tendencies for some other phosphorus-rich and -poor fuels for experiments 
made in similar conditions by Eriksson et al., [23] and Gilbe et al. [108]. 

Table 15. Fraction of ingoing fuel ash that formed slag.  
Fuel Paper Dominating ash 

forming elements in 
the fuel (a) 

Fraction of fuel 
ash that formed 
slag (wt%)

Degree of 
sintering 

Phosphorus-rich fuels     

DDGS VI S, K, P, Mg 60 4 

Rapeseed meal (b) - P, K, Mg, Ca 22 2 

Wheat straw-1 + PA (low) - K, Si, P, Ca 65 3 

40 wt% DDGS in logging residues VI S, K, P, Ca, Si, Mg 44 3 

50 wt% DDGS in wheat straw-1  VI K, S, Si, P, Mg 45 3 

10 wt% Rapeseed meal in bark-1 (b) - Ca, Si, K, P, Mg 21 1-2 

30 wt% Rapeseed meal in bark-1 (b) - Ca, K, Si, P, S, Mg 31 1-2 

Phosphorus-poor fuels     

Logging residues VI Ca, Si, K, Mg 8 2 

Bark-1 (b) - Ca, Si, K 47 2 

Wheat straw-1 VI K, Si, Ca 79 4 

Reed canary grass (low ash) (c) - Si, Ca, K, P 72 4 

Reed canary grass (high ash) (c) - Si, Al, K 4 2 

Hemp (low ash) (c) - Ca, Si, K, Mg 20 2 

Hemp (high ash) (c) - Si, Ca, Al, K 72 4 

Willow (c) - Ca, K, Si 4 1-2 

(a) Dominating fuel ash elements, values are ordered in decreasing molar concentration from 
left to right, (b) From Eriksson et al. [23], (c) From Gilbe et al. [108] 
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In general phosphorus-rich fuels dominated by K, Mg, P and Si, i.e. DDGS; wheat 
straw-1 + PA (low); 40 wt% DDGS in logging residues and; 50 wt% DDGS in wheat 
straw-1, showed moderate to high slagging tendency and sintering degree. For fuels with 
higher Ca content, i.e. rapeseed meal and 10/30 wt% rapeseed meal in bark-1, the 
slagging tendency and sintering degree were low.  

For phosphorus-poor fuels with ash rich in Ca, i.e. logging residues; bark-1; willow 
and; hemp (low ash), the slagging tendency and sintering degree were low, and for the 
fuels rich in Si, i.e. reed canary grass (low ash), hemp (high ash), and wheat straw-1, the 
result was high slagging tendency and sintering degree. 

 

4.3.2. Slag composition and melting behaviour 

The average elemental compositions (given as oxides) of the different slags (material 
that clearly could be established as previously molten), are shown in Tables 16 and 17. 
The results from the XRD analyses are shown in Tables 18 and 19. It should be noted 
that the XRD analysis of the slag was performed on slowly cooled material that at least 
partly was molten during the combustion phase, and significant amounts of that molten 
material have probably crystallized during cooling. 

In figures 14 and 15 the combusted fuels are shown in terms of their elemental 
distributions given as oxides in the formed slag. For the wheat straw-1 + PA (low), 40 
wt% DDGS in logging residues, 50 wt% DDGS in wheat straw-1 and, 10 wt% rapeseed 
meal in bark, the sum of the oxides K2O, Na2O, CaO, MgO and P2O5 (Table 16) was less 
than 70 wt% in the slag, and for this reason not included in the figures. 

Table 16. Average elemental composition (given as oxides) of the slag formed during 
fixed bed combustion of the phosphorus-rich fuels. (Sand minerals excluded) 

 DDGS 
Rapeseed 

meal 

Wheat 
straw-1 + 
PA (low) 

40 wt% 
DDGS in 
logging 
residues 

50 wt% 
DDGS in 

wheat 
straw-1 

10 wt% 
Rapeseed 
meal in 
bark-1 

30 wt% 
Rapeseed 
meal in 
bark-1 

K2O 29.1 21.6 24.6 16.0 26.4 8.5 13.6 

Na2O 3.5 0.6 0.4 5.0 4.1 1.7 1.1 

CaO 6.7 17.3 7.1 13.8 6.1 33.8 27.0 

MgO 10.3 14.7 2.3 7.8 6.1 8.1 9.6 

Al2O3 0.3 0.6 1.6 4.9 1.2 4.7 3.1 

Fe2O3 0.7 0.4 0.7 3.4 0.7 1.4 1.4 

SiO2 7.8 3.2 48.1 25.4 33.5 27.0 17.5 

P2O5 41.6 41.0 14.5 23.3 20.8 14.7 26.2 

SO3 0.0 0.5 0.5 0.5 0.9 0.0 0.3 

Cl 0.0 0.2 0.2 0.0 0.1 0.0 0.2 
Sum of 
K2O+Na2O 
+CaO+MgO 
+P2O5 

91.2 95.2 48.9 65.9 63.5 66.8 77.4 



45

Table 17. Average elemental composition (given as oxides) of the slag formed during 
fixed bed combustion of the phosphorus-poor fuels.a (Sand minerals excluded) 

 
Logging 
residues Bark-1 

Wheat 
straw-1 

Reed 
canary 

grass (ha)  

Reed 
canary 

grass (la)  
Hemp 
(ha)  

Hemp 
(la)  Willow 

K2O 8.0 6.5 21.1 4.9 8.3 5.8 6.8 6.8 

Na2O 0.9 1.7 0.7 1.6 0.5 1.6 1.7 1.7 

CaO 39.0 37.3 8.2 21.6 16.8 19.6 30.4 32.3 

MgO 5.6 4.3 3.1 2.1 6.4 2.1 7.3 5.8 

Al2O3 4.6 6.9 1.2 7.1 2.7 7.1 7.4 8.3 

Fe2O3 1.4 2.6 0.4 4.2 0.0 4.2 4.3 5.8 

SiO2 35.1 36.6 60.2 54.7 52.8 55.8 35.8 36.8 

P2O5 5.0 3.6 4.7 3.7 12.5 3.7 6.4 2.6 

SO3 0.2 0.2 0.2 0.0 0.0 0.0 0.0 0.0 

Cl 0.2 0.3 0.2 0.0 0.0 0.0 0.0 0.0 

Sum of  

K2O+Na2O 

+CaO+MgO 

+SiO2 

88.6 86.3 93.2 84.9 84.8 84.9 81.9 83.4 

(a) From Gilbe et al. [108]

Table 18. Phases identified by XRD in the slag formed during fixed combustion of the 
phosphorus-rich fuels.a

 DDGS b 
Rapeseed 

meal b,c 

Wheat 
straw-1 + 
PA (low) 

40 wt% 
DDGS in 
logging 
residues 

50 wt% 
DDGS in 

wheat 
straw-1 

10 wt% 
Rapeseed 
meal in 

bark-1 b,c 

30 wt% 
Rapeseed 
meal in 

bark-1 b,c 

SiO2   3 4    

KAlSi3O8    14    

Ca3(PO4)2    2    

CaK2P2O7 ****  26     

K2MgP2O7 **       

CaKPO4 *  44 40 62  **** 

MgKPO4 *** **  23 38   

Ca9MgK(PO4)7  ****    *** ** 

Ca2MgSi2O7      **** *** 

CaMgSiO4      *  

Ca2SiO4  *    ***  

KAlSi2O6    17    

KAlSiO4      ** * 

SiO2 (cristobalite)   27     

(a) Values given in weight per cent of crystalline phases; (b) Legend used in table is as follows: 
****, dominant (>50 wt % of sample); ***, sub-dominant (20-50 wt % of sample); **, minor (5-
20 wt % of sample); and *, trace (<5 wt % of sample); (c) From Eriksson et al. [23] 
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Table 19. Phases identified by XRD in the slag formed during fixed combustion of 
the phosphorus-poor fuels.a  

 
Logging 
residues Bark-1 

Wheat 
straw-1 

Reed canary 
grass (ha) 

Reed canary 
grass (la) 

Hemp 
(ha) 

Hemp 
(la) 

Willow 

SiO2   2 22 7 18  4 

NaAlSi3O8    11  17   

KAlSi3O8    13  10   

K2SO4   11      

KCl   10      

CaKPO4   77      

Ca9MgK(PO4)7    12 93 10   

Ca3MgSi2O8 17      13 18 

Ca2MgSi2O7 31 40     77 53 

Ca2SiO4 41 27  12     

CaSiO3  33  20  32  7 

KAlSi2O6    10  13 6 8 

KAlSiO4 11      4 10 

(a) Values are given in weight per cent of crystalline phases. Data taken from Gilbe et al. [113]

 

Figure 14. Compositional triangle (in weight per cent) of the K2O-(+Na2O)-
CaO(+MgO)-P2O5 system. The liquidus isotherms are adopted from a number of 
experimental investigations of the K2O-CaO-P2O5 system.[98-102] The elemental 
average composition (given as oxides) of the slag for different fuels/fuel mixtures is 
shown in the figure. 
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The DDGS fuel formed slag rich in K, P, and Mg, with the crystalline part consisting 
mainly of phosphates (Table 18). K2MgP2O7 with a melting point of 736°C [103-106] was 
detected by XRD. As explained in section 4.2.3.; for fluidized bed experiments, the high 
K, P and Mg content in this fuel promoted the formation of low melting temperature K-
Mg-phosphates, explaining the high slagging tendency.  

Rapeseed meal contains much higher Ca content compared to DDGS. Comparing the 
XRD analysis of the slags formed during combustion of DDGS and rapeseed meal, it can 
be seen that high amounts of Ca-rich phosphates were formed for the last fuel (Table 
18). Figure 14 shows that the slag formed during rapeseed meal combustion approaches 
the Ca-rich corner of the diagram where mainly compounds with high melting 
temperature are found compared to DDGS, where the slag composition is found more 
near the P2O5 rich corner with lower melting temperatures.  

 

 
Figure 15. Compositional triangle (weight per cent) for the system K2O(+Na2O)-
CaO(+MgO)-SiO2. Liquidus isotherms are adopted from Morey et al., [107] for the 
ternary phase diagram K2O-CaO-SiO2. The elemental average composition (given as 
oxides) of the slag for different fuels/fuel mixtures is shown in the figure. 

 
4.3.3. Discussions 

According to the results shown in Table 15, phosphorus -poor and -rich fuels can be 
equally troublesome regarding slagging tendencies. Bark-1, wheat straw-1, reed canary 
grass (low ash) and hemp (high ash) are some examples of phosphorus-poor fuels with 
high slagging tendency, that form slag with a high degree of sintering. Logging residues, 
reed canary grass (high ash), hemp (low ash) and willow are fuels that exhibit low 
slagging tendency as well as sintering degree. In general, for all phosphorus-poor fuels, 
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Si is the dominating element in the slag (Table 17). Other elements found in varying 
proportions are Ca, K, Mg and Al. Gilbe et al., [108] suggested that during the char 
burnout, high amounts of K react with Si (included in the organic structure of the 
biomass), and sticky K-rich silicates are formed. Usually, other elements like Ca/Mg are 
gradually dissolved into the melt, reducing the amount of melt formed. As can be seen 
from Table 17 and Figure 15, the slag formed during combustion of Si-rich fuels, i.e. 
wheat straw-1, reed canary grass (low ash), and hemp (high ash), was rich in Si, and had 
a high sintering degree. Fuels rich in Ca, i.e. logging residues, bark-1, hemp (low ash) 
and willow, formed a slag rich in Ca with low sintering degree. According to this, 
biomasses containing a relatively high amount of Si and low amount of alkaline earth 
metals (Ca/Mg) would tend to retain K and form a K-silicate melt, i.e. a prerequisite for 
the formation of slag.  

According to Figure 15, reed canary grass (high ash) should behave as the rest of the 
problematic phosphorus-poor fuels, but the results shown in Table 15 show an opposite 
tendency. As was explained by Gilbe et al. [108], this fuel has extremely high Si content, 
and the binary K2O-SiO2 phase diagram [109] shows that in high Si/K compositions the 
melt to solid ratio is low, so the high Si/K molar ratio (~14) could explain the low 
slagging tendency of this fuel. Still, the small amount of slag that forms, apparently has 
a composition close to slag of reed canary grass (low ash), which is quite according to 
what is expected considering the phase diagram information. 

By mixing DDGS and logging residues, a fuel composition with higher Ca content 
than the pure DDGS is obtained. As can be seen in Table 18, the slag formed during 
combustion of the mixture does not contain low melting temperature phosphates, i.e., 
K2MgP2O7. By adding logging residues (rich in Ca) to DDGS, the formation of more 
stable Ca-containing-phosphates was promoted, thereby reducing the slagging 
tendency.  

The slagging tendency of the 50 wt% DDGS in wheat straw-1 mixture, was found to 
be lower compared to the individual fuels. Wheat straws are well known problematic 
fuels with ash rich in Si, K, and some Ca, which during combustion tend to form K-rich-
silicate melts. DDGS is also a problematic fuel with ash rich in S, K, P and Mg, which 
upon combustion forms low melting temperature K-Mg-phosphates. However, it 
appears that the Ca in the wheat straw contributed to the formation of more stable K-
Ca/Mg-phosphates (Table 18), which probably helped to reduce the amount of slag 
formed.  

The slagging tendency and sintering degree of the slag formed during combustion of 
pure bark-1 were reduced by mixing with rapeseed (10 and 30 wt%). Due to the higher 
affinity of phosphorus for alkali metals, compared to silicon, the formation of K-silicates 
that occurs during the combustion of bark-1 was hindered, and more stable K-Ca/Mg-
phosphates were formed instead (Table 18), reducing the amount of molten material. 

Adding PA additive to the wheat straw-1, the slagging tendency of the pure fuel was 
reduced, see Table 15. In fluidized bed experiments with the same fuel, a lower 
agglomeration tendency was found compared to the pure wheat straw-1 (see section 
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4.2.1, Table 6). The XRD analysis of the slag showed the formation of CaK2P2O7 and 
cristobalite (SiO2), which were not found in the pure wheat straw-1 slag, see Table 18. 
Similar results were found in the FB experiments (Table 10). By adding “clean” 
phosphorus to a Si, K, and Ca dominated ash system, high melting temperature K-Ca-
phosphates were formed instead of low melting temperature K-rich-silicates, slightly 
reducing the amount of slag formed. As a consequence of the formation of more stable 
K-Ca-phosphates, the amount of K-silicates formed was reduced and cristobalite (SiO2) 
was left as a rest from the reactions, which is in accordance with the results and 
discussions shown in paper I. 

Finally, as Table 16 shows, all slags formed during combustion of phosphorus-rich 
fuels or fuel mixtures contained considerable amounts of Si. Similar results were found 
in fluidized bed combustion (see section 4.2.3). Studies of the interaction between the 
silicate and phosphate systems should be encouraged. 

 

4.4 Influence of phosphorus on alkali distribution during 
combustion of phosphorus-rich fuels (Papers VI and VII) 

In papers VI and VII the formation of deposits and fine particulate matter was 
studied during combustion of different phosphorus-rich fuels. 

The experiments where carried out with fluidized bed, fixed bed and powder 
combustion technologies. Table 20 show the fuels that were combusted in each 
technology. 

Table 20. Fuels combusted in each combustion technology. 

Fuels Paper Fluidized bed Fixed bed Powder 
Logging residues VI and VII x x  
Logging residues + PA (high) VII x   
DDGS VI x x x 
40 wt% DDGS in logging residues VI x x  
50 wt% DDGS in wheat straw-1 VI x x  
Wheat straw-1 VI and VII x x  
Wheat straw-1 + PA (low) VII x x  
Wheat straw-2 + PA (low) VII x   
Wheat straw-2 + PA (medium) VII x   
Wheat straw-2 + PA (high) VII x   

 

4.4.1. Gaseous emissions 

The concentration of SO2 and HCl in the flue gases is shown in Table 21.  

For experiments with the wheat straws in fluidized bed, the levels of both SO2 and 
HCl were increased when PA additive was added. By adding PA to the logging residue 
fuel, the HCl emissions were slightly increased. Pure DDGS as well as the mixture with 
logging residues resulted in high acidic emissions. For 50 wt% DDGS in wheat straw-1 it 
was not possible to make an analysis of the flue gases due to the short combustion time 
before bed agglomeration.  
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In fixed bed combustion of pure-logging residues the concentrations of both HCl and 
SO2 in the flue gases were low. Wheat straw-1 resulted in acidic emissions dominated by 
SO2. For pure DDGS it was not possible to make an analysis of the flue gases due to 
severe slagging. The mixtures of 40 wt% DDGS in logging residues as well as 50 wt% 
DDGS in wheat straw-1 resulted in acidic emissions dominated by SO2. The addition of 
PA additive to the wheat straw-1 resulted in slightly higher acidic emissions than the 
levels obtained for the pure fuel. 

Acidic emissions in powder combustion of DDGS were mostly composed of SO2. 
 

Table 21. SO2 and HCl emissions (average values with standard deviations, given in 
mg/Nm3 at 10% O2 in dry flue gas).  
Fuels Fluidized bed Fixed bed Powder 
 SO2 HCl SO2 HCl SO2 HCl 
Logging residues < 1 (*) < 1 (*) < 1 (*) 4±2   
Logging residues + PA (high) < 1 (*) 6±3     
DDGS 965±57 100±38 n.a n.a 1600 3 
40 wt% DDGS in logging residues 290±54 51±4 430±33 14±5   
50 wt% DDGS in wheat straw-1 n.a n.a 440±28 13±4   
Wheat straw-1 < 1 (*) 52±4 80±21 12±6   
Wheat straw-1 + PA (low) 4±2 62±5 94±14 42±14   
Wheat straw-2 + PA (low) 8±3 217±29     
Wheat straw-2 + PA (medium) 23±6 245±30     
Wheat straw-2 + PA (high) 160±20 246±31     

(*) below detection levels 
 

4.4.2. Particle matter mass concentration and size distribution 

The results from the impactor measurements in fluidized bed combustion are shown 
in Figures 16 and 17. For pure logging residue and the mixtures with PA, the PM 
emissions between 0.03 and 10 m were dominated by coarse ash particles (>1 m). 
Particles from experiments with pure DDGS and 40 wt% DDGS in logging residues were 
dominated by fine particles (<1 m); see Figure 16. Slightly lower concentrations of fine 
particles (<1 m) were observed for the logging residues with PA addition, in 
comparison to the pure fuel. For pure wheat straw-1 and both wheat straws, i.e -1 and -
2, with PA addition, the PM emissions between 0.03 and 10 m were in all cases 
dominated by fine (<1 m) particles. Significant reductions in the fine particle mass 
concentrations were obtained for both wheat straw fuels with an increased proportion of 
PA additive (Figure 17). 

For fixed bed combustion of pure logging residues, pure wheat straw-1, 40 wt% 
DDGS in logging residues, and 50 wt% DDGS in wheat straw-1 and wheat straw-1 + PA 
(low), the PM emissions between 0.03 and 10 m were dominated by fine ash particles 
(<1 m), Figure 18. For DDGS it was not possible to make impactor measurements due 
to severe slagging. 

For powder combustion of pure DDGS, the PM emissions were composed by both 
fine (<1 m) and coarse (1-10 m) ash particles. For comparison, the PM distribution for 
stem wood powder is also shown (Figure 19).  
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Figure 16. Particle mass size distribution in the flue gases during FB combustion of 
DDGS, logging residues, 40 wt% DDGS in logging residues and logging residues + (PA). 
Replicates of the impactor measurement are indicated with the suffixes -I and -II, 
respectively. 
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Figure 17. Particle mass size distribution in the flue gases during FB combustion of 
wheat straw with phosphoric acid (PA) addition. Wheat straw-1-II was sampled using 
the same experimental setup and analogous conditions, with the exception that the bed 
material was olivine instead of quartz. Replicates of the impactor measurement are 
indicated with the suffixes -I and -II, respectively. 
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Figure 18. Particle mass size distribution in the flue gases during fixed bed combustion 
of logging residues, wheat straw-1, 40 wt% DDGS in logging residues, 50 wt% DDGS in 
wheat straw-1 and wheat straw-1 + PA (low). 
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Figure 19. Particle mass size distribution in the flue gases during powder combustion 
of DDGS. The result for wood powder is shown for comparison. 
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4.4.3. Chemical characteristics of the coarse ash particles 

4.4.3.1. Coarse ash particles formed in fluidized bed experiments 

For fluidized bed experiments, the result from SEM-EDS and XRD analyses of the 
coarse ash fractions, i.e. bed ash; cyclone ash and; deposits on probe wind-side, showed 
similar elemental compositions in all cases. Figure 20 shows the elemental composition 
of the ash particles trapped in the cyclone separator and Tables 22 and 23 show the 
main crystalline phases detected by XRD analysis.  

The logging residues cyclone ash particles were dominated by Ca, Si, K and Mg, with 
Ca-carbonate, Ca-phosphate, Ca-Mg-silicates, and Ca-oxide as main crystalline phases. 
The addition of PA additive to the logging residues increased the P content, and 
formation of Ca-K-phosphate was detected by XRD. Pure-DDGS cyclone ash particles 
were rich in K, P, Mg, Si and some S, with K-sulphate, and K-Ca/Mg-phosphates as 
main crystalline phases. The mixture of 40 wt% DDGS in logging residues resulted in 
particles dominated by Ca, P, Si, K, and S, with Ca-sulphate, Ca-phosphate, and Ca-K-
phosphate as main phases detected by XRD.  

As shown in Figure 20b, wheat straw-1 resulted in coarse ash dominated by Si, K, 
and Ca, with K-chloride and K-sulphate as main crystalline phases. By adding PA 
additive to both wheat straws, i.e. -1 and -2, the phosphorus content in the cyclone ash 
particles was increased, and the formation of Ca-K-phosphates was detected by XRD 
analysis. For wheat straw-2 + PA (high), KPO3 was detected in the cyclone ash, Table 23. 
The 50 wt% DDGS in wheat straw-1 mixture resulted in cyclone ash particles rich in Si, 
K, P, with some Mg, Ca and S, with K-sulphate and Ca-K-phosphate as principal 
crystalline phases. 
 

a) Logging residue based fuel mixtures          b) Wheat straw based fuel mixtures 

 

 

 

 

 

 

 

Figure 20. Elemental compositions on a carbon-free and oxygen-free basis of the 
cyclone separator ash particles (>10 m), during fluidized bed combustion of the (a) 
logging residues and (b) wheat straw based fuels. 
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Table 22. Crystalline phases identified with XRD in the cyclone ash for experiments 
made in fluidized bed with the logging residue based fuels. a 

 DDGS 
Logging 

residues 

Logging 

residues + 

PA (high) 

40 wt% DDGS 

in logging 

residues 

SiO2 (quartz) 5 19 16 8 

NaAlSi3O8  12 16 10 

KAlSi3O8  3 14 10 

CaO  7  1 

CaCO3  28 21  

MgO  2 3 1 

CaSO4 5 3 4 22 

K2SO4 35 4   

K3Na(SO4)2 3   9 

KCl  2 2  

Ca5(PO4)3(OH)  12 7 5 

Ca3(PO4)2   6 16 

CaK2P2O7 32  4 14 

K2MgP2O7 12    

MgKPO4 8    

Ca3MgSi2O8  8 7 4 
(a) Values are given in weight per cent of crystalline phases.

 
Table 23. Crystalline phases identified with XRD in the cyclone ash for experiments 
made in fluidized bed with the wheat straw based fuels. a 

 

Wheat 

straw-1 

50 wt% 

DDGS in 

wheat 

straw 1 

Wheat straw-1 

+ PA (low) 

Wheat straw-2 

+ PA (low) 

Wheat straw-2 

+ PA (medium) 

Wheat straw-2 

+ PA (high) 

SiO2 (quartz) 1 4  5 3 6 

NaAlSi3O8  16     

KAlSi3O8  9     

CaCO3  2     

CaSO4  4     

K2SO4 45 30 22 10   

K3Na(SO4)2       

KCl 35 1 17 3   

Ca5(PO4)3(OH) 19      

Ca3(PO4)2  8  12 10  

CaKPO4   18    

CaK2P2O7  26 32 50 67 65 

KPO3      11 

SiO2 (cristobalite)   11 21 21 18 

(a) Values are given in weight per cent of crystalline phases. 
 

4.4.3.2. Coarse ash particles formed in fixed bed experiments 

For fixed bed experiments very small amounts of coarse ash particles were produced 
(see Figure 18). The coarse ash particles were trapped in the boiler, e.g. as bottom ash. 
The SEM-EDS and XRD analysis of the bottom ash are shown in Figure 21 and Table 24.  

For pure DDGS, almost all ingoing fuel ash was found as slag. The SEM-EDS and 
XRD analyses are shown in Tables 16 and 18. Logging residues bottom ash was 
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dominated by Ca, Si, K and Mg, with Ca-carbonate, Ca-silicate, and Ca-Mg-silicate as 
main crystalline phases. The addition of 40 wt% DDGS to logging residues resulted in 
bottom ash dominated by Ca, K, P, Si and Mg, with Ca-carbonate, K-sulphate, Ca-
silicate, Ca-phosphate and Ca-oxide, as main compounds detected by XRD. Pure wheat 
straw-1 bottom ashes were dominated by K and Si, with K-chloride and K-sulphate 
detected by XRD. The addition of both DDGS and PA additive to wheat straw-1 gave 
bottom ashes dominated by K, Ca, Si, and P, with K-sulphate, Ca-phosphate, Ca-K-
phosphate and some other minor compounds detected by XRD. 

 
 
 

Figure 21. Elemental compositions on a carbon-free and oxygen-free basis of the 
bottom ash particles formed during fixed bed combustion. 

 
Table 24. Crystalline phases identified with XRD in the bottom ash (slag excluded) for 
experiments done in fixed bed.a 

  
Logging 
residues 

Wheat 
straw-1 

40 wt% DDGS 
 in logging  
residues 

50 wt% DDGS 
in wheat  
straw-1 

Wheat 
straw-1 + 
PA (low) 

SiO2 9 11 1 3 3 
NaAlSi3O8 8  11   
KAlSi3O8   9   
CaO 5  8 8 7 
CaCO3 28  13 5 19 
K2Ca(CO3)2    3  
MgO   5 4 8 
Ca(OH)2 4  6 6 19 
K2SO4  40 11 41 11 
K3Na(SO4)2      
KCl  49  8 4 
Ca5(PO4)3(OH)   9 11  
Ca3(PO4)2   5   
CaK2P2O7    9 11 
CaKPO4    2 8 
Ca3MgSi2O8 16     
Ca2MgSi2O7 4  5   
Ca2SiO4 22  10   
KAlSi2O6 4     
KAlSiO4   7   
SiO2 (cristobalite)     10 

(a) Values are given in weight per cent of crystalline phases 
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4.4.3.3. Coarse ash particles formed in powder experiments 

The coarse ash (> 1μm) formed during powder combustion of the DDGS fuel was 
mainly composed by K, P, Cl, Na, and S. Phases detected by XRD were; KPO3, KCl and 
(K,Na)2SO4. 

 

4.4.4. Chemical characteristics of the fine ash particles 
 

4.4.4.1. Fine ash particles formed in fluidized bed experiments 

For fluidized bed experiments, the deposits on the deposition probe lee-side 
(composed mainly by fine ash particles) and, fine particles (<1 μm) sampled with the 
impactor were analysed, Figures 22 and 23. Tables 25 and 26 show the main crystalline 
phases found by XRD analysis.  

The amounts of deposits on the lee-side in the experiments with DDGS and wheat 
straw-2 + PA (high), were too scarce to permit SEM-EDS. The amount of fine particles 
(<1 μm) sampled with the impactor for DDGS, 50 wt% DDGS in wheat straw-1 and, 
wheat straw-2 + PA (high), were too scarce to permit XRD analysis.  
 

a) Logging residues based fuels                              b) Wheat straw based fuels 

 

 

 

 

 

 

 

Figure 22. Elemental compositions on a carbon-free and oxygen-free basis of the 
deposition probe lee-side sampled at a temperature of 450°C, during fluidized bed 
combustion of the (a) logging residues and (b) wheat straw based fuels. 

 

Pure-DDGS fine particles (<1 μm) were dominated by K, S and Na, with K-sulphates 
detected by XRD. Pure logging residues and wheat straw-1 resulted in lee-side deposits 
and fine particles (<1 μm) rich in K, Cl, with K-chloride and K-sulphate as main 
crystalline phases.  

The addition of PA additive to logging residues and both wheat straws (-1 and -2), 
resulted in lee-side deposits with increased content sulphur, and decreased content of 
chlorine when compared to the corresponding pure fuels. The composition changed 
from being dominated by K-chloride, to a system dominated by K-sulphate. Wheat 
straw-2 + PA (high), fine particles were rich in K, P and S (Figure 23). 
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For the mixtures of 40 wt% DDGS in logging residues, 50 wt% DDGS in wheat straw-
1 and, wheat straw-2 + PA (medium) lee-side deposits and fine particles (<1 μm) were 
free of chlorine and KCl, Figure 22 and Tables 25, 26.  
 

a) Logging residues based fuels                            b) Wheat straw based fuels 

 

 

 

 

 

 

 

Figure 23. Elemental compositions on a carbon-, oxygen-, and aluminium-free basis of 
the fine particles (0.03 1 m) sampled with the impactor during fluidized bed 
combustion of the logging residues (left) and wheat straw (right) based fuels. 

 
Table 25. Crystalline phases identified with XRD in the impactor fine mode (IFM), and 
deposition probe lee-side (DPL), for experiments made in fluidized bed with the logging 
residues based fuels and DDGS.a

 DDGS 
Logging 
residues 

Logging 
residues + 
PA (high) 

40 wt% DDGS 
in logging 
residues 

 IFM DPL IFM DPL IFM DPL IFM DPL 
SiO2 (quartz)  na       
NaAlSi3O8  na      7 
KAlSi3O8  na      8 
CaCO3  na  9     
MgO  na       
CaSO4  na  4  21  3 
K2SO4 36 na 47 16 73 33 75 59 
K3H(SO4)2 64 na       
K3Na(SO4)2  na     25 14 
KCl  na 53 69 27 42   
CaK2P2O7  na      8 
CaKPO4  na    4   
MgKPO4  na       
Ca3Mg(SiO4)2  na      1 
(a) Values are given in weight per cent of crystalline phases.  
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Table 26. Crystalline phases identified with XRD in the impactor fine mode (IFM), and 
deposition probe lee-side (DPL), for experiments done in fluidized bed with the wheat 
straw based fuels.a

 
Wheat 
straw-1 

50 wt%  
DDGS in 

wheat straw-1 

Wheat 
 straw-1  

+ PA (low) 

Wheat  
straw-2  

+ PA (low) 

Wheat  
straw-2  

+ PA (medium) 

Wheat  
straw-2  

+ PA (high) 
 IFM DPL IFM DPL IFM DPL IFM DPL IFM DPL IFM DPL 
SiO2     na       1 na na 
K2SO4  23 23 na 74 60 40 68 53 93 61 na na 
K3Na(SO4)2  11 na 8       na na 
KCl 77 65 na  40 55 32 37 7  na na 
Ca3(PO4)2   na       9 na na 
CaK2P2O7   na 6  5  10  29 na na 
Ca3MgSi2O8   na 12       na na 

(a) Values are given in weight per cent of crystalline phases  
 

4.4.4.2. Fine ash particles formed in fixed bed experiments 

Fine particles (0.03-1 μm) formed during fixed bed combustion of logging residues, 
wheat straw-1, 40 wt% DDGS in logging residues, 50 wt% DDGS in wheat straw-1 and 
wheat straw-1 + PA (low) were in general rich in K, S, and Cl, although with quantitative 
differences, Figure 24. Main crystalline phases detected with XRD were K-chlorides and 
K-sulphates, Table 27.  

 

 

 

 

 

 

 

Figure 24. Elemental compositions on a carbon-, oxygen-, and aluminium-free basis of 
the fine particles (0.03 1 m) sampled with the impactor during the fixed combustion 
of the logging residues, wheat straw-1, 40 wt% DDGS in logging residues, 50 wt% DDGS 
in wheat straw-1 and wheat straw-1 + PA (low). 

Table 27. Crystalline phases identified with XRD in the fine particles (<1 μm) sampled 
with the impactor in fixed bed experiments.a 

  
Logging 
residues 

Wheat 
straw 1 

40 wt%  
DDGS in logging 

residues 

50 wt%  
DDGS in wheat 

straw-1 
Wheat straw-1 + 

PA (low) 
K2SO4 39 16 71 64 21 
K3Na(SO4)2 41     
KCl 20 84 29 36 79 

(a) Values are given in weight per cent of crystalline phases.
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4.4.4.3. Fine ash particles formed in powder bed experiments 

In powder combustion of the DDGS fuel it was found that fine particles (0.03-1 m) 
mainly contained K, P, Cl, Na, and S. Phases detected with XRD were, KPO3, KCl and 
(K,Na)2SO4. 

 

4.4.5. Discussions 

For logging residues, the ash transformation is governed by the relatively low 
potassium and high calcium content in the fuel. Thus, for the pure fuel in both fluidized 
and fixed bed, the coarse ash fractions were dominated by alkali-earth oxides, 
carbonates, and Ca/Mg-silicates. The observed fine particulate matter was composed of 
KCl and K2SO4 in both FB and fixed bed technologies, which is consistent with previous 
studies. [110, 111]  

DDGS is a fuel with ash rich in S, P, K and Mg. This fuel has shown problematic 
behaviour during fluidized bed, fixed bed and powder combustion. The coarse ash was 
in all cases dominated by K-Ca/Mg-phosphates (Table 9, 18 and 22). In the cyclone ash 
from fluidized bed combustion and the slag formed during fixed bed combustion, 
K2MgP2O7, which has a melting temperature of 736°C [103-106] was detected. At higher 
process temperatures, i.e. in the powder combustion experiments, high amounts of P 
and K evaporate, resulting in the formation of large quantities of fine ash particles rich 
in K and P, with KPO3 as the main crystalline phase detected by XRD. The molar ratio 
between alkali and alkaline earth metals, i.e. (K + Na)/(Ca + Mg), is around 1.94, which 
results in a tendency to the formation of low melting temperature K-rich phosphates.  

Logging residues + PA (high) fuel was only combusted in fluidized bed technology. A 
slight reduction of fine particles rich in potassium was achieved by adding phosphorus, 
corresponding to increased amounts of potassium found in the coarse ash fractions 
(mainly the bed ash) as K-Ca/Mg-phosphates (see Tables 9 and 22). These observations 
were confirmed by the variations in the concentrations of HCl and SO2 in the flue gases 
(Table 21). A small amount of PA additive will accordingly reduce the amount of 
volatilized potassium and change the composition of the fine particles from a chloride-
dominated system to a sulphate dominated system (Figure 23 and Table 25) and 
subsequently increase the levels of HCl in the flue gases.  

By adding 40 wt% DDGS to the pure-logging residues not only P is added to the fuel. 
DDGS contains a large amount of sulphur which has a significant role in the resulting 
composition of the fine particulate matter. In fluidized bed it was found that the 
individual bed particles change from a silicate dominated system, to one dominated by 
K-Ca/Mg-phosphates (Table 9). In fixed bed combustion of this fuel something similar 
was found, the slag was dominated by phosphates instead of silicates, and some 
phosphates were also detected in the bottom ash (Tables 18 and 24). Fine particles and 
also lee-side deposits from fluidized bed combustion were found to be rich in K2SO4 and 
K3Na(SO4)2, and no KCl could be detected (Table 25). This means that the P in the 
DDGS reacted with most of the K-gaseous compounds released during the combustion, 
and K-containing phosphates were formed; after this, the S (contained in the DDGS) 
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was enough for the sulphatization of any left KCl. In fixed bed experiments with the 
same fuel, the higher combustion temperatures gave as result more alkali in the gas 
phase and only small changes in the fine particulate matter composition were obtained 
as a result (Table 27).  

For wheat straw, the ash transformation is governed by the high potassium, silicon, 
calcium, and chlorine content. Straws are well-known problematic fuels that, upon 
combustion, cause problems such as corrosive deposits and a large amount of fine 
particulate matter of KCl and K2SO4. In both fluidized and fixed bed combustion, the 
coarse ash fractions were dominated by potassium and silicon, although not found as 
crystalline matter. In fluidized bed, increasing the phosphorus content in the wheat 
straw fuel by adding PA, caused changes in the ash transformation (in general) and 
alkali distribution (in particular). For the wheat straw-1 + PA (low) and wheat straw-2 + 
PA (low and medium) fuels, the qualitative effect of PA addition was similar, although 
with quantitative differences. However, for wheat straw-2 + PA (high), significant and 
interesting additional qualitative effects on ash transformation chemistry were found 
and, therefore, discussed separately (see below). As shown in Tables 10 and 23, the 
proportion of CaK2P2O7 in coarse ash fractions was increased substantially, compared to 
the case with pure wheat straw, in parallel with the lower content of KCl in fine ash 
fractions, Table 26. It is notable that in the case of wheat straw-2 + PA (medium), 
almost no potassium was available for the formation of chlorides. An interpretation of 
this effect is that the K-capturing effect of the PA additive resulted in lower 
concentration of K in the gas phase available for the formation of other salts. 
Furthermore, as a consequence of the increased P content in the fuel, CaK2P2O7 and 
cristobalite (SiO2) were formed instead of K-rich-silicates. In fixed bed combustion of 
the wheat straw-1 + PA (low) fuel, similar results were found. In the slag and bottom ash 
composition from the experiment with wheat straw-1 + PA (low), formation of CaKPO4, 
CaK2P2O7 and cristobalite (SiO2) was detected by XRD analysis, see Tables 18, 19 and 
24. The formation of CaK2P2O7 and cristobalite was not detected for the pure wheat 
straw-1 fuel. The presence of cristobalite presumably shows that the amount of 
potassium in the gas phase available for reaction with silica to form K-rich silicates was 
reduced by the addition of phosphorus.  

Generally, in fluidized bed combustion the levels of HCl and SO2 in the flue gases 
from the wheat straw fuels with PA addition, were substantially higher than for the pure 
fuel, and increased with increasing proportion of P in the fuels (Table 21). That is, with 
higher levels of P in the fuel, a lower amount of volatilized potassium is obtained, which 
resulted in a higher concentration of acidic gases in the emissions. In fixed bed 
combustion something similar was found. Temperatures in the grate were around 
1100°C, which gives higher amounts of alkali in the gas phase, but as Table 21 shows, 
both SO2 and HCl were slightly increased when PA was added.  

An additional mixture with higher PA addition, i.e. straw-2 + PA (high), was 
combusted in fluidized bed. The higher P addition led to a clear additional effect on the 
behaviour of K and P, illustrated by the presence of significant amounts of phosphorus 
in fine particles (Figure 23b) and the determination of KPO3 in the cyclone ash 
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(Table 23). This effect is presumably explained by the formation of an ash composition 
limited to the K-P-rich part of the Ca-K-P system [98-102], where a region with a low 
eutectic temperature (590°C) is formed between K5P3O10 and KPO3. This points to the 
formation of an ash material in the bed section that probably was molten prior to 
cooling, explaining the short combustion time due to bed agglomeration in this fuel 
(Table 6). Generally speaking, based on the results from this case with high phosphorus 
content, it was obvious that the amount of calcium available for the formation of high-
temperature-melting ternary phosphates, as discussed in previous studies [20], was too 
low, resulting in significant amounts of volatile alkali-rich phosphates. Furthermore, as 
shown in Table 21, the increased amount of phosphorus in the combustion atmosphere 
reduces the chance for sulphur to react with gaseous potassium, to the extent that 
almost no sulphates were formed, with high emissions of SO2 as a result. In addition, 
when studying the composition of the fine particles (Figure 23b), if assuming all the 
sulphur is present as K2SO4, the remaining molar ratio of K/P is very low. Because it was 
not possible to make an XRD analysis, the situation with wheat straw-2 + PA (high) 
opens the question of the speciation of P and S in fine ash fractions. The extremely high 
concentration of P in the combustion atmosphere probably did not leave enough K for 
the formation of K2SO4, and one can speculate if there is KH2PO4, KPO3, KHSO4, or 
similar species present in the fine ash fractions to make up for the stoichiometry.  

In fluidized bed combustion, the addition of 50 wt% DDGS to wheat straw-1 
eliminated the KCl from the cyclone ash and deposits on the lee-side of the deposition 
probe (Tables 23 and 26). In fixed bed combustion of this fuel something similar 
occurred; the KCl in the fine particles was reduced, Table 27. As was explained before 
concerning the mixture of DDGS and logging residues, the S contained in the DDGS 
plays an important role in the composition of the formed fine ash fraction. It seems that 
the KCl is almost completely transformed in K2SO4 during FB combustion. During fixed 
bed combustion, KCl is still formed (Table 27); this can potentially be explained as in 
the other cases by the difference in the combustion temperature, i.e. higher 
temperatures give more K in the gaseous phase, i.e. a higher chance for Cl to form KCl.  

 

4.5. Influence of fuel additives on ash transformation processes 
in combustion of phosphorus-rich fuels (Paper VIII) 

 

In the sections 4.3 and 4.4 the influence of phosphorus on the slagging tendency and 
release of fine particulate matter during combustion of several phosphorus-rich fuels 
were discussed. 

It was found that phosphorus, calcium and potassium have an important role for 
both the slagging tendency and the formation of fine particulate matter. An excess of 
both phosphorus and potassium results in increased slagging, agglomeration, and 
formation of fine particulate matter. It was demonstrated that the amount of available 
calcium in the fuel is important for reducing the amount of K in the gaseous phase, i.e. 
Ca is needed for the formation of refractory ternary phosphates phases containing K.  
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In this section, the influence of different mineral additives, i.e., calcite (CaCO3) and 
kaolin clay (Al2Si2O5(OH)4), on the composition and formation of slag and fine 
particulate matter during combustion of oat grains is discussed. 

4.5.1. Influence of fuel additives on slag formation 

As shown in Table 28, the experiments with pure oat fuel and with addition of calcite 
resulted in formation of slag. A significant increased amount of slag with a high 
sintering degree was formed when precipitated calcite was added. When kaolin was 
added no slag was formed.  

Table 28. Amount of slag formed and sintering degree 
 Slag of ingoing 

fuel ash (wt-%) 
Slag of ingoing 

ash+additives (wt-%) 
Degree of 
sintering 

Oat 5 - 2-3 

Oat + K a 0 0 - 

Oat + pC a 24 13 4 

Oat + gC a 7 3 4 

(a) Abbreviations: K, Kaolin; pC, precipitated calcite; gC, ground calcite

 

4.5.2. Chemical characteristics of the slag and bottom ash 

The results from SEM-EDS and XRD analyses of the formed slag and bottom ash for 
each mixture are shown in Figure 25 and Table 29.  
 

a) Slag                                                                           b) Bottom ash 

 
 

 
 
 
 
 
 
 
 
 

Figure 25. Slag and bottom ash elemental composition formed during fixed bed 
combustion of oat grain and the mixtures with kaolin and calcite. 
 

As shown in Table 29, the slag and bottom ash formed during combustion of pure-
oat was rich in K, P and Si, with cristobalite (SiO2) and K-Ca/Mg-phosphates as main 
crystalline phases detected by XRD.  

By adding kaolin, no slag was formed. The resulting bottom ash was rich in Si, K, Al, 
P and Mg, with cristobalite (SiO2), K-Ca/Mg-phosphates, K-Al-silicate as main 
crystalline phases detected by XRD.  
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The addition of both precipitated and ground calcite resulted in slag and bottom ash 
mainly dominated by Ca, Si, K and P, with Ca -oxide, Ca-carbonate and Ca-hydroxide, 
Ca-phosphate, K-Ca/Mg-phosphates, and Ca-Mg-silicate detected by XRD.  
 
Table 29. Results from XRD analysis of slag, and bottom ash samples.a 

 Slagb bottom ashb 
  Oat  Oat 
 Oat +K +pC +gC Oat +K +pC +gC 
CaO  - 2 2   20 19 
Ca(OH)2  -     13 23 
CaCO3  -     13 18 
Ca9MgK(PO4)7 6 - 36      
Ca5(PO4)3(OH)  - 17 43   9 14 
CaKPO4  - 30 32   7 3 
KMgPO4 25 -  5 29 20 28 13 
CaK2P2O7 21 - 8 10 18 8 7 5 
Ca2MgSi2O7  - 7 8   3 4 
KAlSiO4  -    21   
SiO2 (cristobalite) 47 -   53 51   
(a) The values in the table give the content of crystalline phases (wt%). (b) Abbreviations: K, 
Kaolin; pC, precipitated calcite; gC, ground calcite 

 

4.5.3. Acidic gaseous emissions 
 

The concentrations of HCl and SO2 in the flue gases are shown in Table 30. The 
levels of both HCl and SO2 were lowered when both types of calcites, i.e. precipitated 
and ground, were added. The addition of kaolin slightly increased the HCl and SO2 
emissions. 

Table 30. HCl and SO2 emissions (mg/Nm3 d.g. at 10% O2) given as 30-minutes 
average values with standard deviations. 

 Oat Oat+K a Oat+pC a Oat+gC a 

HCl 61±2 70±3 52±1 58±5 

SO2 280±20 300±17 240±13 210±47 
(a)  abbreviations: K, Kaolin; pC, precipitated calcite; gC, ground calcite

4.5.4. Influence of fuel additives on formation of fine particulate matter 

The results from the impactor sampling are shown in Figure 26. As can be seen, the 
particle emissions were in all cases dominated by fine (<1 μm) particles. A considerable 
reduction in the fine particle mass concentration was obtained with all tested additives. 
Figure 27 and Table 31 show the composition of the deposits and fine particles (<1 μm). 
Deposits on the rear boiler wall, boiler plate and, deposition probe formed during 
combustion of pure-oat were mainly dominated by K and P, with KH2PO4, KPO3 as main 
crystalline phases detected by XRD. High amounts of KCl and CaSO4 were also detected 
in the rear boiler wall. The addition of kaolin gave deposits with similar composition as 
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the corresponding experiment with pure-oat, but some reduction in the KCl formation 
was detected. The addition of calcite (ground and precipitated) resulted in deposits 
dominated by K, Ca, P, S and Cl, with K2SO4 and KCl as main crystalline phases detected 
by XRD.  

The composition of the fine particles (<1 μm), during combustion of pure-oat was 
dominated by P and K, with KPO3·as main crystalline phase. The addition of kaolin 
resulted in fine particles with similar composition as the corresponding experiment with 
pure-oat. Both calcites (ground and precipitated) gave fine particles dominated by K, Cl 
and S, with KCl and K2SO4 as main crystalline phases. 
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Figure 26. Particle mass size distribution in the flue gases during fixed bed combustion 
of oat grains, oat grain + 1 wt% kaolin, oat grain + 3 wt% ground calcite and, oat grain + 
2 wt% precipitated calcite. 
 

4.5.5. Discussions 

The following discussion is based on the relative compositional differences and 
changes in the analyzed ash fractions, obtained from the SEM-EDS and XRD results.  

It should also be noted that slag, as it was defined in this study, implies a material 
that was molten and that upon cooling mainly formed crystalline phases but presumably 
also a fraction of amorphous material. The latter cannot be directly identified by XRD, 
though. Thus only indirect evidence of its existence is at hand.  

Furthermore, in the analysis of the results the “dilution factor” as the result of the 
use of additives, has to be considered. It is for kaolin, precipitated and ground calcite, 
1.4, 1.7 and 2.1, respectively, assuming a proportional increase of the amount of ash. 
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a) Deposits on the rear boiler wall                         b) Deposits on the boiler plate  
 
 
 
 
 
 
 
 
 
 
 
 
 
c) Deposition probe                                                  c) Fine particles (0.03-1 μm) 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 27. Composition of the sampled deposits and fine particles. 

 
Table 31 Results from XRD analysis of slag, burner ash and boiler/bottom ash 
samples.a  

 Deposits on the 
rear boiler wall 

Deposits in the 
 boiler plate 

Deposition probe Impactor fine mode 

  Oat  Oat  Oat  Oat 
 Oat +K +pC +gC Oat +K +pC +gC Oat +K +pC +gC Oat b +K +pC +gC 

CaO   13 7   11 33         
Ca(OH)2            17     
CaCO3   9 5        10     
CaSO4 17 7 3 8         **  9 9 
K2SO4 8 33 10 23 8 1 33 35  13 37 35   30 55 
KCl 40 11 66 57   42 19 8  63 38 *  60 35 
KPO3     92 99 13 13 25 29     
KH2PO4 35 49       67    * 100   
KPO3·xH2O          58   ***    
(a) Values given in weight per cent of crystalline phases); (b) Legend used in table is as follows: 
****, dominant (>50 wt % of sample); ***, sub-dominant (20-50 wt % of sample); **, minor (5-
20 wt % of sample); and *, trace (<5 wt % of sample). 



66

4.5.5.1. Ash and slag formation without additives 

Considering the amounts and the speciation of K-containing crystalline phases in the 
slag (see Table 29), and the amounts of K in slag as obtained from the SEM-EDS 
analysis (Figure 25-a), it is obvious that there is a deficiency of K in the former. For 
instance from the ratio K/Ca, this becomes apparent. The difference may be explained 
by the presence of amorphous K-silicate not detectable by XRD. 

4.5.5.2. Ash and slag formation with kaolin additive 

The kaolin additive was intended to act as a K absorbent. The reaction between 
potassium and kaolin was studied in earlier studies.[92, 112] These reactions, that are 
written with KCl as K-containing specie, could in principle also be written with K-
species as K2O or KOH. 

 

Al2Si2O5(OH)4    Al2O3 • 2SiO2 + 2H2O   (1) 

Al2O3 • 2SiO2 + 2KCl + H2O  2KAlSiO4 + 2HCl  (2) 

Al2O3 • 2SiO2 + 2SiO2 + 2KCl + H2O  2KAlSi2O6 + 2HCl  (3) 

 

Al2Si2O5(OH)4 (kaolinite) is the dominating mineral in kaolin clay; when it is heated 
up, kaolinite loses water and, Al2O3•2SiO2 (meta-kaolinite) which is an amorphous 
mixture of alumina and silica is formed. KAlSiO4 (kalsilite) and KAlSi2O6 (leucite) are 
typical high-temperature K-Al-silicate minerals formed. Note that in reaction (3), in the 
formation of leucite, kaoline reacts besides with KCl also with two SiO2. The potassium-
aluminum-silicates formed in reactions (2) and (3) are very stable phases, implying that 
meta-kaolinite readily reacts with available gaseous K-species. This will potentially 
reduce the amount of K available for reaction with silica to form low melting K-silicates. 
The absence of slag in the experiments with kaolin additive confirms this. 

4.5.5.3. Ash and slag formation with calcite additives 

During combustion of oat grains with addition of calcite (ground or precipitated), 
considerable amounts of slag were formed. Increased content of K-Ca/Mg-phosphates 
in the slag and bottom ash (Table 29) was found. Comparing the SEM-EDS and XRD 
analysis of the slag formed during combustion (see Figure 25 and Table 29), it can be 
seen that the amounts of crystalline silicates in the slag formed when calcite was added, 
i.e., Ca2MgSi2O7, are considerably lower compared to the amount of Si obtained by the 
SEM-EDS analysis. Figure 28 (see below), shows SEM images of the cross section of the 
slag formed during combustion of oat with calcite addition, and the elemental EDS 
analysis of each marked spot on the images is shown beside. In general both types of 
calcites used, i.e. ground and precipitated, resulted in slag formed by two different 
compounds mainly composed of K, Ca, Mg, Si and P. Thus, it can be concluded that a 
molten material containing both silicates and phosphate phases was formed during 
combustion. As was explained in sections 4.2.3 and 4.3.2 for fluidized and fixed bed 
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experiments, the interaction between the silicate and phosphate systems should be 
encouraged. Figure 28 clearly shows that both ash systems interacted and formed a 
homogeneous material. Similar results were found by Wang et al. [22] in studies on ash 
sintering characteristics of corn cobs. The sintered material was composed by 
phosphates and silicates. Information about the melting behaviour of complex ash 
systems containing K, Ca, Mg, P and Si, is not available in the literature. Hereby, the 
addition of calcite provides a basic oxide for reaction with silica and accordingly no 
formation of cristobalite (SiO2) was observed in the slag or bottom ash. Finally, the 
higher amount of slag formed when precipitated calcite was added can presumably be 
explained by the finer grain size of this additive, which has probably increased the 
reactivity.  

 
a) Oat + ground calcite                            

 

 

 

 

 

 

 

b) Oat + precipitated calcite 

 

 

 

 

 

 

 
 
 

Figure 28. Scanning electron microscopy (SEM) images of typical cross sections of the 
slag formed during combustion of oat grains with addition of ground calcite (a); and 
precipitated calcite (b). The elemental EDS analysis of each spot marked over the SEM 
images is shown on the right side.  

 

4.5.5.4. Volatilization of inorganic matter  

Clear effects of all three additives were observed with respect to fine particulate 
matter and deposits composition. Compared to the pure oat fuel, the composition of the 
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fine particles was significantly affected when both calcite additives were added, and to a 
minor extent when kaolin was added.  

In the case of pure-oat fuel, the deposits formed on the rear boiler wall and 
convection parts as well as in the fine particle emissions, were dominated by K-
phosphates and chlorides (see Table 31). The K-capturing effect of the kaolin additive 
was seen in the flue gases as a generally lower concentration of KCl in the deposits, 
principally in the rear boiler wall, which is in qualitatively agreement with the 
conceptual model developed in paper I. Lesser amounts of K in gas phase affected the 
formation of K-chlorides/sulphates, and as result the concentrations of HCl and SO2 in 
the flue gases (Table 30) were slightly increased. The effect of both calcite additives was 
a capture of phosphorus in coarse ash fractions (Table 29). As result, considerable lower 
concentrations of K-phosphates were found in the fine particles emissions. These were 
instead dominated by sulphates and chlorides (Table 31).  

As shown in Figure 26, both kaolin and calcite additives substantially reduced the 
amounts of fine particles in the flue gases, even though the mechanisms between both 
types of additives differ significantly. In general, K has a key role in the formation of fine 
particles during biomass combustion, since it constitutes the dominating cation. The K-
capturing effect of the kaolin additive in the flue gases resulted in generally lower 
concentration of K in deposits and fine particles formed. Lower concentration of K in 
the flue gas will therefore reduce the amount of condensed flue gas matter, as was 
observed in the case of kaolin addition. For the calcite additives, on the other hand, no 
clear K-capture to bottom ash and slag could be discerned. This implies that the amount 
of fine particles should not decrease compared to the experiment without additive. 
However, as shown in Table 31, when calcite was added, higher levels of K-sulphate 
condensation were observed on the walls of the boiler and deposition probe rings. Thus, 
a considerable share of the fine particle forming matter in the flue gas condensed on 
heat exchanging surfaces in the boiler before reaching the impactor sampling position, 
and probably influenced the measurements as a consequence. 
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5. Conclusions

The ash transformation processes including bed agglomeration, slag formation, 
deposit and fine particulate matter formation, during combustion of phosphorus-rich 
biomass fuels/fuel mixtures, were determined by extensive experimental procedures 
performed in a bubbling fluidized bed (5 kW), two fixed bed appliances (20 and 15 kW) 
and in a powder burner (150 kW). The phosphorus-rich fuels studied (separately and in 
mixtures with typical biomass fuels) included rapeseed meal, rapeseed cake, wheat 
distillers dried grain with solubles (DDGS) and oat grains. Phosphoric acid (H3PO4 
(PA)), kaolin (Al2Si2O5(OH)4) and calcite (CaCO3) were used as fuel additives. The bed 
materials used in fluidized bed experiments included, quartz (SiO2) and, olivine 
((Mg,Fe)2SiO4). 

Ash, bed material, and deposit samples were analysed by means of scanning electron 
microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDS) for 
determination of the morphology and elemental composition, and with powder X-ray 
diffraction (XRD) for determination of crystalline phases. 

The results showed that in fluidized bed combustion of phosphorus-rich fuels, wheat 
distiller’s dried grain with solubles (DDGS), rapeseed meal and rapeseed cake, with ash 
rich in P, K(Na) and Ca/Mg, partially molten K-Ca/Mg-phosphate-rich ash particles 
may adhere to the bed material particles forming non-continuous coating layers that are 
responsible for the initiation of the bed agglomeration process. For woody fuels, K-
compounds in gas/liquid phase reacted with the quartz bed material, and formed an 
inner bed particle layer rich in K-silicates. The melting behaviour of this layer was found 
responsible for the initiation of the bed agglomeration process. The addition of high 
enough phosphorus to woody fuels (through co-combustion with P-rich fuels or addition 
of chemical additives (PA)), converted the available fuel ash basic oxides K(Na), Ca, and 
Mg, into phosphates, which resulted in a reduced amount of K available for the reaction 
with the quartz bed material. The bed agglomeration was found to be initiated by 
partially molten alkali-rich-phosphate ash particles that adhered to the bed particles 
causing agglomeration. For wheat straw fuels (rich in Si and K), partially molten K-
silicates formed during combustion adhered to the bed particles forming non-
continuous layers and subsequently agglomerates. Increasing the phosphorus content in 
wheat straw (through co-combustion with a P-rich fuel or by adding a chemical additive 
(PA)), led to the formation of partially molten alkali-rich phosphate/silicate ash 
particles; which formed non-continuous bed particle coating layers and agglomerates.  

The melting behaviour of the bed particle layers/coatings formed during combustion 
of phosphorus-rich fuels or fuel mixtures is an important controlling factor behind the 
agglomeration tendency and is heavily dependent on the content of alkaline earth 
metals in the fuel. It was found that the agglomeration tendency of phosphorus-rich 
fuels, i.e. rapeseed cake, can be reduced by mixing with a Ca-rich fuel, i.e., bark. The 
effect was attributed to the increased formation of more stable Ca-K-phosphates instead 
of low melting temperature K-rich phosphates, as was found for the pure rapeseed cake.  
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No significant difference in the bed agglomeration tendency/characteristics was 
found between olivine and quartz bed materials when combusting the phosphorus-rich 
DDGS fuel. In combustion of this fuel, the (outer) coating layers and agglomerate necks 
were found to have similar compositions in both bed materials, and were mainly 
dominated by P, K, Mg and Si. The bed agglomeration mechanism for this fuel in quartz 
bed therefore seems to be direct applicable in olivine beds, and can be described as 
direct adhesion of bed particles by partially molten K-Mg-phosphates in both bed 
materials. 

It was found that the relation between alkali and alkaline earth metals in the fuel ash 
have a key role in the slag formation during fixed bed combustion of phosphorus-rich 
fuels and fuel mixtures. DDGS (rich in S, K, P and Mg), showed high slagging tendency. 
Phosphorus-rich fuels with higher Ca content, i.e. rapeseed meal, showed a significantly 
lower slagging tendency. The effect was attributed to the formation of low temperature 
melting K-Mg-phosphates for the DDGS fuel, and more high temperature melting K-
Ca/Mg-phosphates for the rapeseed meal. The tested phosphorus-poor fuels with ash 
rich in Si, exhibited high slagging tendencies, with a slag mainly formed by K-rich 
silicates, whereas fuels with higher Ca content were less problematic. The addition of 
phosphorus (by co-firing or adding PA), promoted the formation of K-Ca/Mg-
phosphates, thereby reducing the amount of K-silicates formed during combustion. 

The formation and composition of deposits and fine particulate matter during 
combustion of phosphorus-rich fuels were investigated. In general, during fluidized bed 
and to a minor extent in fixed bed combustion, a reduction of fine particulate matter, 
containing KCl as the main component was achieved by increasing the phosphorus 
content in woody or straw fuels. As a consequence, an increased amount of potassium 
was found in the coarse ash particle fractions, principally as KMgPO4, CaK2P2O7, 
CaKPO4, and KPO3, while the levels of HCl and SO2 in the flue gases increased. When 
co-firing phosphorus-poor biomasses with fuels like DDGS (rich in S, K, P, and Mg), 
both P and S contained in the DDGS affected/reduced the formation of KCl. It was 
found that the relationship between alkali and alkaline-earth metals 
(i.e., (K + Na)/(Ca + Mg)) in the overall fuel ash composition must be considered, since 
both Ca and Mg are needed for the formation of ternary refractory phosphate phases 
containing K. The addition of excessive amounts of phosphorus to P-poor fuels with 
high (K + Na)/(Ca + Mg) molar ratios, resulted in the formation of low melting 
temperature alkali-rich phosphates, which increased the bed agglomeration tendency 
and release of alkali and phosphorus from the bed. Furthermore, powder combustion of 
the DDGS-fuel resulted in the formation of high amounts of fine particulate matter and 
deposits rich in K-phosphates. 

Fixed bed combustion of oat grains resulted in the formation of slag rich in K-
silicates, and fine particulate matter rich in K-phosphates and KCl. The result of using 
kaolin additive was that no slag was formed, and the effect on the formation of fine 
particulate matter was an increased content of condensed K-phosphates at the expense 
of K2SO4 and KCl. Consequently, higher levels of HCl and SO2 in the flue gases were 
obtained. The addition of calcite increased the amount of formed slag, which had a 
composition rich in K, Ca, Mg, Si and P. Phosphorus was captured to a higher degree in 
the slag and bottom ash, compared to the combustion of pure oat. The molten phase 
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formed during combustion contained both silicates and phosphates and probably a low 
melting temperature. The effect of the calcite additive on the fine particle emissions in 
the flue gases was that the content of KPO3 decreased considerably, while the content of 
K2SO4 and KCl increased. Consequently, the flue-gas levels of HCl and SO2 decreased.  

A general observation was that phosphorus is the controlling element in ash 
transformation reactions during biomass combustion because of the high stability of 
phosphate compounds. 
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6. Prospects for future work

It was found that the addition of adequate amounts of a phosphorus-containing 
additives, e.g. H3PO4, during fluidized bed combustion of K/Si-rich fuels (e.g. straws), 
considerably reduced the agglomeration tendency (Table 6), and the formation of fine 
particulate matter containing mainly KCl (Table 26). Ammonium phosphate monobasic 
(NH4H2PO4), which is a solid odourless white powder mostly used as fertilizer, could 
also be a potential additive. According to safety product data [113], NH4H2PO4 starts to 
melt and decompose at temperatures over 190°C. Further research work on other types 
of P-additives than the one used in this thesis should be made.  

The composition of the sieved bed ash particles from fluidized bed combustion, as 
well as slag from fixed bed combustion, was found to be contained in a system with K, 
Na, Ca, Mg, P and Si as main components. Phase diagrams that adjust to such multi-
component mixtures containing both phosphates and silicates are not at hand 
nowadays, and the existing ternary phase diagrams therefore fail to predict the melting 
behaviour of this system. An important prospect for future work is therefore to 
determine the melting behaviour of systems containing both phosphates and silicates.  

This thesis shows some results from combustion of phosphorus-rich fuels in fixed 
bed and powder burner technologies. There is still a lack of information about the ash 
behaviour of phosphorus-rich fuels in these combustion technologies. Further research 
work needs to be done to clarify the differences in ash transformation mechanisms 
between different types of combustion techniques.  
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Table A3. Crystalline phases identified with XRD in the sieved bed ash samples for 
logging residues, willow, wheat straw and, DDGS in olivine and quartz bed materials.a 

  Logging residues Willow Wheat straw DDGS 
  Olivine Quartz Olivine Quartz (b) Olivine Quartz Olivine Quartz 
SiO2 1 70 1     37 
NaAlSi3O8  7       
KAlSi3O8 23 3 23      
(Mg,Fe)2SiO4 40  40  11  14  
CaO   1 n.a     
CaCO3  2  n.a    9 

K2Ca(CO3)2    n.a 3    
MgO 2  8 n.a 5    
CaSO4    n.a 2   5 
K2SO4  2 7 n.a 30 61  6 
K3Na(SO4)2    n.a  4   
KCl    n.a  3   
Ca5(PO4)3(OH)  5 7 n.a 10 9 3  
Ca3(PO4)2    n.a 5   5 
CaK2P2O7    n.a   25 21 
CaKPO4    n.a  18   
KMgPO4    n.a   33 8 
Ca3Mg(SiO4)2 2  5 n.a 5 2 7 9 
Ca2MgSi2O7 7  4 n.a  3 4  

CaSiO3 20   n.a 7    
CaMg(SiO3)2  7  n.a 11    
K2MgSiO4   1 n.a 8    
KAlSiO4   3 n.a     
KAlSi2O6 3   n.a     
SiO2 (cristobalite) 3 4  n.a 4 (c) 13 (c) 

(a) The values in the table give the contents of crystalline phases (wt %) in the different samples 
as the result of semiquantitative refinement of the XRD data with Rietveld technique;  
(b) Quantification for willow bed ash was not possible due to the scarce amount of sample;  
(c) traces. 
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ABSTRACT: There is relatively extensive knowledge available concerning ash transformation reactions during combustion of
woody biomass. In recent decades, the use of these energy carriers has increased, from a low-technology residential small-scale level
to an industrial scale. Along this evolution, ash chemical-related phenomena for woody biomass have been observed and studied.
Therefore, presently the understanding for these are, if not complete, fairly good. However, because the demand for CO2-neutral
energy resources has increased recently and will continue to increase in the foreseeable future, other biomasses, such as, for instance,
agricultural crops, have become highly interesting. The ash-forming matter in agricultural biomass is rather different in comparison
to woody biomass, with a higher content of phosphorus as a distinctive feature. The knowledge about the ash transformation
behavior in these systems is far from complete. Here, an attempt to give a schematic but general description of the ash transformation
reactions of biomass fuels is presented in terms of a conceptual model, with the intention to provide guidance in the understanding of
ashmatter behavior in the use of any biomass fuel, primarily from the knowledge of the concentrations of ash-forming elements. The
model was organized in primary and secondary reactions. Restrictions on the theoretical model in terms of reactivity limitations and
physical conditions of the conversion process were discussed and exemplified, and some principal differences between biomass ashes
dominated by Si and P, separately, were outlined and discussed.

’ INTRODUCTION

The use of biomass for energy purposes in the forested parts of
the world has mainly been restricted to woody materials. How-
ever, with the rapidly increasing demand of biofuel in the past
decade, the competition for woody biomass has increased signi-
ficantly. In this context, other biofuel assortment than the tradi-
tional will come into question, such as, for instance, crops and
agriculture residues. For woody biomass, a comprehensive pra-
ctical and theoretical knowledge about thermal energy conver-
sion has been gathered for a long time. For crops and agriculture
biomasses, the situation is different. The thermal fuel conversion
characteristics frequently differ significantly from those of woody
biomass. Although recent research efforts have resulted in new
knowledge, because of the large heterogeneity of crops and agri-
cultural biomass, the knowledge is still fragmentary.

Along with an accelerated technical development of the exploi-
tation of the energy in biofuels, the tolerances in variations of the
fuel qualities have become narrower with reduced flexibility as a
consequence. Thus, it has become clear that detailed chemical and
physical knowledge about fuels with respect to conversion proper-
ties is a prerequisite for technical developed and efficient thermal
bioenergy processes.

Useful predictable modeling of these processes must be a
combination of several physical and chemical submodels. The
physical models include flow modeling, e.g., computational fluid
dynamics (CFD) models, aerosol formation models, e.g., homo-
geneous and heterogeneous condensation, as well as different
kinds of agglomeration and coalescence models. Prediction of
deposition and corrosion requires separate models with con-
siderably higher space resolution than full boiler models.
CFD modeling of gas flow fields and temperature profiles is

already today a mature science, and validations of several models
have been successful. The extension of the gas flow models to
multiphase systems is continuing and improving. The main
challenges in this work are not only to predict local compositions
and implement relevant transport equations for particles but also
to obtain a reasonable estimate of the speciation of the inorganic
matter, i.e., the ash-forming elements, in each volume cell. Here, a
combination of heterogeneous chemical kinetics and multiphase
equilibrium modeling is needed. Aerosol formation models and
agglomeration models have the same limitation. Good chemical
estimates on speciation, saturation levels, and the presence of
melt of the ash-forming matter must be available to obtain
reliable results.

Biomass as a concept embraces a wide range of concentra-
tions of ash-forming matter. Large variations depending upon
not only the type of plant biomass but also within a specific part
of a species are observed.1 In comparison to wood, there are a
number of distinct differences related to the content of ash-
forming elements for energy crops, agricultural crops, or waste
products from the agricultural sector. In general, the concentra-
tion of these elements is higher and much more heterogeneous
for these categories than in wood.2 A general trend of higher
levels of phosphorus can be seenwhere, for some crops, the phos-
phorus concentration is even higher than the silicon content, a
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condition that has a major impact on the ash transformation
reactions.

The inorganic content in biomass comprises many metals but
also some non-metals. For instance, Si, Ca,Mg, K, Na, P, S, Cl, Al,
Fe, Mn, N, Cu, Zn, Co, Mo, As, Ni, Cr, Pb, Cd, V, and Hg are
present in varying amounts.3 Most of these elements act as
nutrients and have essential biological functions for the living
plant.

The most significant ash-forming elements are Si, Ca, Mg, K,
Na, P, S, Cl, Al, Fe, and Mn, normally making up for the majority
of the ash-forming elements. Considering the most important
ash transformation reactions and the reactions responsible for
ash-related operational problems during combustion, Fe andMn
may be excluded. The reason for this is that these metals often
turn up as individual oxides, with limited interaction with the
other main ash-forming elements in biomass ashes, although
sometimes interactions in terms of solid and especially liquid
solutions will take place. A further simplification can be made by
approximating Na as K, because the concentration of Na in bio-
mass (plants), in general, is substantially lower than K and their
functions and roles in the ash transformation reactions are
similar. Al has no known biological function and is considered
to originate from external mineral matter, such as, for instance,
feldspars and clay minerals. Subsequently, Al could be present at
significant levels and can play an important role in the ash trans-
formation mechanisms, which will be described later. Thus, with
a certain degree of simplification, the main ash-forming elements
in biomass can be said to comprise the following list: Si, Ca, Mg,
K, Na, P, S, Cl, and Al.

Using various literature resources,4�9 the speciation of the
ash-forming matter in biomass was compiled by Doshi et al.10

The inorganic elements were classified into three main groups:
salts, elements organically bound to the carbonaceous matrix,
and minerals included in the fuel structure or adventitious from
the harvesting processes. A difference between two categories
in the last group should be emphasized. Internally precipi-
tated mineral, such as, for instance, whewellite (calcium oxalate
hydrate), phytolith (amorphous silica), or phytate (phosphate),
are probably significantly much more reactive in comparison to
extraneous minerals, such as, for instance, quartz, feldspars, and
clays. The latter category is included in various amounts during
the whole living cycle depending upon the environment and not
only during harvesting and storing.

A relatively comprehensive study exists that deals with the
behavior of the fraction of ash-forming matter in biomass that
is volatile during the thermochemical energy conversion. For
instance, several mechanisms are suggested for the release of
alkali, S, and Cl.11�15 Further, it has been concluded that the
association of the inorganic elements in the fuel is important
for the release behavior.16�19 Also, bottom ash behavior and
problems with slagging have been addressed in a number
of investigations.20�27 Accordingly, some important general
conditions that have major influence on the ash transformation
process can be stated, such as (i) the relative concentrations of
the ash-forming elements along with the total amount of ash-
forming matter. The ash transformation sequences and the
properties of the formed ash will differ substantially within the
concentration variations of ash-forming elements displayed in
biomass. (ii) In this respect, it is not only the relative mutual
stability but also the kinetic properties and the aggregation states
of the ash-forming elements, intermediates, and final products
that have a decisive effect on the ash transformation scenario.

The aim of this work is to summarize and formalize empi-
rical biomass ash transformation phenomena and observations
into a simplified conceptual model, taking a starting point at the
concentrations of the main ash-forming elements, fundamental
chemical thermodynamics, and basic inorganic high-temperature
chemical concepts. The model will be related to our extensive
experimental experiences from both woody and non-woody
(agricultural) biomass fuels, and a focus will be on slagging ten-
dencies of grate-fired systems and the formation of fine inorganic
aerosol particles. A long-term goal is to implement this con-
ceptual model as a submodel into a more comprehensive process
model to be used for any biomass fuel and mixtures with fossil
fuels applicable on all local process conditions (composition,
temperature, pressure, reduction�oxidation conditions) in the
thermal conversion system.

2. PRIMARY ASH TRANSFORMATION REACTIONS

During thermal conversion of biomass, the physical environ-
ment (e.g., oxygen partial pressure and temperature) inside and
around discrete fuel particles, i.e., where the initial ash formation
and transformation take place, is very different from case to case
and varies between the different stages of the energy conversion.
The division of ash transformation into primary and secondary
(see below) reactions is to some extent hypothetical but serves
the practical purpose of organizing the properties of the ash-form-
ing elements into a conceptual model. Here, primary reactions
are mainly used to denote and define the mutual affinity of the

Figure 1. Stability diagram showing the thermodynamic stability [ΔG�
(kJ)] as a function of the temperature (K) of the main combustion
products together with the major ash-forming oxides. Thermodynamic
data for the calculation of the diagram were taken from the FACT
database.28
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ash-forming elements to oxygen in relation to the oxygen affinity
of the carbon�hydrogenmatrix of the fuel, thus isolated from any
further reaction. Some vital information about thermal stability,
e.g., refractivity and/or volatility, of the primary or initial products
is also gained from this approach. The relative thermodynamical
stability of the ash-forming element oxides, along with CO, CO2,
and H2O, is therefore of vital importance for the ash transforma-
tion behavior. In Figure 1, the oxide stability for the major ash-
forming elements is presented as function of the temperature. The
lines represent the change of ΔG� for the normalized formation
reaction of the oxides from the elements [1 mol of O2(g)], as the
function of the temperature. This also implies that the oxygen
partial pressures for the shown formation equilibrium reactions
increase upward in the diagram. Furthermore, at combustion
conditions, the huge surplus of organic pyrolysis and gasification
products during thermal conversion of the biomass will buffer the
system in terms of the oxygen partial pressure. Thus, all ash-
forming elements below the C and H lines will stay as oxides
under all conversion conditions, whereas the elements above, at
least potentially, may stay unoxidized until reaching an oxidizing
environment. Considering the thermodynamic stability of the
corresponding oxides of the major ash-forming elements during
the biomass conversion process, the following general description
of the primary element-specific behavior can be made: (1)
Because of the high stability of oxidized Ca, it is assumingly
present in various oxide configurations already in the biomass.
During the thermochemical conversion of the biomass, the oxide
will probably be liberated as small micrometer-sized particles.
CaO(s) is refractory to its character and will stay solid at all
combustion or gasification temperatures, provided that no reac-
tion takes place. (2) The same accounts for Mg andMgO(s). (3)
Si is also present, as either amorphous SiO2 3H2O(s) or dissolved
Si(OH)4(aq) in biomass fluids.29,30 Again, this element shows
stronger affinity to oxygen than the carbon�hydrogen matrix.
During combustion or gasification, Si will therefore initially
probably be liberated as small silica [SiO2(s)] particles. As for
the earth alkali oxides, silica is also a refractory, which, in pure
form, will be solid at all combustion or gasification temperatures.
At very high temperatures and reduced atmospheres, e.g., in the
char-burning stage, silica may be reduced to gaseous silicon
monooxide, SiO(g), that, however, will be very susceptible to
oxidation as it is released and enters the flue gas. (4) P is present in
fully oxidized form (V) as various phosphates in the biomass.
Upon the thermal breakdown of the biomass, it is initially
probably released as P2O5, i.e., as volatile P4O10(g), at the process
temperatures. The phosphate may also be reduced to P2O3(g) or
even further under reducing conditions. Under all such circum-
stances, the volatility of the phosphoric components is assumed to
be high. (5) The alkali metals, K and Na, form less stable oxides
than all of the previous ash-forming elements. In fact, at higher
combustion temperatures, these may even be reduced by the
carbon�hydrogen fuel matrix to metal vapor. These alkali species
will initially readily react with the ubiquitous water vapor to more
stable and relatively volatile hydroxides [KOH(g) and NaOH-
(g)]. Dependent upon the temperature and at locations were no
CO2 is present, part of the hydroxides may condense as liquids.
(6) Sulfur has lower affinity to oxygen than the carbon�hydrogen
matrix. Subsequently, it will be released as elemental and gaseous
sulfur [S2(g)] or as H2S(s) that will oxidize to gaseous sulfur
dioxide [SO2(g)] and later to sulfur trioxide [SO3(g)] depending
upon the O2 concentration in the atmosphere. (7) Chlorine, in
general, forms relatively weak oxides that are not stable at

combustion conditions. Thus, it will be liberated as Cl2(g) that
will react with the water vapor to HCl(g).

In the present approach, high reactivity for P, S, and Cl is
assumed because of the high volatility of their initially formed
host compounds. Provided that no further interaction with other
ash elements are taking place, resulting in the formation of
thermal stable condensed phases, these elements will to a large
extent evaporate. The alkali metals can be assumed to be less
reactive, considering the lower volatility of their initially formed
host compounds. Still, hydroxides and, especially, chlorides are
relatively volatile, which imply comparable high reactivity.

The earth alkali metals and Si must be considered the least
reactive inherent ash-forming matter in biomass, because of the
refractive character of these components. It must be remembered
that the solid particles that initially formed are probably sub-
micrometer-sized, and upon encountering other reactive ash-
forming constituents (gaseous or liquidus), comparable fast
reactions will still take place.

Concerning external minerals, such as, for instance, sand
(mainly quartz and feldspars), clay minerals, and carbonate
minerals, these matters as mentioned above are generally much
less reactive compared to the inherent biomass ash-forming
matter. The sand minerals mainly provide interaction with their
solid particle surfaces and will not be in equilibrium with other
ash matter unless long residence times and high temperatures
prevail, such as, for instance, on a hot grate. The situations for
clay-type minerals and minerals that will be calcined under
combustion conditions are somewhat different. Upon the break-
down of their mineral structures, their surfaces may increase
dramatically, with a substantial increase of reactivity as a result.

3. SECONDARY ASH TRANSFORMATION REACTIONS

To facilitate the description of the second step of the ash
transformation reaction, i.e., the essential ash-forming reaction,
the primary products of ash-forming elements from the initial
stages of combustion could be divided into two categories, basic
and acidic compounds (Table 1).

Roughly, the compounds are arranged according to reactivity
that descends from the top downward. This is not a completely
strict order, because, for instance, varying the temperature may
change it in some cases. However, despite its schematic character,
this arrangement is a useful tool that will serve the purpose of
organizing and rationalizing the complex ash transformation
reactions. The order is solely based on thermodynamical con-
siderations, i.e., reflecting a pure equilibrium condition. Thus, in a
situation where there is a competition for P2O5(g) among the
base cations, primarily K�phosphates will form. If K is con-
sumed, the turn comes to Na, etc. In a reversed case, if there is a
competition for K among the acid components, a K�phosphate
would be the first compound to form. If P2O5(g) is consumed,

Table 1

basic compounds acidic compounds

KOH(l,g) (K2O) P2O5(g)

NaOH(l,g) (Na2O) SO2(g)/SO3(g)

CaO(s) SiO2(s)

MgO(s) HCl(g) (Cl2)

H2O(g) CO2(g)

H2O(g)
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K will react with SO2(g)/SO3(g), etc. As pointed out, this is a
simplification, and in a realistic situation, further reactions will
take place where mixed compounds, such as, for instance, K�
Ca� and K�Mg�phosphates and�silicates, may form because
of the even lower formation energies for such phases. However,
the table could be said to constitute a description of the order in
which the various ash-forming components are consumed.

As pointed out above, this thermodynamic approach, although
central, have to be complemented in several other respects.
In addition to kinetic factors, conditions, such as the aggrega-
tion state, mass transport, and dispersion of solids, must be
considered.

Schematically, the scenario is expected to be started by the
successive formation of certain amounts of K�phosphates, �
sulfates,�silicates,�chlorides, and�carbonates, depending upon
the relative concentrations of these ash elements (see Table 1).

The initially formed K�phosphates are molten and probably
rather volatile as well. Upon encounters with alkali earth oxides,
condensed, preferably solid ternary phosphates are formed that
will remain in the bottom ash environment. The sulfates are
condensed under lower temperature conditions, while at higher
temperatures, they are volatilized or decomposed, released to the
flue gas, and later precipitated. The chlorides are almost invari-
ably released to the flue gas and precipitated at lower tempera-
tures. The situation concerning the silicates is different. A
plausible course of events would be started by the formation of
preferably molten K�silicate particles because of the high
availability of KOH(g), e.g., according to the following reaction:

SiO2ðsÞ þ 2KOHðgÞ T K2SiO3ðlÞ þ H2OðgÞ

There are eutectic temperatures in the K�silicate system as low
as at 600 �C. Because of the high availability of KOH(g), the
density of molten K�silicate particles will rapidly become rather
high. However, as the fuel particle is burning out, it shrinks, and
the ash particles will successively approach each other with
increased opportunities for contact. Eventually, the molten
K�silicate particles will aggregate, forming larger droplets that
may initiate slag formation. Because these molten silicate drop-
lets will also encounter the earth alkali oxide particles, reactions
will take place where the latter will dissolve into the melt. The
high thermodynamic affinity of silicate melts for earth alkali metal
oxides supports the assumption that these reactions will actually
happen. To some extent, K can be driven out by Ca and Mg in

themelt, with evaporation of K as a result.31 The physical effect in
terms of melting temperatures on the silicate melt by these
processes can be studied in, for instance, a ternary phase diagram.
A general trend is that, as the content of Ca and Mg is increasing,
the melting temperatures is also increasing, possibly reducing the
tendency for slag formation. The binary and ternary silicates in
the system CaO�MgO�SiO2 frequently observed in biofuel
bottom ashes are probably the result of precipitations from such
silicate melts. Often, as mentioned before, woody biomass is
contaminated with sand and/or clay. Because these minerals
often contain Al, the formation of alkali aluminosilicate can
possibly occur. These compounds, which have high thermody-
namic stability and high melting temperature, will also contribute
to a reduction of the slagging tendencies. For instance, leucite
(KAlSi2O6) and kalsilite (KAlSiO4) have often been identified in
woody biomass ashes.

Finally, the formation of carbonates will take place, depending
upon the overall stoichiometry of the ash-forming elements and
overall process temperature. If there is a general surplus of basic
oxides over the acidic component, carbonates will form as the
result of the reaction of the former with CO2 in the combustion
atmosphere. K2CO3(s) is rarely observed, whereas CaCO3 and/
or K2Ca(CO3)2 [occasionally also K2Ca2(CO3)3] are common
phases identified in biofuel ashes deficient in acidic components.

Thus far, the reasoning has been pursued on a principal level,
where basic inorganic chemical trends and mechanisms have
been considered. To transfer these general concepts to a realistic
situation, the physical characteristics of the specific energy
conversion facility, such as process temperature, residence time,
air supply, and flue gas velocities, have to be taken in account.
Thus, the practical consequences of the ash transformation
reactions for a certain fuel may be quite different depending
upon if the fuel is used in a fluidized bed, on a grate, or within a
powder burner.

Table 2 gives a tentative and schematic overview over the main
secondary ash-forming reactions taking place at combustion of
biomass. These reactions will to a varying extent be effected by
the inherently different physical conditions concerning the
temperature profile, residence time, flue gas speed, and demand
on physical fuel characteristics exhibited in different combustion
facilities.

By comparing powder with fluidized-bed and grate techni-
ques, some of these effects can be made apparent. The principle

Table 2. Survey of Major Secondary Ash-Forming Reactions (Schematic)

reaction comments

P2O5(g) + 2KOH(g) T 2KPO3(l,g) + H2O(g) fast reaction,a product molten and partially volatile in residual ashb

SO3(g) + 2KOH(g) T K2SO4(l,g) + H2O(g) fast reaction, product molten or not

HCl(g) + KOH(g) T KCl(g,l) + H2O(g) fast reaction, product not stable in residual ash

SiO2(s) + 2KOH(g) T K2SiO3(l) + H2O(g) medium fast reaction, product stable and molten in residual ash

CO2(g) + 2KOH(g) T K2CO3(l,g) + H2O(g) fast reaction, product not stable in residual ash

P2O5(g) + 3CaO(s) T Ca3P2O8(s) medium fast reaction, product stable and solid in residual ash

SO3(g) + CaO(s) T CaSO4(s,l) medium fast reaction, product (not) stable and solid in residual ash

2HCl(g) + CaO(s) T CaCl2(g,l) + H2O(g) medium fast reaction, product not stable in residual ash

SiO2(s) + CaO(s) T CaSiO3(s) slow reaction,c product stable and solid in residual ash

CO2(g) + CaO(s) T CaCO3(s) medium fast reaction, product not stable in residual ashb

K2SiO3(l) + CaO(s) T K�Ca�silicate(l) rather slow reaction,c product stable and molten in residual ash
aThe reaction rates are classified into four categories on an arbitrarily scale. bThe stability in residual ash varies according to the thermal condition of the
specific appliance. cThese reaction rates are also highly dependent upon the dispersion of fuel and reactant particles.
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of the former technique involves high temperatures and short
fuel conversion time, and to obtain complete conversion of the
fuel, small particle size have to be employed. This implies that the
bottom ash environments typical for grates and fluidized beds
that provide relative good opportunities for contact between
gaseous and solid initial formed ash matter are not present. On
grate and in fluidized-bed environments, the density of the ash-
forming compounds is considerably higher and, together with
longer residence times, conditions are created where the ash
transformation reactions could approach equilibrium.22,23,25,26,32

In the flame of a powder burner, the fuel particles are dispersed.
This implicates that the already limited mutual ash interaction
and encounters because of the small fuel particles will be even
more limited as a consequence of the extensive fuel dispersion.
Under such environments, fast reactions involving gaseous ash
compounds are favored at the expense of reactions where
condensed components participate. Accordingly, the conditions
promote gas-phase reactions and precipitations resulting in the
formation of chlorides, sulfates, and carbonates, whereas reac-
tions involving condensed reactants are suppressed, which is a
situation that is far from equilibrium. However, reactions be-
tween condensed and gaseous components, such as, for instance,
between KOH(g) or KCl(g) and SiO2(s), will occur to some
extent, because silica particles will encounter a flue gas containing
gaseous potassium (although diluted) and molten K�silicates
will form. The frequently observed positive influence of CaO on
low-temperature-melting K�silicates in, for instance, fluidized
bed and grate combustion will probably not occur in the flame
and flue gas during powder combustion. If these condensed
components are settled on the bottom and the walls of the boiler,
conditions for obtaining equilibrium are more favorable and

reactions may take place. In general, it can be concluded that,
under powder combustion and gasification conditions, equilib-
rium is approached selectively and the ash matter will be strongly
fractionated.33

4. EXPERIMENTAL INVESTIGATIONS

Here, results from some selected experimental investigations
of a number of woody biomasses and agricultural crops will be
reviewed, discussed, and interpreted according to the scheme
outlined above. Furthermore, an extension of the discussions to
ash-related problems as slagging and fine particle formation in
terms of schematic ternary phase diagrams will be made. The
woody biomass examples will be discussed inmore general terms,
whereas the selected agricultural crops will be described in more
details.
4.1. Woody Biomass. In general, the content of ash-forming

elements in woody biomass is characterized by a high Si/P ratio
and a rather low K/Ca ratio.
In Table 3, a compilation of common minerals observed in

woody fuel ashes by powder X-ray diffraction (XRD) is given.
The two first minerals in the residual ash column, quartz and
feldspars, are often present in residual ash, reflecting the con-
tamination of sandy material in woody biomass. Dependent
upon the bottom ash conditions, these minerals could be
considered as either rather unreactive components or, at other
conditions, participating significantly in slag formation. The
presence of the minerals in the second category, the alkali earth
oxides and the carbonates, is a consequence of either a stoichio-
metric surplus of the basic over the acid constituents (see
Table 1) or non-equilibrium conditions. The carbonates indicate
moderate temperatures in the bottom ash environment. The
latter also goes for the presence of the sulfates, which are more
often found in fly ash fractions and as fine particulate matter.
The phosphates aphatite and whitlockite are the two most com-
monly observed host phases for P in residual ashes of woody
biomass. The relation between them is probably dependent upon
the temperature andwater vapor pressure. Thewhitlockite structure
admits incorporation of several other elements, and very often,
varieties with, for instance, K (and Fe and Mg) are observed. As
long as the ratio of basic components over the P content in the
fuel is high, the major part of the phosphates are contained in the
bottom ash, despite the volatile character of the initial release
form of P. The next category of phases in Table 3, the alkali earth
silicates, is practically always present in residual ashes of woody
fuels. These are believed to form as a result of either occasional
encounters of solid oxide and silica particles or perhaps rather
incorporation of these oxides into K-rich silicate melts and a
subsequent precipitation because of saturation or temperature
drop. The earth alkali silicates are relatively refractory and are
supposed to contribute to decreased slagging tendencies. Re-
markably, Fe is often found as an oxide in the residual ash, thus
apparently not as attractive as the acidic components for
combining with the basic oxides. The interaction with silicate
melt/slag is anticipated (see below). The observation of high-
temperature modifications of silica, cristobalite (occasionally also
tridymite), in the residual ash is an indication on either a surplus
of Si over the basic components or non-equilibrium conditions.
These phases are believed to form from the reactive Si present in
the fuel structure. The cristobalite modification is also implicate
on comparable high temperatures at least under some stages
of the burnout of the fuel particle. Finally, in Table 3, the

Table 3. Ash Minerals in Woody Biomass Ashes Identified
by XRD

residual ash fine particles (sub-micrometer)

SiO2 (quartz)

(K,Na)AlSi3O8 (feldspars)

CaO (lime)

MgO (periclase)

CaCO3 (calcite)

K2Ca(CO3)2 (fairchildite)

K2Ca2(CO3)3
K2SO4 K2SO4

K3Na(SO4)2 (aphthitialite) K3Na(SO4)2 (aphthitialite)

KCl (sylvite)

Ca5(PO4)3OH (aphatite)

Ca3(PO4)2 (whitlockite)

CaSiO3 (wollastonite)

Ca2SiO4

CaMg(SiO3)2 (diopside)

Ca2MgSi2O7 (
�akermanite)

Ca7Mg(SiO4)4 (bredigite)

Ca3Mg(SiO4)2 (merwinite)

Fe2O3 (maghemite, hematite)

SiO2 (cristobalite, tridymite)

amorphous matter (silicate slag)
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amorphous part of the residual ash is given, which, not directly,
could be observed by XRD but is indirectly seen as a strongly
enhanced background in the XRD patterns. This is believed to
originate from the formation of molten K�silicates, in which
other components, such as the earth alkali oxides, are subse-
quently dissolved. We have never with certainty identified
crystalline Ca�K�silicates in residual ash of woody fuels, with
XRD. Still, scanning electron microscopy (SEM) analyses, on
apparently previously molten residual ash, have shown on silicate
material containing K along with Ca and Mg (and together with
some P and Fe as well). The amount of K in the residual ash
present as silicate thus depends upon the amount of reactive Si in
the fuel and if the physical combustion conditions admit equi-
librium to be approached. In addition, as described above, K can
also be “captured” by the reaction with thermally decomposed
clay-type minerals.
The sub-micrometer particulate matter in the flue gas of

woody biomass combustion mainly consists of alkali sulfates
and KCl (as observed by XRD). The proportions reflect the
composition of the fuel concerning K, Cl, and S, with respect paid
to bottom ash temperature conditions and the K retention
properties (to bottom ash) of the fuel ash in the form of reactive
Si. It should be mentioned that, although we have not observed
any specific K�carbonate in the fine particles (by XRD),
carbonates may be present in solid solutions with sulfates.
Although a fairly large number of phases are present in bottom

ashes of woody biomasses, severe slagging problems are mainly
restricted to the oxide�silicate system. The melting behavior of
the residual ash, i.e., the propensity to form slag for an ash with a
given composition, can be studied by means of appropriate phase
diagrams. In this case, a multi-component diagram, including the
components K2O�Na2O�CaO�MgO�SiO2, would embrace
the major slag-forming components in woody biomass. How-
ever, no experimental determination of such phase diagram
exists. A further simplification can be made by approximating
the behavior of Mg and Na to be similar to that of Ca and K,
respectively. Now, the slagging tendencies of a woody biomass

ash could schematically be displayed by the system K2O�
CaO�SiO2.
Figure 2 shows a compositional triangle for the system K2O-

(+Na2O)�CaO(+MgO)�SiO2. Liquidus isotherms adopted
from Morey et al.34 indicate compositional areas where strong
slagging tendencies can be anticipated, as well as the directions
where these trends are declining. A number of woody biofuels are
shown in terms of their relative concentration of K2O(+Na2O),
CaO(+MgO), and SiO2. As seen, the compositions are varying
considerable, especially the ratio (K2O +Na2O + CaO +MgO)/
SiO2. This is mainly reflecting the different degree of contamina-
tion of sand and clay in these materials. The fuels with compar-
able low basic oxide/silica ratios, appearing in the problematic
area, are represented by a number of stump assortments and
cutting residues.
Thus, it can be concluded that, for compositions with high

(K2O + Na2O + CaO + MgO)/SiO2 ratios, the propensity of
forming silicate-based slags are low. It should also be noted that
the tendencies of fine particle formation is increasing toward the
“K2O(+Na2O)” corner of the triangle, especially close to the
basic oxide binary. The reason is primarily increasing concentra-
tions of alkali but also lower alkali capturing capacity in terms of
available silica, resulting in higher volatility of alkali components.
Finally, the upper left part of the triangle represents the composi-
tions where the least ash-related problems in terms of slagging
and strong fine particulate emissions are anticipated. Here, pure
stem wood assortment and some bark fuels are found, which
traditionally successfully have been used for combustion pur-
poses. More detailed information of the concentration of ash-
forming elements for a typical spruce stem wood and spruce bark
is given in Figure 3.
4.2. Agricultural Crops. Much less is known concerning

detailed ash transformation reactions during combustion of
crops. Because the absolute amount of ash in these materials is
often 5�20 times higher, the ash-related problems, in general,
are also larger in comparison to woody biomass. Furthermore,
the relative concentration of the ash-forming elements in crops
often shows more heterogeneity and often differs in many other
crucial aspects from the corresponding woody biomass. Thus,
quite different ash transformation reaction behaviors can be
expected during combustion of crops and, consequently, also
other ash-related problems.
In a corresponding way as for the silicate-rich bottom ashes,

critical melting compositions can be studied and estimated
with the help of phase diagrams. In Figure 4, the conditions
for the system CaO�K2O�P2O5 are shown. Also, here, the
behaviors of Mg and Na have been approximated to be similar to
those of Ca and K, respectively. The liquidus isotherms in this
compositional triangle are adopted from a number of experi-
mental investigations.35�38

The system is not completely investigated, but beyond the
areas of the liquidus isotherms, melting temperatures for indivi-
dual phases in the system indicate significantly higher melting
temperatures toward the basic oxide binary. In these respects, the
system resembles the corresponding silicate system. Approach-
ing the “acidic” corners, however, the behavior of the two systems
differs. Whereas for the silicate system, the melting temperatures
are drastically increasing, no such tendency is observed for the
phosphate system. Although these compositions are poorly
investigated, there are reasons for a further decrease in melting
temperatures and plausibly a dramatic increase in volatility of
phosphorus oxide. More detailed compositions of a number of

Figure 2. Compositional triangle (weight percent) for the system
K2O(+Na2O)�CaO(+MgO)�SiO2. Liquidus isotherms are adopted
from Morey et al.34 for the ternary phase diagram K2O�CaO�SiO2. A
number of woody biomasses are shown in terms of their relative
concentration of the components.
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phosphorus-rich biomasses discussed below are displayed in
Figure 3.
The slagging tendencies during combustion of four cereals

were investigated in a residential 20 kW pellets burner.26 The
positions in the compositional triangle (see Figure 4) indicate
that the slagging propensity for wheat and rye should be higher
than for barley and oat, which was confirmed in the study. Accord-
ing to the ash elemental concentration profiles (see Figure 3), the
three former cereals contains low amounts of Si; i.e., the ash is
dominated by phosphates, whereas for oat, the concentrations for
Si and P are almost equal. According to Table 1, phosphates
should form prior to silicates, a condition thatwas also observed in
the study, as cristobalite was observed in the bottom ash. Because
cristobalite is highly refractory, it probably also contributed to the
lower slagging tendencies of oat. However, fromFigure 3, it is also
clear that the corresponding K2O�MgO�SiO2 system should be
more appropriate in this context, because for all of these cereals,
the concentration of Mg is higher than for Ca.
Recent results are in connection to combustion of oat husk in a

5 MW grate-fired boiler. In comparison to the grain, the husk
contains dramatically higher levels of Si (see Figure 3). According
to Table 1, an expected consequence was an even higher content
of refractory silica in the different ash fractions, which was also
experimentally verified. Comparatively high concentrations of
gaseous ash-forming matter, including P4O10(g) and KOH(g),
together with SO2(g)/SO3(g) and HCl, are expected to escape

with the flue gases. High amounts of deposits was also observed
on the boiler walls, the heat-transferring surfaces, together with
large amounts of cyclone and EPS filter ash. The speciation of
that ash was found to be, beside silica (cristobalite and tridymite),
various amounts of K�phosphates, K�sulfate, and KCl. This is
according to the expected reaction order as given in Table 1; that
is, primarily K�phosphate should form, followed by K�sulfate
and KCl. The slagging tendencies were found to be relatively
modest, quite in accordance with the position in Figure 4. The
high content of silica did not promote slagging because it
occurred as refractory cristobalite and tridymite.
In a combustion experiment where rapeseed meal was fired in

a 5 kW bench-scale fluidized bed, the interaction of the ash-
formingmatter with the quartz bedmaterial was studied.39,40 The
ash element concentration profile is shown in Figure 3. Because
the Si concentration is very low, the bottom ash from combustion
of rapeseed meal can be expected to consist almost entirely of
phosphates. A quite different interaction between the residual ash
and the quartz bed grains was observed for rapeseed meal com-
pared to woody fuels. In the latter case, continuous K�Ca�
silicate-rich coatings are always present, which are occasionally
sticky (preferably at higher temperatures) and cause bed agglom-
eration. In this case, none or only thin and discontinuous
coatings were observed. Instead, partly or completely melted
lumps of residual ash were distributed between the bed grains or
attached to the grains. Again, the interpretation according to the

Figure 3. Concentration of the major ash-forming elements for some of the fuels presented in Figures 2 and 4. Elemental concentrations are given in
moles per kilogram. Note the different concentration scale for stem wood.
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reaction order in Table 1 becomes that the rich abundance of
phosphorus prevented potassium from attacking the surface of
the quartz bed grains. The elemental analysis of the melted
residual ash showed that it contained various amounts of P, Ca,
Mg, and K and also some amounts of Si. The bed agglomeration
temperature (initial defluidization temperature) was relatively
high, 1020 �C, reflecting the position in Figure 4, rather close to
the 1500 �C isotherm.
Pelletized harvesting residues (stems) of cassava were com-

busted in a residential 20 kW pellets burner to investigate the
combustibility in terms of bottom ash behavior and the extent of
particulate emissions.41 This material has an ash elemental
concentration profile that is quite different from many other
biofuels (see Figure 3). There is a huge surplus of base cations in
comparison to the acid oxide elements Si and P. Almost no Si but
some amount of P is present in the fuel. According to the
reactivity order (see Table 1), some phosphate could be expected
in the bottom ash and low slagging tendencies because of the
refractory character of these. The position in the compositional
triangle (see Figure 4) also indicates low slagging tendencies.
Because the surplus of K, Ca, and Mg is so large compared to the
acid oxide formers, Si, P, and S, and Cl, a significant formation of
carbonates in some part of the appliance was also expected,
according to Table 1. An XRD analysis showed that the ash in
various parts of the boiler was dominated by phosphates and
carbonates along with minor amounts of sulfates and earth alkali
oxides. The ashwas only light sintered. The fine particulatematter
in the fly ash was dominated by sulfates and KCl, together with
minor amounts of carbonates and phosphates. Because of the high
concentrations of K in the fuel (see positions in Figure 4 and the
information in Figure 3), a high amount (>1000 mg N�1 m�3)
of emitted particulate matter was observed.

5. CONCLUSION

The ash transformation during combustion of biomass is a
very complex phenomenon, which can exhibit many essentially
different scenarios. The large diversity of rawmaterials potentially

available in future use of woody and non-woody fuels intensifies
the need for generally applicable models to predict ash transfor-
mations during combustion of biomass. However, the complexity
calls for simplified models without losing the generality and
consistency. In this paper, we have summarized and formalized
empirical biomass ash transformation phenomena and observa-
tions in a simplified conceptual model for the phase chemistry
needed, taking a starting point at the concentrations of the ash-
forming elements and fundamental chemical thermodynamics and
basic inorganic high-temperature chemical concepts. The model
was organized into primary and secondary reactions. The differ-
ences between biomass fuels with respect to variations in mutual
concentrations and total amounts on the ash chemical behavior
have been illustrated, from both a theoretical and practical per-
spectivemainly related to slagging tendencies in grate-fired systems
and formation of fine inorganic aerosol particles. Restrictions on
the theoretical model in terms of reactivity limitations and physical
conditions of the combustion process were discussed and exem-
plified, and some principal differences between biomass ashes
dominated by Si and P, separately, were outlined and discussed.
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ABSTRACT: The bed agglomeration characteristics during combustion of phosphorus-rich biomass fuels and fuel mixtures were
determined in a fluidized (quartz) bed reactor (5 kW). The fuels studied (separately and in mixtures) included logging residues,
bark, willow, wheat straw, and phosphorus-rich fuels, like rapeseed meal (RM) and wheat distillers dried grain with solubles
(DDGS). Phosphoric acid was used as a fuel additive. Bed material samples and agglomerates were studied by means of scanning
electron microscopy (SEM) in combination with energy-dispersive X-ray spectroscopy (EDX), in order to analyze the
morphological and compositional changes of coating/reaction layers and necks between agglomerated bed particles. Furthermore,
bed ash particles were separated by sieving from the bedmaterial samples and analyzed with SEM/EDS and powder X-ray diffraction
(XRD). For logging residues, bark, and willow, with fuel ash rich in Ca and K but with low contents of P and organically bound Si, the
bed layer formation is initiated by reactions of gaseous or liquid K compounds with the surface of the bedmaterial grains, resulting in
the formation of a potassium silicate melt. The last process is accompanied by the diffusion/dissolving of Ca into the melt and
consequent viscous flow sintering and agglomeration. The addition of high enough phosphorus content to convert the available fuel
ash basic oxides into phosphates reduced the amount of K available for the reaction with the quartz bed material grains, thus
preventing the formation of an inner bed particle layer in the combustion of logging residues, bark, and willow. Some of the
phosphate-rich ash particles, formed during the fuel conversion, adhered and reacted with the bed material grains to form
noncontinuous phosphate-silicate coating layers, which were found responsible for the agglomeration process. Adding
phosphorus-rich fuels/additives to fuels rich in K and Si (e.g., wheat straw) leads to the formation of alkali-rich phosphate-
silicate ash particles that also adhered to the bed particles and caused agglomeration. Themelting behavior of the bed particle layers/
coatings formed during combustion of phosphorus-rich fuels and fuel mixtures is an important controlling factor behind the
agglomeration tendency of the fuel and is heavily dependent on the content of alkaline earth metals in the fuel. A general observation
is that phosphorus is the controlling element in ash transformation reactions during biomass combustion in fluidized quartz beds
because of the high stability of phosphate compounds.

1. INTRODUCTION

Utilization of biomass as largely available low cost renewable
and CO2-neutral source of energy is continuously increasing.
Combustion is an attractive and also a relatively mature technol-
ogy for biomass utilization. Because of the inherent advantages of
low process temperatures, flexibility, and emission control,
fluidized bed reactors are particularly suitable for biomass
combustion. However, bed agglomeration could be a potential
problem, which in the most severe cases can lead to bed
defluidization and unscheduled plant shut down.

Extensive research has been done regarding the employment
of high alkali biomass fuels in fluidized bed combustion.1-4 Bed
agglomeration phenomenon in the fluidized bed combustion of
low phosphorus biomass fuels has been a subject of several
studies, and its understanding is fairly good, if not complete. The
initiation of the agglomeration/defluidization process has been
associated to the formation of low-temperature melting ash
compounds and/or layers on the surface of the bed material
grains.5-10

The chemical composition of the bed particle layers has been
shown to have strong dependence on the fuel ash and bed
material composition. Furthermore, the bed particle layer may
consist of several superimposed layers with different properties

and composition.10-13 Inner layers seem to be more dependent
on the bed material composition, and outer layers have a
composition that is more similar to the fuel ash
characteristics.6,10,14,15

The different dominating mechanisms behind the bed particle
layer formation and bed agglomeration for nonphosphorus-rich
biomass fuels in quartz beds were summarized by Brus et al.2,10

and later updated by De Geyter et al.15 They included the
following: (a) bed layer formation initiated by potassium silicate
melt (formed on the bed particle surfaces by the reaction with
gaseous or liquid K compounds) accompanied by diffusion/
dissolving of Ca into the melt, followed by viscous flow sintering
and agglomeration (typical for woody fuels containing Ca, K, and
relatively low amounts of Si), (b) direct reactions of K com-
pounds in gaseous or aerosol phases with bed particle surfaces,
forming low melting K silicate layers with subsequent develop-
ment of viscous flow sintering and agglomeration (typical for
fuels with high alkali and relatively low silicon content), (c) direct
adhesion of bed particles by partly molten ash-derived potassium
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silicate particles/droplets (typical for fuels with high potassium
and organically bound Si, i.e., Si that is integrated (on amolecular
level) in the organic structure of the biomass, and low content of
other ash-forming elements). The bed material plays an active
role in the agglomeration processes dominated by mechanisms
(a) and (b) but to a much lesser extent in (c) because of limited
interactions between the ash-forming compounds and the bed
material.

During the recent decades, most of the research on fluidized
bed combustion regarding the bed agglomeration problem has
been focused on biomasses with low phosphorus content.
However, the ash-forming matter in some agricultural biomasses
or residues from production of, for example, biodiesel or
bioethanol is rather different in comparison to woody biomass
and various straws. The main difference is the much higher
content of phosphorus, which has major influence on the ash
transformation reactions.16-20

Relatively little research regarding bed agglomeration char-
acteristics/mechanisms during combustion or gasification of
phosphorus-rich biomasses could be found in the literature.19-24

Bostr€om et al., employing different mixtures of bark and rapeseed
meal (RM) observed clear differences in the bed agglomeration
characteristics between phosphorus-rich and phosphorus-poor
biomass fuels and fuel mixtures. The quartz bed grains with
continuous inner reaction layers, observed in fluidized bed
combustion of woody biomass fuels, were not seen when the
fuel (bark) was co-fired with the rapeseed meal containing high
concentration of phosphorus. Instead, discontinuous and thin
coating ash layers were observed together with isolated partially
molten ash particles. The bed agglomeration mechanism pro-
posed by the authors for the phosphorus-rich fuel mixtures
involved the adhesion of bed particles by partially molten ash-
derived potassium-calcium phosphates. On the other hand, for
the woody fuel, bed agglomeration involved the direct reaction of
gaseous alkali with the bed particles forming potassium-calcium
silicate-rich bed grain layers.19 Piotrowska and co-authors also
found agglomerate necks consisting mainly of potassium, cal-
cium, and phosphorus in co-combustion of rapeseed cake and
wood.20 Bari�si�c and co-authors found that the addition of lime-
stone to the mixtures of rapeseed cake and wood prevented bed
agglomeration because of the formation of bed particle coatings
containing high-temperature melting phosphates.21 During full
scale combustion of wood and grain waste (oat seed) in a 75
MWth BFB boiler, Silvennoinen and Hedman showed that the
formed bed particle layers consistedmainly of P, K, Ca, andMg.22

In another study, Fryda et al., co-fired meat and bone meal
(MBM) with olive bagasse residues and concluded that the
phosphorus in the MBM contributed to the rapid bed agglom-
eration. This was explained by the formation of low-temperature
melting potassium phosphates.23 In addition, Shao and co-work-
ers reported that alkali phosphates (KPO3 and NaPO3) and the
eutectics of Fe2O3 and SiO2may play an important role in the bed
defluidization process by forming compounds with low melting
temperature during fluidized bed combustion of sewage sludge.24

However, a precise and quantitative evaluation of the role of
phosphorus on the bed agglomeration process during fluidized
(quartz) bed combustion of phosphorus-rich biomass fuels/fuel
mixtures has not yet been presented. The main objective in the
present work was therefore to determine the bed agglomeration
characteristics and ash transformations mechanisms in fluidized
(quartz) bed combustion of several phosphorus-rich biomass
fuels/fuel mixtures.

2. MATERIALS AND METHODS

2.1. Bed Material, Fuels, and Additives. Fluidized bed
combustion experiments were performed using quartz sand
(>98% SiO2) as bed material with a grain size fraction between
200 and 250 μm. A total of 13 combustion experiments were
performed. Logging residues from SCA Skog AB Norrbr€anslen,
bark that was obtained as pellets from a pellet mill in M€onster�as
(S€odra Skogsenergi), and willow harvested from an experimental
plantation in the Institution of Agricultural Research for North-
ern Sweden (NJV) in Ume�a were used to represent woody fuels,
which typically have Ca, K, and Si as main ash-forming elements
and follow bed agglomeration mechanism (a). Typical wheat
straw from southern Sweden was used to represent agricultural
residues with high K and Si content following agglomeration
mechanism (c). Residues from ethanol production, wheat dis-
tillers dried grain with solubles (DDGS) from an ethanol
producer in northern Europe, and a typical European rapeseed
meal from the Karlshamn plant in southern Sweden (which
mainly utilize rapeseeds from southern Sweden, Germany, and
Poland), were used as P- and K-rich fuels. The DDGS and the
rapeseed meal were both pelletized separately and co-pelletized
with the above-mentioned raw materials. Furthermore, phos-
phoric acid (PA) 85% from Merck was employed as a “clean”
phosphorus additive to study the influence of phosphorus on the
bed agglomeration mechanisms. The reason for choosing phos-
phoric acid as an additive was to compare the co-fired P-rich fuels
with a P additive that is likely to be much more reactive. This is
important in order to get a more thorough understanding of the
ash transformation reactions in combustion of phosphorus-
rich fuels.
To obtain good distribution and contact between the fuel

materials and the additive, fuel/additive mixtures were com-
pleted in small 20 kg batches and subsequently pelletized to a
diameter of 8 mm in a laboratory scale pellet press. The fuel
moisture content was 10-12%. The following mixtures were
produced and combusted. DDGS was added in the amount of
40%wt d.s. to logging residues, 50%wt d.s. to willow, and 50%wt
d.s. to wheat straw. Phosphoric acid (PA) was added to the
logging residues at two levels, increasing the molar relation
between potassium and phosphorus (P/K) in the fuel ash from
0.34 to 0.5 (PA-low) and to 0.9 (PA-high). Wheat straw was also
mixed with phosphoric acid, increasing the P/K molar ratio from
0.13 to 0.5 compared to that of the pure fuel. Becasue it was
problematic to obtain pellets with sufficient durability (i.e.,
mechanical strength/density) from pure rapeseed meal, cutter
shavings were admixed to improve the pellets quality. The
admixture of cutter shavings was estimated to be 20% wt d.s.,
by measuring the ash content of the produced pellets. The ash
composition of the resulting pellets was dominated by the
rapeseed meal (99% of the ash) because the ash content of the
rapeseed meal and cutter shavings was 7.4 and 0.3% wt d.s.,
respectively. Therefore, the fuel containing 80% wt d.s. and 20%
wt d.s. cutter shavings will hereafter be denoted as rapeseed meal
(RM) pellets. Also bark pellets were ground and co-pelletized as
described above with the pure rapeseed meal in 30% wt d. s.19

The employed raw materials presented in Table 1 were
analyzed for the contents of ash (SS - 18 71 71), sulfur (SS -
18 71 77), chlorine (SS - 18 71 54), and main ash-forming
elements (ICP-AES). The ash compositions of the sample
mixtures were calculated from the compositions of the raw
materials compositions (Table 2).
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2.2. Controlled Bench-Scale Fluidized Combustion Proce-
dure. The experiments were conducted in a bench-scale (5 kW)
bubbling fluidized bed reactor (BFB), previously described in
detail by €Ohman and Nordin.25 The reactor is 2.4 m high with a
fluidized bed and freeboard section diameters of 100 and 220
mm, respectively. A perforated stainless steel plate at the bottom
of the fluidized bed with 1% open area is used as an air distributor.
During the combustion phase, the fluidization velocity was kept
10 times higher than the minimum fluidization velocity, corre-
sponding to about 1 m/s.
A total amount of 5 kg of each fuel was combusted in 540 g of

quartz sand for 8 h or until agglomeration occurred. The bed
temperature was kept at approximately 800 �C for all fuels, except
for the wheat straw mixtures that were combusted at an average
bed temperature of 730 �C to minimize the risk for direct
agglomeration during the combustion stage. Constant tempera-
ture along the reactor was achieved with the use of preheated
primary air, heat from the combustion, and electrical heaters in
the freeboard section. The excess oxygen level during the
experiments was approximately 8% in dry flue gas for all the
experiments.
After 8 h of combustion, the fuel feeding was stopped and bed

material samples were taken. Next, temperature staging was
started by external heating via the wall heaters. Combustion of
propane gas in a chamber prior to the primary air distributor plate
was started to maintain a combustion atmosphere in the reactor,
while the bed was continuously isothermally heated at 3 �C/min
until bed agglomeration was achieved. The onset of defluidiza-
tion is indicated by a drop in differential bed pressures, and
deviations in the bed temperature measurements registered
continuously. The reproducibility of the initial defluidization
temperature measured with this method has previously been
determined to be (5 �C.25
2.3. Chemical Characterization of Bed Samples. The bed

samples taken at the end of the combustion period (8 h) prior to
the temperature staging phase as well as after the agglomeration
test were mounted in epoxy and dry polished in order to avoid
possible leach out of soluble ash elements. The cross sections of
the samples were then analyzed semiquantitatively by using a
Philips model XL30 scanning electron microscope (SEM)
combined with an energy-dispersive X-ray spectrometer (EDS)
for the determination of the morphology and elemental compo-
sition of the formed bed particle layers. Ten typical bed particles

and agglomerate necks (i.e., necks formed between bed particles)
from each bed sample were analyzed. The elemental composi-
tions were analyzed on the chosen particles with six spots (EDS)
evenly distributed over the formed layers and agglomerate necks.
Bed ash particles with sizes below 100 μm were sieved from the
bed material samples taken at the end of the combustion period.
The bed ash particle samples were then attached to carbon tape,
and 15 elemental ash particles from each experiment were
analyzed semiquantitatively by means of SEM/EDS. Bed materi-
al components and/or minerals introduced with the fuels, i.e.,
quartz (SiO2), albite (NaAlSi3O8), and microcline (KAlSi3O8)
grains were excluded during the analysis. The sieved bed ash
samples were also analyzed with X-ray diffraction (XRD) for
identification of crystalline phases. The XRD data collections
were performed using a Bruker d8 Advance instrument in θ-θ
mode, with an optical configuration consisting of a primary
G€obel mirror, Cu KR radiation, and a V�antec-1 detector. Con-
tinuous scans were applied. By adding repeated scans, the total
data collection time for each sample lasted for at least 6 h. The
PDF2 databank26 together with Bruker software was used to
make initial qualitative identifications. The data were further
analyzed with the Rietveld technique and data from ICSD27 to
obtain semiquantitative information of the present crystalline
phases. The samples were subsequently analyzed by SEM/EDS,
allowing for direct comparison of the two methods.

3. RESULTS

3.1. Initial Defluidization Temperatures in Controlled
Bench-Scale Fluidized Bed Agglomeration Tests
(CFBA). The results from the CFBA tests are listed in Table 3.
Experiments with pure logging residues, bark, and RM showed
relatively low bed agglomeration tendencies, i.e., the initial
defluidization temperatures were well above the normal opera-
tional bed temperatures in FB values (800-900 �C) for these
fuels. For the mixtures with 40 wt % DDGS in logging residues
and both samples with phosphoric acid (PA) in logging residues,
the defluidization temperatures were much lower compared to
those of the pure fuel. The same tendencies were found for 30 wt
% rapeseed meal in bark.
Pure DDGS and wheat straw fuels showed high bed agglom-

eration tendencies. Willow showed relatively moderate agglom-
eration tendency, while the mixture with 50 wt % DDGS in
willow had significantly higher bed agglomeration tendency.
Addition of DDGS (50 wt %) to wheat straw resulted also in
an increased agglomeration tendency, while PA addition lowered
it significantly.
3.2. Bed Particle Layer Characteristics. Combustion of

logging residues, 40 wt % DDGS in logging residues, logging
residues þ PA-low, willow, and bark resulted in relatively
continuous and homogeneous inner reaction layers and more
granular structured outer coating layers on the bed particles.
Typical bed particle cross sections for these fuels are shown in
Figure 1. Only discontinuous (outer) coating layers resembling
lumps of residual ash particles adhered to the bed particle grain
surfaces during the combustion of DDGS, RM, 30 wt % rapeseed
meal in bark, logging residues þ PA-high, wheat straw, 50 wt %
DDGS in wheat straw, wheat strawþ PA, and 50 wt % DDGS in
willow. Figure 2 shows some examples.
The elemental composition of the inner reaction layer for 40

wt % DDGS in logging residues was dominated by Si, K, and Mg,
while for logging residues þ PA-low, willow, and bark the

Table 1. Total Ash Content and the Content of Main Ash-
forming Elements in the Used Raw Materialsa

logging residuesb barkb,c willowb wheat strawb rapeseed mealc DDGSb

ash 2.4 3.7 2.1 5.7 7.4 4.4

Si 0.29 0.50 0.086 0.80 0.09 0.101

Al 0.036 0.087 0.017 0.006 0.013 0.0013

Ca 0.51 0.743 0.50 0.40 0.721 0.109

Fe 0.024 0.042 0.01 0.005 0.034 0.01

K 0.17 0.190 0.25 1.25 1.32 1.06

Mg 0.061 0.064 0.044 0.10 0.535 0.278

Na 0.014 0.032 0.011 0.03 0.013 0.01

P 0.046 0.037 0.059 0.13 1.257 0.825

S 0.041 0.04 0.04 0.19 0.91 1.03

Cl <0.01 0.02 <0.01 0.26 0.03 0.22
aValues given in weight percent of dry substance. b Equal to the
composition of the produced pellets. c From Bostr€om et al.19
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elemental composition of the inner reaction layer was dominated
by Si, K, and Ca (Figure 3). The elemental composition for
logging residues is not shown because the inner layers were too
thin and the influence of the bed material on the results of the
elemental analysis could not be excluded because of the limited
spatial resolution for quantification with SEM/EDS (few micro-
meters). The outer coating layers for logging residues, logging
residues þ PA-low, willow, and bark, consisted mainly of Si, Ca,
K, and minor amounts of Mg. In combustion of 40 wt % DDGS
in logging residues, high content of P was found also in the outer
coating layers (Figure 4).
The elemental composition of the (outer) coating layers for

wheat straw was dominated by Si and K. For the mixtures with
50% DDGS and PA, the coating layers consisted mainly of Si, K,
P, and minor amounts of Ca and Mg. Main coating layer
elements for logging residues þ PA-high, 50 wt % DDGS in
willow, RM, and 30 wt % rapeseed meal in bark were Si, P, Ca, K,
andMg. In combustion of 30 wt % rapeseed meal in bark, Ca was
found in high content, and for this fuel, S was found also in
relatively high concentrations. Pure DDGS combustion resulted
in P-, K-, Mg-, and Si-dominated coating layers (Figure 5).
3.3. Separate Bed Ash Particle Composition. Individual

separate ash particles were also found in the bed samples in varied
amounts depending on the fuel. The XRD analysis of the sieved

bed samples showed the occurrence of minerals introduced as
contaminants of the fuel, i.e., quartz (SiO2), microcline
(KAlSi3O8), and albite (NaAlSi3O8). The XRD results in Table 4
are therefore presented on a sand mineral-free basis in order to
obtain comparable results. It should also be observed that the bed
ash includes material that probably has been partially molten and
that upon cooling formed mainly crystalline phases but also a
fraction of amorphous material. The latter cannot be directly
identified by XRD; thus, only indirect evidence of its existence is
at hand obtained by comparing results from SEM/EDS and XRD
analysis.
For willow and logging residues, the amounts of individual

separate bed ash particles in the bed samples were low. For
willow, no SEM/XRD analysis could be done because the ash
particles retained in the bed were too scarce for analyzable
amounts to be separated. The amount of separate bed ash
particles found for both mixtures of logging residues þ PA were
higher than that for the pure fuel case. Detected crystalline phases
were mainly Ca, Ca-K, and K-Mg phosphates and Ca-Mg
silicates. In combustion of bark, slightly more individual ash
particles were found in the bed, and detected crystalline phases
were mainly Ca-Mg silicates, Ca5(PO4)3(OH), and CaSO4. For
wheat straw, DDGS, RM, wheat strawmixed with 50 wt%DDGS
and PA, 50 wt % DDGS in willow, 40 wt % DDGS in logging

Table 3. Initial Defluidization Temperatures for the Used Fuels

temperature of initial defluidization (�C) combustion time (h)

DDGS total def. during comb. at ∼800 1.5

RMa 1020 8

logging residues 1030 8

40 wt % DDGS in logging residues 950 8

logging residues þ PA-low 980 8

logging residues þ PA-high 990 8

bark 1050 8

30 wt % rapeseed meal in barka 930 8

willow 900 8

50 wt % DDGS in willow def. under comb. at ∼800 7.5

wheat straw 750 8

50 wt % DDGS in wheat straw total def. during comb. at ∼730 2

wheat straw þPA 880 8
a From Bostr€om et al. 16

Table 2. Total Ash Content and the Content of Main Ash-forming Elements in the Produced Pellets Samplesa

40 wt % DDGS

in logging

residues

50 wt %

DDGS in

willow

50 wt %

DDGS in

wheat straw

logging

residues þ
PA-low

logging

residues þ
PA-high

wheat

straw þ PA RMb

30 wt %

rapeseed

meal in barkb

ash 3.2 3.3 5.05 2.4 2.4 5.6 6.0 4.8

Si 0.21 0.094 0.45 0.29 0.29 0.79 0.08 0.38

Al 0.022 0.009 0.004 0.036 0.036 0.006 0.01 0.06

Ca 0.34 0.305 0.25 0.50 0.50 0.40 0.59 0.74

Fe 0.018 0.01 0.008 0.024 0.024 0.005 0.03 0.04

K 0.53 0.65 1.15 0.17 0.17 1.23 1.06 0.53

Mg 0.15 0.16 0.19 0.06 0.06 0.10 0.43 0.21

Na 0.012 0.011 0.02 0.014 0.014 0.03 0.01 0.03

P 0.36 0.44 0.48 0.068 0.12 0.50 1.01 0.40

S 0.404 0.5 0.57 0.04 0.04 0.19 0.73 0.30

Cl <0.09 <0.10 0.24 <0.01 <0.01 0.26 0.02 0.023
aValues are calculated from the raw material compositions. Values given in weight percent of dry substance. b From Bostr€om et al.19
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residues, and 30 wt % rapeseed in bark, the amount of individual
ash particles in the bed samples were high, and for these fuels,
detected crystalline phases were mainly Ca, Ca-K, and K-Mg
phosphates, Ca-Mg silicates, and for some fuels, also cristobalite
(SiO2). The elemental compositions of the analyzed separate bed
ash particles for all studied mixtures are shown in Figures 6 and 7
and resemble the coating/outer coating layers, except for slightly
lower Si and higher P contents.
3.4. Agglomerate Neck Composition. The elemental com-

position of the agglomerate necks is shown in Figures 8 and 9.
Agglomerate neck compositions are similar to the inner reaction
bed particle layers for willow and bark. Wheat straw, DDGS, RM,
and the fuel mixtures of wheat straw, logging residues, bark, and

willow with the phosphorus-rich fuels/additives formed agglom-
erate necks that resembled the compositions of the discontin-
uous (outer) bed particle coating layers.

4. DISCUSSION

The following discussion is based on relative compositional
differences and changes in the bed material and ash fractions as
obtained from the SEM/EDS and the XRD analyses as well as on
the result from the CFBA test. Table 5 summarizes the results
presented in section 3.

Thermodynamical stability calculations under conditions re-
levant for the present combustion experiments and previous

Figure 1. Scanning electron microscopy (SEM) images of typical cross sections of bed particle layers/coatings formed during combustion of logging
residues, 40 wt % DDGS in logging residues, logging residues þ PA-low, willow, and bark.
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research18,19,28 have shown that P2O5 (g) dominates over SO2/
SO3 (g), HCl (g), SiO2 (g), and CO2 (g) in the competition for
the basic components, i.e., KOH (l,g), NaOH (l,g), CaO (s), and
MgO (s). In a situation where there is a competition for P2O5 (g)
among the basic cations, in ideal cases K phosphates are formed
first, followed by Na, Ca, and Mg. If there is a competition for K
among the acidic oxide components, K phosphates are formed
first, followed by sulphates, chlorides, silicates, carbonates, and
hydroxides. In real cases, ternary compounds such as, for
instance, K-Ca phosphates and K-Mg phosphates are formed.
Any unreacted or leftover organically bound Si may under such
conditions form cristobalite or tridymite, i.e., different modifica-
tions of silica (SiO2).

For logging residues, bark, and willow, which have relatively
high Ca and K contents in comparison to P and organic bound Si,
the inner reaction layer and agglomerate necks were found to
have similar compositions dominated by Si, K, and Ca (Table 5);
thus, mainly the inner layer is responsible for the bed agglomera-
tion process. The layer formation is initiated by the reaction of
gaseous or liquid K compounds with the surface of the bed
particles to form a potassium silicate melt accompanied by
diffusion/dissolving of Ca into the melt, followed by viscous
flow sintering and agglomeration, according mechanism (a), as
has been shown in previous studies.6,7,14 The lower Ca/K ratio in
the willow leads to higher agglomeration tendencies.

Wheat straw is a well-known problematic fuel, with an ash
dominated by Si and K. Bed particles coating layers, agglomerate
necks, and bed ash particles were all dominated by K and Si,
(Table 5). Comparison of the results from XRD and SEM/EDS

analyses indicates that the organically bound Si mainly ends up in
amorphous phases in the bed ash samples. Such partially molten
alkali-rich silicate particles will occasionally stick to the bed
particles forming noncontinuous layers, which subsequently will
agglomerate, thus following mechanism (c), described as direct
adhesion of the bed particles by partially molten ash K silicate ash
particles. Similar results were also found in other works.11,14,29

For both mixtures of logging residues with phosphoric acid,
PA-low, and PA-high, the only change in the composition

Figure 2. Scanning electron microscopy (SEM) images of typical cross sections of bed particle coating layers formed during the combustion of logging
residues þ PA-high, 50 wt % DDGS in willow, 30 wt % rapeseed meal in bark, and wheat straw.

Figure 3. Elemental composition on C- and O-free basis of the inner
reaction layers for 40 wt%DDGS in logging residues, logging residuesþ
PA-low, willow, and bark.
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compared to the pure fuel is that the P/K ratio is increased from
0.34 to 0.5 and 0.9, respectively. However, while in combustion
of pure logging residues, the individual bed ash particles are
dominated by silicates, and K-Ca-Mg phosphates are found in
the bed ash in the presence of PA, which is in agreement with the
thermodynamical stability calculations as previously mentioned.
Compared to the pure logging residues, a difference in the
combustion of the PA-low mixture was the presence of thick,
continuous inner reaction layers rich in Si, K, and less amounts of
Ca (Table 5 and Figure 1c). Thick noncontinuous (outer)
coating layers containing Si, Ca, P, and K appeared when the P
concentration in the mixture was increased to PA-high, while the
inner reaction layer was absent (Table 5 and Figure 2a).

Our interpretation of the results from the PA-low mixture is
that the available amount of P was not sufficient to eliminate the
reaction of gaseous or liquid K compounds on the quartz bed
grains, leading to K phosphate formation. Part of the alkali earth
oxides will react together with the alkali phosphates to formmore
stable ternary phosphates, thus withdrawing some of those
refractory components from dissolving into the K silicate layer
on the bed grains.

In the PA-high mixture, the available amount of P appears to
be enough to capture most of the K because no inner reaction
layers were present on the quartz bed grains. Also a slight increase
in Ca-K-Mg phosphate phases in the bed ash particles along
with a decrease in Ca-Mg silicate phases were found compared
to the PA-low mixture (Table 4). SEM analysis indicated that
mainly the outer coating layer was involved in the bed agglom-
eration for both mixtures with PA, and the agglomeration
tendency was increased compared to that of the pure fuel.
Apparently, compared to the K-Ca-rich silicate inner reaction
layer occurring in the pure fuel, the formation of a complex
silicate-phosphate outer coating layer causes a lowering of the
melting temperature. Unfortunately, no information concerning
the melting behavior of such complex multicomponent mixtures
are available.

DDGS and RM have similar fuel ash compositions, except for
the Ca content which is about six times higher in the RM than in
DDGS. Coating layers, agglomerate necks, and separate bed ash
particles were found to resemble compositions dominated by P,
K, Mg, and Si for DDGS and Si, P, Ca, Mg, and K for RM
(Table 5). Although, the coating layers and agglomerate necks
had higher Si concentrations than the separate bed ash particles
probably because of reactions between the partially molten
coating layer and the bed material grains. Significant amounts
of bed ash particles were found in the bed for both fuels with a
composition dominated by Ca-K-Mg phosphates. However,
RM bed ash was enriched in Ca-Mg phosphates compared to
that of DDGS (Table 4). An interpretation of the available K-
Ca-P and K-Mg-P phase diagrams17,30-36 indicate the for-
mation of compounds with melting temperatures as low as
700 �C for KPO3, while an increased content of Ca or Mg in
the phosphates strongly shifts the melting temperatures to over
1000 �C. In DDGS, there are only small amounts of Ca and Mg
that can be incorporated by the formed K-rich phosphate ash
particles to increase their melting temperature. For the RM fuel,
the K-rich phosphates incorporated noticeable amounts of CaO
(s) yielding Ca-rich phosphate ash particles with melting tem-
peratures over 1000 �C as found by XRD. This is the reason for
the large difference in defluidization temperature between these
P-rich fuels. Partially molten ash particles will occasionally adhere
and react with the bed grains forming noncontinuous (outer)
coatings layers and agglomerate necks with similar composition.
The bed agglomeration mechanism can be then described as
direct adhesion of bed particles by partially molten K-Mg
phosphates for DDGS and partially molten K-Ca-Mg phos-
phates for RM.

The addition of 40 wt % DDGS to the logging residues
(leading to P/Kmolar ratio 0.86) resulted in formation of thicker
continuous inner reaction layers (than for the logging residue
case) rich in Si, K, and Mg (Figure 1b and Table 5). Though the
PA-high mixture has a similar P/K molar ratio (0.91), no inner
layers were found in combustion of this mixture. This probably
took place because of the much lower total K content; that is, the
high amount of K introduced by the DDGS additive enhanced
the reaction of gaseous or liquid K compounds on the quartz bed
grains, leading to thick inner reaction layers. Bed particle outer
coating layers, agglomerate necks, and bed ash particles had
similar compositions, mainly K, Ca, Mg, P, and Si (Table 5).
Becasue of the high K content in the fuel mixture, K phosphates
are formed initially during combustion and will probably incor-
porate a part of the available Ca and Mg oxides forming
compounds with lower melting temperatures than the Ca-Mg

Figure 4. Elemental composition on C- and O-free basis of the outer
coating layers for 40 wt %DDGS in logging residues, logging residuesþ
PA-low, willow, bark, and logging residues.

Figure 5. Elemental composition on C- and O-free basis of the (outer)
coating layers for wheat straw, 50 wt % DDGS in wheat straw, wheat
strawþ PA, logging residuesþ PA-high, 50 wt % DDGS in willow, RM,
30 wt % rapeseed meal in bark, and DDGS.
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silicates formed in combustion of the pure logging residues. The
SEM analysis of the bed material and agglomerates shows that
the outer coating layer was responsible for the bed agglomeration
process. Partially molten ash particles consisting of K-Ca-Mg
phosphates will occasionally adhere to and react with the bed
particles and form noncontinuous layers and agglomerates.

In the mixture of 30 wt % rapeseed meal with bark, the molar
P/K ratio is increased from 0.24 for bark to 0.96. The (outer)
coating layers, agglomerate necks, and the bed ash have relatively
similar elemental compositions dominated by K, Ca, Mg, Si, P,
and S (Table 5). The coating layers here also had higher Si
concentrations than the separate bed ash particles, probably
because of reactions between the partially molten coating layer
and the bed material grains. Similarly to the logging residue

mixtures, the amount of introduced P determines the ash
formation behavior. SEM analysis of the bed material shows that
mainly the (outer) coating layer was responsible for the bed
agglomeration process. During the combustion of the rapeseed
meal mixture, K phosphates are initially formed, subsequently
incorporating Ca and Mg oxides. Sulfur oxides react with the
remaining unreacted basic oxides forming Ca and K sulphates.
The ability of P and S to act as K-capturing agents was efficient
enough to reduce the concentration of gaseous or liquid K
species to very low levels because no inner reaction layers rich
in K were found, while cristobalite (SiO2) was detected in the
separate bed ash particles, thus indicating that some of the fuel-
bound Si did not react further from the formation of silica. The
ash particles containing K-Ca-Mg phosphates that probably

Table 4. Crystalline Phases Identified with XRD in the Sieved Bed Samplesa

logging

residues bark

wheat

straw RM DDGS

40 wt % DDGS

in Logging

residues

50 wt %

DDGS in

Willow

50 wt %

DDGS in

Wheat straw

logging

residuesþ
PA-low

logging

residuesþ
PA-high

wheat

straw þ PA

30 wt %

rapeseed

meal in bark

CaCO3 11 14

MgO 2

CaSO4 13 8 2 2 6 7

K2SO4 11 61 10 10 30 20 10

K3Na(SO4)2 4 11

KCl 3

Ca5(PO4)3(OH) 21 35 9 6 6

Ca3(PO4)2 28 8 36 7 29 35 25

CaK2P2O7 15 34 18 10 16 8 6 51 7

CaKPO4 18 7

CaMgP2O7 18

KMgPO4 35 12 27 16 14 23 13 30

Ca3Mg(SiO4)2 35 2 6 14 15 18 11 18 13 6

Ca2MgSi2O7 17 3 6 11 6 12 6 4

CaMg(SiO3)2 37 5

SiO2 (cristobalite) 20 33 6 4 3 22 3
aValues in the table give the contents of crystalline phases (wt %) on a sand mineral-free basis in the different samples as the result of semiquantitative
refinement of the XRD data with Rietveld technique of the bed ashes. Results are shown in quartz (SiO2)-, microcline (KAlSi3O8)-, and albite
(NaAlSi3O8)-free basis. (Quantification for willow bed ash was not possible because of the scarce amount of sample).

Figure 6. Elemental composition on C- and O-free basis of the separate
bed ash particles found in the bed samples for 40 wt % DDGS in logging
residues, logging residues þ PA-low, bark, and logging residues.

Figure 7. Elemental composition on C- and O-free basis of the separate
bed ash particles found in the bed samples for wheat straw, 50wt%DDGS
in wheat straw, wheat straw þ PA, logging residues þ PA-high, 50 wt %
DDGS in willow, RM, 30 wt % rapeseed meal in bark, and DDGS.
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interacted with Ca -sulphates will occasionally stick to the bed
particles forming noncontinuous layers and agglomerates.

In the mixture of 50 wt %DDGS in wheat straw, the K content
does not change much compared to the pure fuels. The Si and P
contents approach similar levels, while the Ca content decreases
andMg increases, although the sum of these basic components is
almost constant. This means blending a low melting K-Si-
dominated fuel (wheat straw) with a low melting K-P-domi-
nated fuel (DDGS) to a fuel mixture that promotes the formation
of low-temperature K-Ca-Mg phosphate/silicate melts. SEM
analysis showed that molten ash/(outer) coating layer was the
main factor responsible for the bed agglomeration. Agglomerate
necks and coating layers show similar elemental composition
with the main elements being K, Si, and P (Table 5). The
crystalline phases in the bed ash are dominated by Ca-K-Mg
phosphates, Ca-Mg silicates, K-Na sulphates, and cristobalite
(SiO2), indicating that some of the organically bound Si did not
react with K to form K silicates. Apparently, compared to the

K-rich silicate (outer) coating layer occurring in the pure wheat
fuel, the formation of a complex silicate-phosphate outer coat-
ing layer causes a lowering of the melting temperature. Partially
molten ash particles will occasionally stick to the bed particles
forming noncontinuous layers and subsequently agglomerates,
following the agglomeration mechanism described for this fuel as
direct adhesion of bed particles by partially molten K-Ca-Mg
phosphates/silicates.

For the mixture of wheat straw þ PA, the only change in the
fuel composition is an increase in the P content, promoting K-
Ca phosphate formation in the bed. CaK2P2O7 and CaKPO4

were found in the individual bed ash particles together with
K2SO4 and cristobalite (SiO2). Agglomerate necks and outer
coating layers are mainly composed of Si, K, and P (Table 5).
During combustion, the P in the fuel mixture reacts with K,
forming K-rich phosphates that subsequently react further with
CaO(s), resulting in decreased formation of low melting

Figure 9. Elemental composition on C- and O-free basis of the
agglomerate necks for wheat straw, 50 wt % DDGS in wheat straw,
wheat straw þ PA, logging residues þ PA-high, 50 wt % DDGS in
willow, RM, 30 wt % rapeseed meal in bark, and DDGS.

Table 5. Summary of the Results: Fuel Characteristics (P/K and P/Ca þ Mg Molar Ratio), Dominating Elements in Inner Bed
Particle Reaction Layers, (Outer) Bed Particle Coating Layers, Agglomerate Necks, Individual Bed Ash Particles from the SEM/
EDS Analysis, and Initial Defluidization Temperature According to CFBA Experiments

fuel P/Ka P/Ca þ Mga

dominatingb

inner reaction

layer elements

dominatingb coating

layer elements

dominatingb

neck elements

dominatingb bed

ash particles

elements

CFBA initial

defluidization

temperature (�C)

logging residues 0.34 0.10 (too thin) Ca, Si, K, Mg Si, K, Ca small amounts 1030

bark 0.25 0.06 Si, K, Ca Si, Ca, K, Mg Si, Ca, K small amounts 1050

willow 0.30 0.13 Si, K, Ca Si, Ca, K, Mg Si, K, Ca n.d 900

wheat straw 0.13 0.30 - Si, K Si, K Si, K, Ca 750

RM 1.2 1.0 - Si, P, Ca, Mg, K Si, P, Ca, Mg, K P, Ca, K, Mg, Si 1020

DDGS 0.98 2.0 - P, K, Mg, Si Si, P, K, Mg P, K, Mg, Si total defl. at ∼800

40 wt % DDGS in

logging residues

0.86 0.80 Si, K, Mg Si, P, Ca, K, Mg P, Si, K, Mg, Ca P, K, Ca, Mg, Si 950

logging residues þ PA-low 0.50 0.15 Si, K, Ca Si, Ca, K, Mg, P P, Si, Ca, K, Mg P, K, Ca, Mg, Si 980

logging residues þ PA-high 0.91 0.27 - Si, Ca, P, K Si, P, Ca, K Ca, P, K, Si 990

30 wt % rapeseed meal in bark 0.96 0.50 - Ca, Si, P, K, S Si, Ca, P, K, S P, K, Ca, Mg, S 930

50 wt % DDGS in wheat straw 0.52 1.0 - Si, K, P Si, K, P K, Si, P, Ca, Mg total defl. at ∼730

wheat straw þ PA 0.51 1.15 - Si, K, P K, Si, P K, Si, P, Ca 880

50 wt % DDGS in willow 0.85 1.0 - Si, P, K, Ca, Mg Si, P, K, Mg P, K, Ca, Mg, Si defl. at ∼800
a Fuel ash P/K and P/CaþMgmolar ratio. bConcentrations >∼5mol % on anO- and C-free basis. Compositions are found in Figures 3- 9. Elements
in the table are ordered in decreasing concentration from left to right.

Figure 8. Elemental composition on C-and O-free basis of the agglom-
erate necks for 40 wt % DDGS in logging residues, logging residues þ
PA-low, willow, bark, and logging residues.
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temperature silicates because less K is available for reaction with
the organically bound Si, yielding cristobalite (SiO2) in the bed
ash as a result (Table 4). That is, shifting the fuel composition to
a higher P content resulted in an ash system with melting
temperatures higher than those in the K-silicate-dominated
ash system found for the pure wheat straw. When comparing the
mixtures of wheat straw þ PA and 50 wt % DDGS, in the latter
two, low melting ash systems (K-Si-dominated and K-P-
dominated) are mixed, which leads to a mixture with melting
temperatures lower than both ash systems separately (Table 3),
while, in the mixture with PA, part of the low melting tempera-
ture K silicates are “replaced” by more stable Ca-K phosphates,
leading to significantly increased initial defluidization tempera-
tures greater than 120 �C (Table 5). However, it seems that the P
increase through the additive was not large enough because ash
particles and agglomerate necks rich in K, P, and Si, probably as
amorphous K-silicates phosphates, were still found. The ag-
glomeration for this fuel can be described as direct adhesion of
bed particles by partially molten K-Ca phosphates/silicates.

The mixture of 50 wt % DDGS with willow contains high
amounts of K introduced with the DDGS. While the P/K ratio is
0.85, the contents of Ca, Mg, and Si are relatively low. Main
elements in the outer coating layers, necks, and bed ash are P, K,
Ca, Mg, and Si (Table 5). The individual bed ash particles are
dominated by Ca-K-Mg phosphates and Ca-Mg silicates.
Similarly to other mixtures, K and P in the fuel mixture will react
during combustion and form K phosphates that subsequently
react further with Ca and Mg oxides, increasing the melting
temperature of the bed ash K-rich phosphates. This effect is,
however, not large enough considering the high amounts of K
supplied by the DDGS; thus, the resulting K-Ca-Mg phos-
phates mixture will still be rich in K with probably relatively low
melting temperatures. Hence, even though K does not react to
any large extent with quartz bed grains forming low melting K
silicates, the defluidization temperature is still lower than that for
willow (Table 5). Compared to the K-rich silicate inner reaction
layer occurring for the pure willow, partially molten ash particles
will adhere and react with the bed grains to form noncontinuous
complex silicate-phosphate coatings on the bed grains. This
follows the agglomeration mechanism described as agglomeration
induced by partially molten K-Ca-Mg silicates/phosphates.

5. CONCLUSIONS

• In combustion of logging residues, bark, and willow (with
ash relatively rich in K and Ca in comparison to P and
organically bound Si), the bed layer formation was initiated
by a potassium silicate melt formed on the quartz bed
particles surface, a result of the gaseous or liquid K com-
pounds reaction with the bed material. This process was
accompanied by diffusion/dissolving of Ca into the melt,
followed by viscous flow sintering and agglomeration.

• Addition of high enough phosphorus to the wood-derived
fuels (through cocombustion with P-rich fuels or additives)
converted the available fuel ash basic oxides K, Ca, and Mg
into phosphates. Therefore, it reduced the amount of K
available for the reaction with the quartz bed material grains.
The phosphate-rich ash particles that are partially molten
may adhere and react with the bed material grains forming
noncontinuous silicate/phosphate coating layers that are
responsible for the agglomeration process. The fuels rich in
phosphorus (RM and DDGS) with a composition similar to

the woody fuels mixed with additives display similar bed
agglomeration characteristics.

• For the wheat straw (fuel ash dominated by Si and K),
partially molten alkali-rich silicate ash particles were formed
during combustion and adhered to the bed particles forming
noncontinuous layers and subsequently agglomerates. In-
creasing the phosphorus content in the pure wheat straw (by
cofiring with P-rich fuels or additives) lead to the formation
of partially molten alkali-rich silicate/phosphate ash parti-
cles that also adhered to the bed particles causing
agglomeration.

• The melting behavior of the bed particle layers/coatings is
an important controlling factor behind the agglomeration
tendency. For combustion of phosphorus-rich fuels and fuel
mixtures, the melting is heavily dependent on the content of
the alkaline earth metals in the fuel.

• A general observation is that phosphorus is the controlling
element in the ash transformation reactions during biomass
combustion in fluidized quartz beds because of the high
stability of phosphate compounds.
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Fluidized-Bed Combustion of Mixtures of Rapeseed Cake and Bark:
The Resulting Bed Agglomeration Characteristics
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ABSTRACT: The bed agglomeration characteristics resulting from the combustion of 11 mixtures of rapeseed cake and spruce
bark were studied in a bench-scale bubbling fluidized-bed reactor (5 kW). The objective was to determine the defluidization
temperatures and the prevailing bed agglomeration mechanism as functions of the fuel mixture. Controlled fluidized-bed
agglomeration tests were performed for each mixture with quartz sand as the bed material. The total defluidization temperatures
and the initial defluidization temperatures were determined based on the measured pressure and temperature profiles in the bed.
After combustion, bottom ash samples, agglomerates, and fly ash samples were analyzed by means of scanning electron
microscope combined with energy dispersive X-ray detector (SEM-EDX). The composition of the ash-forming matter produced
by the combustion of rapeseed cake is significantly different from that produced by the combustion of bark, resulting in different
bed agglomeration tendencies. Bark contains ash-forming matter dominated by calcium, with some silicon and potassium,
whereas rapeseed cake is rich in phosphorus, potassium, and sodium. The total defluidization temperature for pure bark was
above 1045 °C, whereas, for rapeseed cake, defluidization occurred during combustion (800 °C). During the combustion of bark,
the formation of a potassium-rich layer on the silica-bed grains was found to be a crucial for the formation of agglomerates. The
low defluidization temperature for the rapeseed cake can be attributed to the formation of sticky ash, which is dominated by
phosphates. Two main phosphate forms were observed in the neck between the silica grains: calcium−potassium/sodium
phosphates, and magnesium−potassium phosphates. As the proportion of bark increased, the Ca/P ratio increased in the fuel
mixture, and the formation of high-temperature melting phosphates in the ash was favored. However, the addition of bark also
favored the formation of a potassium-rich layer on the silica bed material, leading to the coexistence of both bed agglomeration
mechanisms. In the present work, mixtures with a minimum of 60 wt % bark resulted in significantly increased defluidization
temperatures and reduced bed agglomeration tendencies, compared to what occurs in rapeseed cake monocombustion.

1. INTRODUCTION
In the power industry, fossil fuels are currently being replaced
with biomass in an attempt to decrease CO2 emissions.
However, caution should be exercised in the industrial
implementation of new biomass fuels, since they can create
new challenges when fired. Biomass fuels differ significantly
from coal in terms of the chemical composition of ash-forming
matter.1−6 This may have a crucial impact on fuel ash behavior
and the suitability of a fuel for combustion processes.6−12 The
co-combustion of fuel mixtures can be especially challenging,9

since the ash-related problems often are dependent nonlinearly
on the proportions of the two fuels in the mixture.13

Recently, more attention has been paid to agricultural
biomass; such materials are rich in phosphorus. The
combustion behavior of fuels rich in phosphorus differs from
that of woody fuels.8,14−19 As Boström et al.14 found, phosphate
compounds exhibit high stability during combustion. Fur-
thermore, phosphorus shows a strong affinity for basic cations
(e.g., potassium) than silicon14 and is the main element
controlling ash transformation reactions.16

Piotrowska et al.17 determined that ∼70% of the total
phosphorus in rapeseed cake is organically associated.
According to biological studies,20 this fraction may be
correlated with phosphorus bound in salts of phytic acid

(myo-inositol hexaphosphate) and its degradation products
(mainly inositol pentaphosphate). The release mechanism of
phosphorus and potassium from the inositol phosphate
complex was studied by Hao et al.,19 in the context of the
combustion of bran. They suggested that this complex
decomposes to KPO3, which melts at ∼800 °C.15

Fluidized-bed combustion (FBC) is considered to be a
flexible technology, suitable for the combustion of fuels of
varying quality. However, the operation of fluidized beds is
limited by the tendency of bed particles to agglomerate, leading
to defluidization.21 Different fuels have different agglomeration
tendencies, depending on the ash composition, so when new
fuels are considered, it is important to determine the
agglomeration tendency.
Agglomeration during the (co)combustion of biomass fuels

has been studied by several groups.21−31 The terms
“agglomeration” and “bed sintering” are used interchangeably
to describe the same phenomenon. Sintering is defined as the
formation of bonds between particles at elevated temper-
atures,32 while agglomeration is defined as the formation of
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clusters of bonded primary particles, called “agglomerates”. The
agglomeration of bed material in a fluidized-bed reactor at high
temperatures involves the sintering of bed material grains.
Sintering mechanisms have been extensively studied in

materials science, since most bulk ceramic components and
glasses are made by sintering compressed powder.32 The same
mechanisms apply to the sintering of ashes and bed material in
fluidized-bed combustors. Skrifvars et al.33 described three
different mechanisms responsible for the sintering of ash in
fluidized beds: partial melting; partial melting with a viscous
liquid (also known as viscous flow sintering); and gas−solid
chemical reactions. Partial melting refers to sintering via the
appearance in fuel-derived ash particles of a liquid phase
consisting of molten salts. The amount of liquid phase controls
the ash stickiness and is considered to be the controlling
parameter for agglomerate formation. This type of bed sintering
is also called melt-induced agglomeration34 or direct adhesion
of bed material grains by molten particles.35 The influence of
char burnout on the formation of molten phases was studied by
Lin et al.23 and Scala et al.29,36 They suggested that the
temperature of burning char particles might be higher than that
of the average bed temperature, resulting in melt formation.
Both partial melting and partial melting with viscous flow

involve the occurrence of a liquid phase, but the latter arises in
the context of silicate system. Silicon can form highly
polymerized silicate networks; their melt may have high
viscosity in contrast to salt melts, which have low viscosity. A
highly viscous liquid can form either on the fuel ash particles
(in pulverized coal combustion) or on the bed material (when
silica sand is used). The first mechanism involves the formation
of highly viscous melt originating from fuel-derived ash. The
second involves the interactions of the released inorganic
compounds with the bed material, leading to the formation of a
layer on the silica grains via different mechanisms.22 Depending
on its composition, the layer could be the sticky prerequisite for
the formation of agglomerates.26 This type of bed sintering is
referenced by Visser et al.34 as “coating-induced agglomer-
ation”. They concluded that the initial composition of the
coating layer, which is dependent on both the fuel ash
composition and ash bed material interaction processes, is an
important parameter for bed sintering.
The third sintering mechanism described by Skrifvars et al.33

is gas−solid interaction, also known as “chemical reaction
sintering”. These interactions have been studied extensively in
the context of deposit formation in the convective pass of a
boiler. However, chemical reactions of gaseous species (e.g.,
alkali metals) with the bed material have also been shown to
occur in fluidized beds, and reaction product layers have been
found on grain surfaces.22,25,30,34 The product layers are
distinguished based on composition, and the potassium-rich
innermost layer is referred to as the inner reaction layer.16,25,27

Depending on its composition, this layer could be partly molten
and so could lead to viscous flow bed sintering.
A different perspective on the formation of agglomerates is

proposed by De Geyeter,37 who suggested two pathways
leading to bed sintering: without active layer formation and
with active layer formation. The first describes the formation of
agglomerates when no chemical interaction takes place between
the bed material grain and the molten fuel ash; the second
identifies the chemical interaction between bed grains and ash
as an important mechanism underlying bed sintering.
Despite the different perspective on agglomeration mecha-

nisms in biomass FBC, there is universal agreement that alkali

metals play a significant role in the formation of agglomer-
ates.22,26 However, recently, the focus has shifted to
phosphorus, since it can aggravate bed agglomeration.10,17,16,31

Piotrowska et al.17 found that, during the co-combustion of
wood and rapeseed cake, the formation of low-melting
potassium silicates on the surface of the bed material grains
may be followed by the adhesion of phosphorus-rich molten
ash particles, which can result in agglomerate formation during
FBC at 850 °C. Grimm et al.16 investigated bed agglomeration
characteristics during the FBC of phosphorus-rich biomass and
concluded that the direct adhesion of partly molten ash
particles containing K−Mg−P and Ca−K−Mg−P to the bed
material grains is the dominant process. However, whether the
presence of phosphorus aggravates agglomeration is strongly
dependent on the Ca/P ratio. The addition of lime-
stone15,17,19,31,38 was found to be beneficial, because it prevents
the formation of a potassium silicate layer on bed material
grains31 and increases phosphorus retention in the bed, most
probably through the formation of calcium phosphates.
Consequently, some gaseous potassium could be released.19

Although the co-combustion of bark and phosphorus-rich
biomass has been investigated,39,40 there are no systematic
studies of well-defined mixtures. The objective of the present
work was to investigate the co-combustion of well-defined
mixtures of rapeseed cake (RC), which is a phosphorus-rich
fuel, and spruce bark, which is a calcium-rich fuel. The
defluidization temperatures were determined, and the dominant
agglomeration mechanisms for different fuel mixtures were
identified. Eleven different mixtures were prepared, having
increasing proportions of bark (0−100 wt %). Controlled
fluidized-bed agglomeration tests41 were performed in a bench-
scale bubbling fluidized-bed reactor (5 kW) in which quartz
sand (200−250 μm) was used as the bed material. After
combustion, bottom ash samples, agglomerates, and fly ash
samples were studied by means of scanning electron micro-
scope combined with energy dispersive X-ray detector (SEM-
EDX), and the bed agglomeration mechanism was inferred
from the results.

2. EXPERIMENTAL METHODS
2.1. Fuels. Experiments were conducted using two fuels: spruce

bark (from the Södra Cell plant at Mönsteras̊ Bruk, Sweden) and
rapeseed cake (from Emmelev A/S, Denmark). The samples were
ground, and 11 different mixtures were prepared, with the proportion
of bark ranging from 0 to 100 wt %. For each mixture, ∼40 kg of
ground material was homogenized in a concrete mixer before
pelletizing. The pellets were 8 mm in diameter and <150 mm in
length (∼50−150 mm), and the moisture content was ∼10−12 wt %.
Fuel analysis was performed for the rapeseed cake (RC) and bark by
an accredited external laboratory according to Swedish standards. The
composition of the mixtures was calculated based on the compositions
of the original fuels.

2.2. Reactor. The experiments were conducted in a bench-scale 5
kW bubbling fluidized-bed reactor (BFB), described in detail by
Öhman and Nordin.41

The stainless steel reactor is 2 m high, with an inner diameter of 100
mm in the bed section and of 200 mm in the freeboard section. The
maximum temperature that can be reached is 1045 °C (in the bed). A
constant temperature is achieved using preheated primary air, in
conjunction with electrical heaters in the freeboard section. A
perforated stainless steel plate at the bottom of the fluidized bed
with the total open area of 1% functions as an air distributor. In the
experiments, the reactor was used as a combustor and subsequently for
controlled fluidized-bed agglomeration tests. During the agglomeration
tests, propane was burned below the air distribution plate, making it
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possible to achieve the desired mixing of gases and to maintain a
combustion atmosphere in the reactor. The temperature and pressure
drop in the bed were continuously monitored using two
thermocouples and two pressure probes.
2.3. Experiments. The experimental matrix consisted of 11

experiments, each of which had two stages: combustion and
agglomeration (see Figure 1).

During the first stage, ∼4−5 kg of fuel mixture, continuously fed
into the reactor with a screw feeder, was burned for 8 h at 800 °C.
Bark and rapeseed cake have a similar energy content, so a constant
fuel input guaranteed a constant energy output of 3.3 ± 0.3 kW. For
each experimental run, 540 g of fresh quartz sand (>98% SiO2) was
used, with an initial particle size in the range of 200−250 μm. The
excess oxygen level was maintained at 8% dry flue gas for all the
experiments, and the air flow was kept constant at 80 NL/min. During
the combustion phase, the fluidization velocity was kept 10 times
higher than the minimum fluidization velocity, corresponding to ∼1
m/s. After 8 h of combustion, the fuel feed was stopped, and a sample
of the bed material was collected. The air flow was minimized to 30
NL/min, and the combustion of propane gas in a chamber below the
primary air distributor plate was initiated. The bed then was heated at
a constant rate of 3 °C/min until defluidization was achieved.
2.4. Initial and Total Defluidization. The recorded temperature

and pressure curves were analyzed to determine the initial and the
total defluidization temperatures. The initial defluidization temper-
ature is the temperature at which changes in the bed pressure are first
observed, and it probably indicates that the growth of agglomerates
and/or slagging begin to occur. In the case where the pressure curves
were constantly declining during the 8-h combustion stage, initial
defluidization was said to occur during combustion. When the pressure
curves were stable or increasing during the combustion stage, the
initial defluidization temperature was determined based on the
pressure curves for the agglomeration stage: it is defined as the
point of intersection of two tangent lines to the differential pressure
curves. The total defluidization temperature refers to the temperature
at which no fluidization is observed: it is defined as the first
temperature at which the pressure curve reaches its minimum (Figure
2).
2.5. Samples and Analyses. In addition to studying fuel samples,

this work analyzed bottom ash samples, which are known to consist
mainly of particles originating from bed material and some fuel-derived
ash particles.42 Two bottom ash samples were collected during each
experimental run: one after the combustion stage, and the other after
the agglomeration test. Both the formation of layers on silica bed
grains and the formation of agglomerate necks (necks formed between
silica bed grains) were examined by means of SEM/EDX. For this
purpose, the samples were embedded in epoxy and ground with SiC
grinding paper having four different grain sizes, ranging from 320 to
2500, until a smooth-surfaced cross section was obtained; no liquid

agent was used during polishing. Next, the samples were coated with
carbon to enable SEM/EDX analysis, and magnifications of 200× and
higher were used to study the composition of layers and agglomerate
necks.

In addition, fly ash samples were taken from the cyclone (dp < 10
μm), and their overall composition was studied by means of SEM/
EDX. For this purpose, ash samples were mounted on carbon tape and
covered with a thin carbon layer, and then area analyses were
performed at magnifications of 30× and 50×.

The SEM/EDX instrument used was a LEO Gemini 1530 system
with a Thermo Scientific UltraDry Silicon Drift Detector (SDD). The
vacuum in the SEM chamber was ∼10−6 mbar.

2.6. Bed Particle Layer Thickness. The bottom ash samples (see
section 2.5) taken after the combustion stage but before agglomeration
were also used to study the total thickness of the layer on the bed
particle grains. Twelve (12) randomly chosen pictures were taken at a
magnification of 100× and analyzed with MeasureIT software
(Olympus Soft Imaging Solutions GMBH). The layer thickness was
measured equidistantly at ∼10−15 sites around the particle (Figure 3).
Approximately 30 particles were studied for each experiment, and the
data were used to draw a cumulative distribution for each mixture.

3. RESULTS AND DISCUSSION
3.1. Fuel Properties and Ash-Forming Matter. The

standard fuel analyses (proximate and ultimate) are shown in
Table 1. Both fuels have similar heating values, resulting in a
similar energy output, which is independent of the mixture
fired. However, they differ substantially in terms of fixed carbon
and ash content. Bark has nearly 50% more fixed carbon (∼23
wt % db) than rapeseed cake (RC), while RC has twice the
amount of ash. The ultimate analyses revealed substantial
differences in the N, S, and Cl contents of the two fuels. These
elements are present in RC in high concentrations (4.9 wt % db
N, 0.5 wt % S, and 0.7 wt % Cl), whereas in bark, they are
below the detection limits.
Table 2 shows the ash composition and the calculated

proportion of bark ash in the total fuel ash from each mixture;
the latter indicates that the fuel ash compositions of mixtures
containing up to 50 wt % bark are dominated by RC ash and
may have similar properties. The fuel mixture containing 60 wt
% bark (B60) contains approximately equal amounts of fuel ash
originating from RC and from bark. The composition of the
ash-forming matter in bark is dominated by calcium, silicon,
and potassium, whereas the ash-forming matter in RC is
dominated by phosphorus and potassium, along with some
calcium and sulfur. In addition, in RC, the sodium content is
high, compared to that found in rapeseed meal.39 The

Figure 1. Stages in controlled agglomeration test: bed temperature
and pressure versus time for 90 wt % bark and 10 wt % rapeseed cake
(RC).

Figure 2. Bed defluidization temperatures indicated on the temper-
ature and pressure profile for 60 wt % bark and 40 wt % rapeseed cake
(RC).
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composition of these mixtures can result in the formation of ash
with a low first melting point,15,43 and it may be the reason for
ash-related problems during combustion.
3.2. Composition of FBC Fly Ash Samples. The

composition of the fly ash samples is shown in Figure 4. As
the proportion of bark increases, the phosphorus and alkali-
metals content decreases in the ash particles, whereas the total
amount of calcium compounds increases. The results of the
analysis are in a good agreement with the composition of the
total fuel ash, confirming that the mixtures were well-prepared.
As the proportion of bark increases, the Ca/P molar ratio
increases from 0.9 to 18.3. For the mixture with 60 wt % bark,
the Ca/P molar ratio is 2.03. This large amount of Ca could
favor the formation of calcium phosphate compounds having
higher melting temperatures than alkali-metal phosphates.15 In
the fly ash sample, the amount of sulfur was slightly higher for
mixtures with 60 and 70 wt % bark. The addition of sulfur to

biomass fuels with high potassium content has a positive effect
on the defluidization temperature during fluidized bed
combustion, as determined by De Geyter et al.37 If there was
any chlorine present in the fly ash, the amount was <5 mol %.
The Cl/S molar ratio was high, ranging from 0.47 to 0.65 for
mixtures with 20 to 100 wt % of bark. Ratios over 0.5 indicate a
high tendency for deposit formation.44

3.3. Thickness of the Layer on Bed Material Particles
before the Agglomeration Stage. Comparisons of the
layers formed during the combustion of each fuel separately
and mixtures of the two fuels revealed significant differences.
When 100 wt % rapeseed cake was combusted, discontinuous
layers formed and they resembled lumps of ash particles glued
to the surface of the bed material particles. In contrast, during
the combustion of bark, a continuous layer formed around the
bed material particles, within which two different layers could
be distinguished: homogeneous inner reaction layer, and outer
coating layer exhibiting a granular structure.
In the case of the fuel mixtures, varying combinations of the

different layer phenomena were observed: discontinuous layer
(or absence of layer), continuous layer with uniform thickness,
and continuous layer with nonuniform thickness. Figure 5
shows the cumulative distribution of the total layer thickness on
the particles for the different fuel mixtures; Figure 6 shows the
arithmetic mean and median for these distributions.
For rapeseed cake combustion, most of the data lies in the

range 0−0.3 μm, whereas, for bark combustion, continuous
layers formed, evenly distributed in the range of 1−4 μm. The
mixtures were categorized into two main groups based on two
critical coating thicknesses 1 and 2 μm. The first group has
discontinuous layers or none at all, with more than 20% of the
measurements below 1 μm and more than 60% of the
measurements below 2 μm. The second group is characterized
by a continuous layer on the particles, with less than 20% of the
measurements below 1 μm, and less than 60% below 2 μm. The
distribution for the fuel mixture with 50 wt % bark lies between
these two groups. Figure 6 shows the distribution of the
measurement data. The median exhibits an increasing trend
with an increasing proportion of bark. For 100 wt % bark, the
uniform thickness of the coating is indicated by the low
variation between the arithmetic mean and the median values.
Statistical analysis is widely applied for modeling of various

processes in industrial furnaces, e.g., to control chemical
composition during steel making.45 However, in this paper, a

Figure 3. Example of the measurement of the layer thickness on a bed
material particle from the combustion of 30 wt % bark and 70 wt %
rapeseed cake (RC).

Table 1. Fuel Properties

RC
10 wt %
bark

20 wt %
bark

30 wt %
bark

40 wt %
bark

50 wt %
bark

60 wt %
bark

70 wt %
bark

80 wt %
bark

90 wt %
bark bark

lower heating value, LHV (MJ/
kg db) 20.6 20.5 20.4 20.4 20.3 20.2 20.1 20.0 20.0 19.9 19.8

proximate analysis (wt % db)
volatile matter 77.8 77.3 76.7 76.2 75.6 75.1 74.5 74.0 73.4 72.9 72.3
fixed carbon 14.7 15.5 16.3 17.1 17.9 18.8 19.6 20.4 21.2 22.0 22.8
ash content 7.5 7.2 7.0 6.7 6.5 6.2 5.9 5.7 5.4 5.2 4.9

ultimate analysis (wt % db)
C 50.0 50.2 50.5 50.7 50.9 51.2 51.4 51.6 51.8 52.1 52.3
H 6.6 6.5 6.4 6.3 6.2 6.2 6.1 6.0 5.9 5.8 5.7
N 4.9 4.5 4.0 3.6 3.1 2.7 2.2 1.8 1.3 0.9 0.4
O 29.8 30.5 31.2 31.8 32.5 33.2 33.9 34.6 35.2 35.9 36.6
S 0.5 0.4 0.4 0.3 0.3 0.2 0.2 0.2 0.1 0.1 0.0
Cl 0.7 0.6 0.5 0.5 0.4 0.3 0.3 0.2 0.2 0.1 0.0
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simple statistical analysis was used to infer prevailing
agglomeration mechanisms (see section 3.6).
3.4. Composition of the Layer on Bed Material

Particles before the Agglomeration Stage. The compo-
sition of the layer on the bed material particles after
combustion was studied using SEM/EDX (Figures 7 and 8).
Two different compositions for the layers could be
distinguished, as reported by other researchers.25

An inner reaction layer (Figure 7) is present in the samples
from the combustion of fuel mixtures having 30 wt % bark or
more. It is composed of potassium, sodium, calcium, and silicon
(mainly from the bed particles), in a composition that is similar
for all the fuel mixtures and consistent with the composition of
the inner reaction layer found for bark in other studies.16,25

This layer mainly consists of potassium silicates, whose first
melting point could be as low as 750 °C; its presence indicates
the inward attack of potassium compounds on the quartz sand.
Further incorporation of calcium compounds into the melt
takes place at a later stage.26 The transport of potassium to the
silica bed grains is expected to occur via the direct reaction of
bed material with gaseous and/or aerosol alkali compounds.25

When fuels with a high alkali metal and phosphorus content are
fired, potassium phosphates may react with silica bed
particles.31 The formation of an inner reaction layer may be
followed by the formation of an outer layer that is rich in
calcium. This layer is expected to prevent the further reaction of
potassium with the bed grains17,27,31 and further depolymeriza-

tion of the silicates.27 The first melting point of calcium silicate
is higher than that of potassium silicate, so agglomeration in the
FBC environment could be prevented if a calcium-rich coating
formed around the silica grains.
The composition of the outer layer (Figure 8) exhibits trend

similar to that of fly ash (Figure 4). As the proportion of bark in
the fuel mixture increases, the calcium content increases, while
phosphorus and potassium exhibit a decreasing trend. It has
been suggested that the formation of the outer coating layer
proceeds according to the following mechanisms: fine ash
particles are entrapped by the molten silicate (the inner
reaction layer) on the surface of the bed material particles,26 or
may be deposited via the direct adhesion of molten fuel ash
particles.35 The latter could occur when particles are still
burning, as discussed in other studies.24,36 In the fuel mixtures
with 60 wt % bark and higher, calcium became the dominant
element in the outer layer. At the other extreme, for 100 wt %
RC and the mixture with only a small amount of bark (10 wt
%), the outer coating layer is dominated by phosphates. These
observations indicate that the adhesion of sticky fuel ash
particles may be the main mechanism underlying layer
formation.
It is assumed that comparing the compositions of the layers

with those of the agglomerate necks will make it possible to
identify the layer responsible for agglomerate formation.

3.5. Agglomeration Tendency of Mixtures of Rape-
seed Cake and Bark. The agglomeration tendency of
mixtures of rapeseed cake and bark was determined using
controlled fluidized-bed agglomeration tests. The initial
defluidization temperatures (IDT) and the total defluidization
temperature (TDT), described in section 2.4, were plotted as
functions of the mixture composition (Figure 9). An inaccuracy
of ±30 °C was determined in previous studies41 and is included
in the figure. Rapeseed cake showed a strong agglomeration
tendency, and total defluidization occurred during the
combustion stage (800 °C). At the other extreme, the TDT
for bark was >1045 °C, so it could not be measured due to the
limitations of the experimental setup. These results are in
agreement with findings from previous studies on the
agglomeration tendency of bark.16,39 Figure 9 plots the TDT,
which indicates the temperature at which the formation of
agglomerates leads to the complete collapse of the bed and loss
of fluidization. Also indicated is the initial defluidization
temperature, the temperature at which the growth of
agglomerates and/or slagging begin to occur. The IDT in this

Table 2. Ash Composition

RC
10 wt %
bark

20 wt %
bark

30 wt %
bark

40 wt %
bark

50 wt %
bark

60 wt %
bark

70 wt %
bark

80 wt %
bark

90 wt %
bark bark

content of bark ash in total fuel ash
(%) 0 7 14 22 30 40 49 60 72 85 100

elemental analysis (wt % db)
P 1.29 1.17 1.04 0.92 0.80 0.67 0.55 0.42 0.30 0.17 0.05
Si 0.05 0.09 1.30 0.17 0.21 0.26 0.30 0.34 0.38 0.42 0.46
Al 0.01 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Mg 0.42 0.38 0.35 0.31 0.28 0.25 0.21 0.18 0.15 0.11 0.08
Ca 0.79 0.81 0.83 0.84 0.86 0.88 0.90 0.91 0.93 0.95 0.96
Na 0.45 0.41 0.37 0.33 0.29 0.24 0.20 0.16 0.12 0.08 0.04
K 1.26 1.16 1.05 0.95 0.84 0.74 0.64 0.53 0.43 0.32 0.22
Mn 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.04 0.04 0.05
Fe 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.05 0.05
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01

Figure 4. Elemental average composition of fly ash samples obtained
by SEM/EDX on a carbon- and oxygen-free basis.
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study was sometimes as much as 200 °C lower than the total
defluidization temperature.
The defluidization temperature of the fuel mixtures increases

with increasing proportion of bark. However, this trend is
nonlinear for both the TDT and the IDT, which suggests that

different agglomeration mechanisms may be involved, depend-
ing on the fuel mixture composition. The change in the trend in
the graph of the TDT seems to occur between 20 and 30 wt %
bark, whereas for IDT, it occurs in mixtures with 60 wt % bark.
For mixtures dominated by RC ash (0−50 wt % bark), a
constant decline in the pressure curve can already be observed
during the combustion stage (800 °C). Accordingly, it is

Figure 5. Cumulative distribution of the layer thickness on the bed material particle.

Figure 6. Arithmetic mean and median of the layer thickness data for
the collected measurements versus the proportion of bark in the fuel
mixture.

Figure 7. Average elemental composition of bed particle inner reaction
layer on a carbon- and oxygen-free basis.
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reasonable to suppose that initial defluidization occurs during
combustion.
From Figure 10, it is apparent that there is a correlation

between the molar ratios, the defluidization temperatures, and
the formation of an inner reaction layer.
Four molar ratios were plotted as functions of the fuel

mixture composition. The Ca/P molar ratio for 60 wt % bark is
>1.2, and the molar ratio of alkali metals to alkaline-earth
metals is 0.8. These molar ratios probably explain the trends
seen in the defluidization curves. They indicate that the

reactions favor the formation of phosphates with a higher
content of alkaline-earth metals than of alkali metals. The
increased Ca content in a Ca−K−P system may shift the first
melting temperature to over 1000 °C,15 which is consistent
with the defluidization temperature for the mixture with 60 wt
% bark (TDT ≈ 1045 °C). In addition to the Ca/P and (Na
+K)/(Ca+Mg) molar ratios, the (K+Na−P)/(K+Na) molar
ratio is plotted; it indicates the amount of alkali metals that may
be available for the formation of alkali silicates, alkali chlorides,
or alkali sulfates. The strong affinity of phosphorus for alkali
metals was reported by Boström et al.,14 and alkali-metal
phosphates are formed preferentially if both silicon and
phosphorus are present. The molar ratio (K+Na−P)/(K+Na)
was below 0.3 for mixtures with up to 60 wt % bark. An inner
reaction layer was observed in mixtures with as little as 30 wt %
bark. In such mixtures, the molar ratio of available alkali metals
is similar to that for 100 wt % rapeseed cake combustion
(below 0.25), indicating that alkali phosphates may be reacting
with silica bed particles (Figure 10), as suggested by Barisǐc ́ et
al.31

3.6. Agglomerates. Figure 11−14 present SEM/EDX
analyses of the agglomerates. For pure bark combustion (Figure
11), the composition of the neck formed between two bed
material particles resembles that of the inner reaction layer.
Agglomeration of the bed material occurs via the formation of a
molten potassium silicate layer, i.e., an inner reaction layer.25

The reaction between the silica bed material particles and the
ash-forming elements originating from the fuel, which leads to
layer formation, is the dominant mechanism underlying
agglomerate formation. This mechanism can be described as
a reactive mechanism. In the case of 100 wt % RC, the direct
adhesion of partly molten ash particles to bed particles could be
the driving force for the formation of agglomerates. Since no
chemical interaction was observed between the bed material
particles and the molten ash, this mechanism is considered to
be a nonreactive mechanism. It is similar to the mechanisms
described by De Geyter et al.,37 under the assumption that no
chemical reaction occurs between the bed material particle and
the molten fuel ash. The composition of the necks in the
agglomerates indicates the presence of two main phases, K−
Mg−P and Ca−K/Na−P (Figure 11). The formation of these
two types of phosphates is consistent with findings from studies
on the agglomeration of phosphorus-rich fuels.16 It has been
suggested that agglomeration during the combustion of
rapeseed meal can be attributed to the formation of partially
molten Mg−K−P and Ca−K−P. In this study, because of the
high sodium content of rapeseed cake, the combustion of 100
wt % RC results in the formation of the calcium phosphates
rich in sodium.
Figure 12 shows the composition of fuel ash particles that

glue together two silica sand particles; the particles came from
10 wt % bark, and their composition is similar to that of the
necks formed after the combustion of 100 wt % RC (Figure
11). The composition of the necks formed between silica grains
after the combustion of other fuel mixtures is shown in Figures
13 and 14. Here, the agglomerates could be the result of the
silicate layers that formed on the bed particles, but they could
also be attributed to the formation of sticky fuel ash particles,
suggesting a mixed agglomeration mechanism (reactive and
nonreactive mechanisms). The potassium silicate matrix is
formed with embedded phosphates. As the proportion of bark
increased, the content of alkali metals associated with
phosphorus within the silicate matrix decreased. This trend is

Figure 8. Average elemental composition of bed particle outer coating
layer on a carbon- and oxygen-free basis.

Figure 9. Defluidization temperatures versus proportion of bark in the
fuel mixture.

Figure 10. Fuel molar ratios versus proportion of bark in the fuel
mixture.
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consistent with the high Ca/P molar ratio (Figure 10), as
discussed in the previous section. The presence of different
agglomeration mechanisms could also be inferred from the
layer thickness cumulative distribution curves in Figure 5. For
100 wt % RC, the cumulative distribution of the layer thickness
around the particles indicates that there is almost no layer
formation, so the nonreactive mechanism is responsible for
agglomeration. For 100 wt % bark, a uniform layer was
observed; therefore, in this case, the reactive mechanism is
responsible for agglomeration. For mixtures with low
proportions of bark (10−40 wt %), which corresponds to
more than 20% of the thickness measurements below 1 μm and
more than 60% below 2 μm), the dominant mechanism seems
to be the nonreactive mechanism, since either a nonuniform
layer or no layer at all was observed around the particle grains.
For mixtures with 60 wt % bark and higher, there was a uniform
layer around the silica grains, suggesting that the reactive

mechanism is dominant. What is interesting is the layer
thickness distribution for 50 wt % bark. This type of layer could
be produced by either the reactive and nonreactive mechanism
based on the description of the groups in section 3.3, making it
impossible to determine which mechanism is dominant.

4. CONCLUSIONS
Mixtures of rapeseed cake (RC), which is a phosphorus-rich
fuel, and bark, ranging from 0 to 100 wt % bark, were
systematically studied. The initial defluidization temperature
(IDT) and total defluidization temperature (TDT) were

Figure 11. Agglomerates from rapeseed cake (RC) (left) and bark (right).

Figure 12. Composition of agglomerate necks for low (10 wt %) bark
content.

Figure 13. Composition of agglomerate necks for 50 wt % bark.
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determined for the mixtures in a bench-scale bubbling fluidized-
bed reactor under controlled conditions.
The IDT for mixtures containing up to 50 wt % bark was as

low as the combustion temperature (800 °C). As the
proportion of bark increased, the defluidization temperature
increased. Mixtures with a minimum of 60 wt % bark resulted in
significantly increased defluidization temperatures and reduced
bed agglomeration tendencies, compared to that which occurs
in RC monocombustion. This could be understood in terms of
the following molar ratios: a Ca/P ratio of >1.27 and an (Na
+K)/(Ca+Mg) ratio of <0.8.
The agglomeration mechanisms for these two fuels and

mixtures of them are related to their ash-forming matter,
resulting in different patterns of layer formation and different
bed agglomeration mechanisms. During RC combustion, a
discontinuous bed particle layer was observed that has the
appearance of molten ash glued to the silica sand particles.
During bark combustion, a continuous layer ∼3 μm thick
formed, consisting of both an inner reaction and an outer
coating layer. From the distribution of the layer thickness
around the bed material particles, it was possible to identify the
dominating mechanism underlying bed agglomeration. It was
found that in mixtures containing 40 wt% and less bark, the
nonreactive mechanism prevails. In mixtures containing at least
60 wt % bark, the reactive mechanism prevails. In the mixture
with 50 wt % bark, there is evidence that both mechanisms may
play a role in bed agglomeration.
Investigations of the agglomerate neck composition during

the combustion of 100 wt % RC revealed that the partly molten
ash found between the silica sand particles consisted mainly of
phosphates: magnesium−potassium phosphates, and calcium−
potassium/sodium phosphates. Because of the high sodium
content of RC, the combustion of 100 wt % RC results mainly
in the formation of sodium−calcium phosphates. Although
there are indications that the phosphates react with the silica
bed particles, the precise form of the phosphates involved
remains undetermined.
The results show that it may be possible to burn up to 40 wt

% RC with bark without encountering low defluidization
temperatures. However, combustion experiments of longer
duration should be carried out, and investigation of other ash-
related problems should be investigated before large-scale
application.
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Backman, R.; Nordin, A.; Hupa, M. Energy Fuels 2006, 20, 818−824.
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Abstract: Agglomeration occurring during the firing of phosphorus rich biomass is not fully
understood. It has become clear that the ash forming matter in agricultural biomass (e.g.,
rapeseed cake) is phosphorus dominated and that phosphate species are involved in
agglomeration. Understanding the agglomeration mechanisms would provide valuable
insight into possible strategies for preventing defluidization. The objective of this work was
to study the ash composition resulting from the combustion of a phosphorus rich fuel, in
particular, the phosphorus compounds formed; the focus was the effect of ash composition
on the formation of sticky ash particles, which cause defluidization. Eleven mixtures of
rapeseed cake and bark with varying Ca/P molar ratio were studied. Using a 5 kW quartz BFB
reactor operated at approximately 800 C, eight hour combustion tests were performed
prior to each agglomeration experiment. Fly ash and bottom ash samples were extensively
analyzed with SEM/EDX, and the fuel properties were also determined. Rapeseed cake ash
consists of particles containing different K/Na Ca/Mg P compounds. The ash composition
responsible for low defluidization temperatures was found to lie in the region of the ternary
diagram containing 30 40 mol% P2O5, 20 40 mol% (CaO+MgO), and 30 50 mol% (K2O+Na2O).
Sodium probably formed CaNaPO4, but it was also found in mixtures with other phosphates.
The addition of bark favoured the formation of orthophosphates containing 40 50 mol%
(CaO+MgO), which increased the first melting temperature of the ash.

Keywords: rapeseed cake, bark, co combustion, phosphorus, agglomeration

INTRODUCTION

The tendency of bed particles to agglomerate can cause defluidization and limit the operation of fluidized
beds at high temperatures. The FBC agglomeration mechanisms during the firing of woody fuels are
well described; they mainly involve the reaction of high concentrations of alkali metals with bed material
grains. The resulting inner reaction layer on the bed grains leads to viscous flow sintering (Skrifvars et al.,
1997; Öhman et al., 2000; Brus et al., 2005; Zevenhoven et al., 2006). The same mechanisms are
observed during bark combustion. However, bark contains a high concentration of calcium, which
dissolves into the potassium silicate in the inner reaction layer, decreasing the amount of melt. With the
introduction of agricultural residues into the fuel mixture, phosphorus has acquired a new importance as
an element influencing the ash chemistry during combustion.

Phosphorus may play a significant role in the formation of agglomerates during biomass combustion
(Bariši et al., 2008; Piotrowska et al., 2010). Phosphorus dominates silicon in the competition for the
basic cations K+, Mg2+, Ca2+, and thus, with P rich fuels, phosphates will form prior to silicates (Boström et
al., 2009). The effect of phosphorus in minimizing the formation of the inner reaction layer on silica bed
grains was observed in previous studies (Grimm et al., 2011). Phosphate rich rich ash with a low melting
temperature formed, resulting in defluidization. The introduction of calcium based additives was found to
be beneficial during the combustion of phosphorus rich fuels (Lindström et al., 2007; Steenari et al.,
2009).

This work is a continuation of a previous study on the agglomeration characteristics of rapeseed



cake bark fuel mixtures, in which defluidization temperature curves were determined for the fuel
mixtures and will be published elsewhere. The combustion of rapeseed cake, whose ash chemistry is
dominated by phosphorus and alkali metals, leads to defluidization at approximately 800 C. Increased
defluidization temperatures were observed for mixtures with a minimum of 60 wt% bark which was
correlated with an increasing Ca/P molar ratio. In this study, a detailed investigation of ash composition
was performed. The results of SEM/EDX point analyses of particles in bottom and fly ash were presented
in ternary diagrams with the aim of determining the phosphorus compounds formed during the
combustion of rapeseed cake bark fuel mixtures. The results can be used to enhance the understanding
of how the ash chemistry influences the bed agglomeration process.

EXPERIMENTAL SET UP

Reactor

The experiments were carried out in a bench scale 5 kW bubbling fluidized bed reactor (BFB), described
in detail by Öhman and Nordin (1998). The stainless steel reactor is 2 m high. The minimum fluidization
velocity is 8 Nl/min, corresponding to 0.1 m/s. After leaving the freeboard section, the flue gases pass
through a cyclone separator with a cut size of approximately 10 m. The maximum temperature that can
be reached in the bed is 1045 C. A constant temperature in the reactor is achieved by using preheated
primary air, in conjunction with electrical heaters in the freeboard section. A perforated stainless steel
plate at the bottom of the fluidized bed with 1% open area functions as an air distributor. The
temperature and pressure drop in the bed were continuously monitored using two thermocouples and
two pressure probes. The defluidization temperatures were determined based on the measured pressure
and temperature profiles as will be reported elsewhere.

Combustion and Agglomeration Tests

Eleven mixtures of rapeseed cake and bark were studied. The proportion of bark in the fuel mixture
ranged from 0 100 wt%. The test procedure comprised two stages: combustion and agglomeration.
During the eight hour combustion stage, 4 5 kg of
each mixture was continuously fed into the reactor,
and the temperature in the bed and that in the
reactor raiser were maintained at approximately
800 °C. For each experiment, 540 g of fresh quartz
sand (200 250 μm) was used as the bed material.
After the combustion stage a sample of bottom
ash was collected, and a controlled fluidized bed
agglomeration test was carried out. During the
agglomeration test, the bed temperature was
increased at 3 °C/min until defluidization occurred
or the maximum reactor temperature (1045 C)
was reached. During the agglomeration tests,
propane was burned below the air distribution
plate to allow proper mixing of gases and to
maintain a combustion atmosphere in the reactor.
After defluidization was achieved and the reactor
was cooled down, also an ash sample from the
cyclone was collected. The procedure for
determining the defluidization will be published
elsewhere.

Table 1. Fuel Properties

Fuel
Rapeseed

cake
Bark

LHV [MJ/kg db] 20.6 19.8
Volatile [% db] 77.8 72.3
Fixed carbon [% db] 14.7 22.8
Ash [% db] 7.5 4.9
C [% db] 50.0 52.3
H [% db] 6.6 5.7
N [% db] 4.9 0.4
O (calculated) [% db] 29.8 36.6
S [% db] 0.47 0.02
Cl [% db] 0.67 0.03

P [mg/kg db] 12918 506
Si [mg/kg db] 462 4642
Al [mg/kg db] 53 1006
Mg [mg/kg db] 4161 790
Ca [mg/kg db] 7933 9648
Na [mg/kg db] 4518 356
K [mg/kg db] 12618 2192
Mn [mg/kg db] 61 479
Fe [mg/kg db] 207 497
Zn [mg/kg db] 64 96



Analyses of Fuels and Ash Samples

The fuel samples were analyzed by an external laboratory according to Swedish standards. Elemental
analyses were performed with ICP AES and ICP SFMS. For this purpose, a dry fuel sample was digested
with LiBO2 and dissolved in HNO3. The fuel properties are shown in Table 1. Two types of ash samples
were analyzed using SEM/EDX: fuel derived ash found in the bottom ash, and fly ash. Fuel derived ash
particles (dp < 200 m) from the bottom ash sample were sieved, and their composition was studied. For
simplicity, this sample is called bottom ash. Fly ash samples were collected from the cyclone (dp < 10 m)
after each experiment when temperature in the reactor dropped to room temperature. For the SEM/EDX
analyses, ash samples were mounted on carbon tape and covered with a thin layer of carbon. The results
are expressed as mol% oxides on a carbon free basis. The experiments with 0 wt%, 10 wt%, 20, wt%, 30
wt%, 40 wt%, 50 wt%, 60 wt%, 70 wt%, 80 wt%, 90 wt%, 100 wt% bark are denoted by B0, B10, B20, B30,
B40, B50, B60, B70, B80, B90, and B100, respectively. For the bottom ash sample from each of the
experiments B0, B10, B50, B60, B70, and B90, between 50 and 90 point SEM/EDX analyses were
performed. For the pure bark combustion test (B100), only a few bottom ash particles could be obtained,
so only 12 data points are available for this test. For the fly ash sample from each of the experiments B0,
B10, B50, B70, B90, and B100, between 60 and 100 SEM/EDX point analyses were performed. For the
purpose of this work, approximately 470 data points were obtained from the bottom ash and 480 data
points from fly ash samples. The results were grouped and are presented in ternary diagrams. The
composition of each data point was normalized to 100% of the major oxides corresponding to the corners
of the diagrams. To ensure a reliable correspondence between the ternary diagrams and the
compositions represented by the data points, the oxides were chosen so that, together, they account for
at least 90 mol% before normalization; in fact their sum is often close to 100 mol%.

RESULTS AND DISCUSSION

Fuels and defluidization temperatures

The fuel properties are shown in Table 1. The elemental composition of rapeseed cake is dominated by
high concentrations of phosphorus, alkali, and alkaline earth metals. An unusual feature of the rapeseed
cake is its relatively high sodium content (Na/K molar 0.6) compared to that of other biomass fuels. The
sulphur and chlorine contents are also high. Bark is dominated by calcium, silicon, and potassium. Based
on the laboratory studies of woody fuels reported in Werkelin et al. (2010), the silicon in bark is usually
considered to be a fuel contaminant resulting, for example, from contact with soil.

Table 2. Experiments, Molar Ratios and Defluidization Temperatures
in dry
fuel*

B100 B90 B80 B70 B60 B50 B40 B30 B20 B10 B0

Ash content wt % 4.9 5.2 5.4 5.7 5.9 6.2 6.5 6.7 7.0 7.2 7.5

Mass bark/total fuel mass % 100 90 80 70 60 50 40 30 20 10 0

Ash bark/total ash inflow % 100 85 72 60 49 40 30 22 14 7 0

Sifuel/P molar 9.17 2.67 1.40 0.88 0.60 0.42 0.30 0.21 0.14 0.08 0.04

Ca/P molar 19.06 4.19 2.41 1.67 1.27 1.01 0.84 0.71 0.61 0.54 0.47

(Na+K)/P molar 5.03 2.06 1.67 1.51 1.42 1.36 1.32 1.30 1.28 1.26 1.25

Na/K molar 0.16 0.41 0.47 0.51 0.54 0.56 0.57 0.59 0.60 0.60 0.61

(Na+K)/(Mg+Ca) molar 0.24 0.41 0.55 0.68 0.80 0.92 1.03 1.13 1.23 1.32 1.41

IDT*** C >1045 919 910 896 860 DC** DC DC DC DC DC

TDT**** °C >1045 >1045 >1045 1043 1041 1013 982 974 954 873 ~800

*based on bark and rapeseed cake ash content; **DC stands for defluidization during combustion; **initial
defluidization temperature (IDT), ***total defluidization temperature (TDT)



Eleven tests were carried out with mixtures having different proportions of bark. The aimed proportion of
bark is indicated by the name of the test (Table 2). The properties of the mixtures in Table 2 are derived
from those of the original fuels (Table 1) using the proportion of bark in the fuel mixture, i.e., the ratio of
bark mass to total fuel mass. The ash content of the bark is roughly half that of the rapeseed cake, so the
theoretical ash inflow (based on ash content) is dominated by rapeseed cake ash for mixtures up to 50
wt% bark. With these mixtures, there were problems maintaining stable operation during the
combustion phase at 800 C. Pressure drop in the bed was constantly decreasing, so instead of listing the
initial defluidization temperatures (IDT), Table 2 indicates that defluidization occurs during combustion,
despite the observed increase in the total defluidization temperatures (TDT). In the mixture with 60 wt%
bark, the content of bark ash and that of rapeseed cake ash are approximately equal. For mixtures with
70 wt% bark or more, the theoretical ash inflow is dominated by bark ash. Mixtures with 60 wt% bark or
more had significantly higher defluidization temperatures than mixtures dominated by rapeseed cake ash.
This difference could be correlated with the higher Ca/P molar ratio. The first melting temperatures of
phosphates increase with higher contents of alkaline earth metals (Lindström et al., 2007; Bariši et al.,
2008; Steenari et al., 2009). In the first part of this study it was shown that bark can be used as a calcium
source during co combustion with phosphorus rich biomass.

Overall composition of the bottom ash and the fly ash

Morphological studies of the bottom samples and the fly ash samples performed with SEM/EDX are
summarized in Fig. 1. The major elements identified in the bottom ash are silicon, phosphorus, sulphur,
calcium, magnesium, potassium, and sodium. In the fly ash sample, the same elements were identified,
but chlorine was also detected. This finding is consistent with the elemental analyses of the fuel samples
(Table 1). However, there is another important source of silicon in the ash: some of the bed material may
find its way into both types of ash samples due to mechanical stress. In Fig. 1, it can be observed that
most of the samples contain less than 10 mol% silicon (expressed on an oxide basis). The samples
containing a significant amount of silicon are mainly ash particles from mixtures with a high proportion of
bark (B90 and B100); for these mixtures, approximately 40% of the fly ash data points lie on the line
between the corners corresponding to SiO2 and earth metals. In these tests, there were no significant
operational problems due to fluidization, indicating that the troublesome ash chemistry is dominated by
anions associated with the other corner (SO3 and P2O5). With this in mind, only samples containing less
than 10 mol% silicon are considered in the discussion below.

Bark and Rapeseed cake

The compositions of ash particles found in the fly ash samples and bottom ash samples from the
combustion of bark (B100) and rapeseed cake (B0) are shown in Fig. 2. The compositions of the fly ash
samples and the bottom ash samples from the combustion of mixtures dominated by bark (B90) and
rapeseed cake (B10) are shown in Fig. 3. After bark combustion (B100), the bottom ash samples

Figure 1. Composition of fly ash (left) and bottom ash (right) samples based on SEM/EDX. The composition is
expressed in mol% of major elements in the form of oxides. The composition is normalized to 100%. The ellipses
indicate point analyses with less than 10 mol% silicon.
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contained very few fuel ash particles; Fig. 2b B100 shows the composition of a single bottom ash particle.
Bark formed mainly fly ash, indicated by the data points near the top corner of the triangle (Fig. 2a). The
corresponding samples consist mostly of calcium (expressed in terms of oxide). The calcium compounds
occurring in biomass ash are CaO, CaCO3, and Ca(OH)2. However, in this study, these compounds could
not be distinguished and so are described as CaO. Some calcium sulphate and chloride also formed.
Higher amounts of sulphates and chlorides formed in test B90 (Fig. 3) than in the pure bark test (B100).
This could be explained in terms of the inflow of rapeseed cake ash (Table 2). Sulphates and chlorides,
shown in Figs. 2 and 3 (samples containing <10 mol% P2O5), occurred almost entirely in areas high in
calcium. Sulphates and chlorides also formed during the combustion of rapeseed cake (B0) (Fig. 2a) and
of the rapeseed cake dominated mixture (B10) (Fig. 3a); in this case as well, they were generally found
together with calcium. Only a few particles with both alkali and sulphur could be observed.

For the rapeseed cake ash samples, alkali metals were generally observed together with phosphorus. This
is in agreement with Boström et al., 2009, who concluded that alkali metals will primarily form
phosphates. In the bottom ash from B0 (Fig. 2b) and B10 (Fig. 3b), mainly phosphates were found. The
numbers 1, 2, and 3 in all the ternary diagrams represent different forms of phosphates. Number 1
indicates orthophosphates (PO4

3 ), corresponding to approximately 25 mol% P2O5. Phosphorus can also
occur in other structures like polymeric ions such as metaphosphates (P3O9

3 ) and pyrophosphates (P2O7
4 )

(Lindberg et al., 2011). The formation of tripolyphosphates (P3O10
5 ) in biomass ash samples was also

reported by Boström et al., 2009. Pyrophosphates and tripolyphosphates are visible in the diagrams at
the levels of approximately 33 mol% and 38 mol% P2O5; this range of phosphorus content is indicated by
number 2. On the other hand, this composition could also correspond to mixtures of the different types
of phosphates mentioned. Therefore, it is difficult to determine if number 2 indicates pure pyro and
tripoly phosphates or if it denotes the formation of phosphate mixtures. Number 3 corresponds to the
formation of methaphosphates.

Figure 2. Composition of fly ash (a) and bottom ash (b) samples from mixtures containing 0 wt% bark (pure
rapeseed cake) and 100 wt% (pure bark) based on SEM/EDX. Here, only points corresponding to SiO2 <10 mol% are
shown.
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Figure 3. Composition of fly ash (a) and bottom ash (b) samples for B10 and B90 based on SEM/EDX. Here, only
points corresponding to samples with SiO2 <10 mol% are shown.
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The compositions of rapeseed cake ash particles lie in the ranges designated by 1 and 2 (Figs. 2 and 3).
Particles in these ranges caused defluidization at fairly low temperatures (~800 C) (Table 2). The low
defluidization temperature and the difficulty in maintaining stable FBC operation can be attributed to the
formation of partly molten ash particles dominated by phosphates. However, alkali and calcium
orthophosphates (number 1 in all the ternary diagrams) melt at very high temperatures (Lindberg et al.,
2011), so, during the combustion of phosphorus rich biomass, the formation of orthophosphates is
desirable. It is the composition indicated by number 2 that is responsible for the formation of low melting
temperature ash during rapeseed cake combustion. The SEM/EDX point analyses make it possible to
distinguish the compounds involved, however, due to the normalization of composition results and
limitations of SEM/EDX for quantitative studies, interpreting of the data should be done carefully.

Fig. 4 shows an example of a rapeseed cake ash particle from B0; it has a heterogeneous composition
with a high phosphorus content. It is plausible that different types of phosphates could be present in a
single ash particle. There seem to be correlations between forms of phosphates: K and Mg are found
together in higher concentrations at several points, as are Na and Ca. Based on SEM/EDX analysis and
stoichiometry the formation of some compounds may be inferred. Figure 4 suggests that
orthophosphates such as CaNaPO4 (point 16) and KMgPO4 (points 17 and 18) are present together with
other phosphates having a composition, for example, close to that of CaK2P2O7 (point 1). Two of them
(KMgPO4 and CaK2P2O7) have previously been indentified in biomass ash samples (Lindström et al., 2007).
With rapeseed cake used in this study, sodium rich compounds have also been identified (e.g., CaNaPO4).
In addition, the point analyses indicate the presence of complex phosphate mixtures. Both these
complicate the melting behaviour: the substantial amount of sodium found in the rapeseed mixtures
could have a considerable influence on the melting behaviour of the phosphates. The problem is also
complicated by the fact that the melting behaviour of mixtures can differ dramatically from the melting
behaviour of the pure compounds, affecting the amount of melt and the first melting point of the ash.

The formation of mixed sulphate and phosphate salts was observed for B10 (Fig. 3a) and in fly ash from
100% rapeseed cake combustion (B0) (Fig. 2a). Alkali phosphates are completely miscible with many
alkali salts, e.g., sulphates (Lindberg et al., 2011), which could lower their solidus temperature and
increase the amount of melt occurring during combustion, leading to the formation of sticky ash particles
and the agglomeration of bed material grains. Only a few points indicate the presence of a mixed salt in
mixtures dominated by rapeseed cake ash. Accordingly, it is thought that the formation of mixed
sulphates and phosphate salts and the subsequent effects do not to have a significant influence on the
defluidization temperatures.

Figure 4. Example of an RC ash particle found in the bottom ash sample after 8 h of fluidized bed combustion at
800 C and its composition expressed in mol%, on an oxide basis, obtained from SEM/EDX studies. Composition is
normalized to 100 mol%. Before normalization, the composition ranged between 94 mol% and 100 mol% for the
elements shown.
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Mixtures

Fig. 5 shows the compositions of ash particles from the bottom ash samples collected after the
combustion of 50 wt% bark (B50) and 60 wt% bark (B60). It can be observed that sulphates formed in the
ash, but almost no calcium was present. Increasing the amount of bark in the fuel mixture, clearly, leads
to a change in the ash chemistry for both B50 and B60, phosphates are found mainly in the region
corresponding to orthophosphates, whereas sulphates most probably occur as (K,Na)2SO4.

Alkali and alkaline earth metals

The composition of phosphates found in the bottom ash (points corresponding less than 10 mol % SO3 in
Figs. 2, 3, and 5) are also presented in Figs. 6 and 7. The ternary diagrams for P2O5 were plotted
separately to determine the approximate amount of alkali and alkaline earth metals in the phosphate
compounds, which is of crucial importance in discussions of phosphate chemistry since the amount of
alkali and alkaline metals could affect the melting behaviour of phosphates (Lindström et al., 2007). In Fig.
5, it can be seen that the phosphates formed during rapeseed cake combustion contain no more than 20
mol% CaO+MgO. The ash particles, whose composition lies in range 2, contain 20 40 mol% of CaO+MgO.
The phosphates found in the bottom ash from B90 seem to be orthophosphates (indicated by 1) with an
alkaline earth metals content of approximately 50 mol% or higher. This is consistent with, for example,
the CaKPO4 reported to form during biomass combustion (Lindström et al., 2007), a compound with a
high melting temperature. Almost all the point analyses for B60 and B70 (Fig. 6) indicate the formation of
orthophosphates. As shown in Table 2, the (K+Na)/(Ca+Mg) fuel molar ratio decreases with increasing
proportion of bark in the fuel mixture, favouring the formation of alkaline dominated phosphates (Figs. 6
and 7).

Figure 5. Composition of bottom ash for tests B50 (a) and B60 (b) based on SEM/EDX. Points with SiO2>10 mol%
were excluded. Composition is normalized to 100%.
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Figure 6. Composition of ash particles in bottom ash samples from tests with 100% fuel (a), B0 and B100, and
mixtures (b) with a high proportion of rapeseed cake (B10) and with a high proportion of bark (B90) based on
SEM/EDX. Composition is normalized to 100%. Before normalization, the sum of the oxides corresponding to the
corners was above 90 mol%.
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CONCLUSIONS

Systematic studies were performed to determine the ash compositions resulting from the combustion of
rapeseed cake and bark mixtures. As the proportion of bark increased, the Ca/P molar ratio increased,
while the (Na+K)/(Ca+Mg) molar ratio decreased. This corresponds to higher defluidization temperatures
for fuel mixtures compared to those for 100% rapeseed cake. Extensive SEM/EDX point analyses of
bottom and fly ash samples indicate that phosphate dominated ash is responsible for the low
defluidization temperatures recorded. Rapeseed cake ash, most probably partly molten, consists of
particles that are heterogeneous in composition. Ash particles with a composition in the range 30 40
mol% P2O5 and 20 40 mol% CaO+MgO, with the remainder alkali metals, may be responsible for the
formation of low melting temperature ash during rapeseed cake combustion. This ash contributes to the
low defluidization temperature for rapeseed cake and rapeseed cake dominated mixtures. Addition of
bark to the fuel mixture favours the formation of orthophosphates (approximately 25 mol% of P2O5) with
an alkaline earth metals content 40 50 mol%. The influence of sodium on the melting behaviour of
phosphates needs to be investigated further.
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Figure 7. Composition of ash particles in bottom ash samples for B60 (left) and B70 (right) based on SEM/EDX.
Composition is normalized to 100%. Before normalization, the sum of the oxides corresponding to the corners was
above 90 mol%.
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Bed Agglomeration Characteristics in Fluidized-Bed Combustion of
Biomass Fuels Using Olivine as Bed Material
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ABSTRACT: The bed agglomeration characteristics during combustion of typical biomass fuels were determined in a bench-
scale bubbling fluidized-bed reactor (5 kW) using olivine and quartz sand as bed material. The fuels studied include willow,
logging residues, wheat straw, and wheat distiller’s dried grain with solubles (wheat DDGS). Bed material samples and
agglomerates were analyzed by means of scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM−EDS), for morphology and elemental composition. Furthermore, bed ash particles were separated by sieving from the
bed material samples and analyzed for elemental composition by SEM−EDS and for determination of crystalline phases by
powder X-ray diffraction (XRD). Chemical equilibrium calculations were performed to interpret the experimental findings of
layer formation and reaction tendencies in both bed materials. Significant difference in the agglomeration tendency between
olivine and quartz was found during combustion of willow and logging residues. These fuels resulted in inner layers that were
more dependent on the bed material composition, and outer layers that have a composition similar to the fuel ash characteristics.
The elemental composition of the inner layer formed on the quartz bed particles was dominated by Si, K, and Ca. In the olivine
bed, the inner layer consisted mainly of Mg, Si, and Ca. Chemical equilibrium calculations made for both bed materials showed a
low chemical driving force for K to react and be retained by the olivine bed particles, which is in accordance to the experimental
findings. For the quartz case, the inner layer was found responsible for the initiation of the agglomeration process. The
composition of the fewer and more porous agglomerates found after the experiments in the olivine bed showed neck
composition and characteristics similar to the individual bed ash particles found in the bed or outer bed particle coating
composition. For DDGS (rich in S, P, K, and Mg) and wheat straw (rich in Si and K), no significant differences in the bed
agglomeration tendency between olivine and quartz bed materials were found. The results show that the bed particle layer
formation and bed agglomeration process were associated to direct adhesion of bed particles by partly molten fuel ash derived
K−Mg phosphates for DDGS and K-silicates for wheat straw.

1. INTRODUCTION
Woody and several kinds of fast growing biomasses have been
used in a wide range of energy conversion applications during
the recent decades. Fluidized-bed combustion technologies
have grown to become one of the most suitable technologies
for combined heat and power production from biomass fuels.
In spite of many process advantages such as high fuel flexibility,
low process temperature, and emissions control, bed
agglomeration could be a potential problem which in the
most severe cases can lead to bed defluidization and
unscheduled plant shut down. Low melting temperature layers
formed on the surface of the bed material particles and/or low
melting temperature ash compounds has been identified as the
most important routes for initiation of the bed agglomeration
process during combustion of biomass fuels.1−6

The main bed particle layer formation and agglomeration
mechanisms during FB-combustion of biomass fuels in quartz
beds were summarized by Brus et al.,7 De Geyter,8 and Grimm
et al.9 and include the following: (a) bed layer formation
initiated by potassium silicate melt (formed on the bed particles
surface by the reaction with gaseous or liquid K-compounds)
accompanied by diffusion or dissolving of Ca into the melt,

followed by viscous-flow sintering and agglomeration (typical
for woody fuels with ash rich in Ca, K, and relatively low
amounts of Si and P); (b) direct reactions of K-compounds in
gaseous or aerosol phase with bed particles surface, forming low
melting K-silicates layers with subsequent viscous-flow sintering
and agglomeration (typical for fuels with high alkali and
relatively low Si and P content); (c1) direct adhesion of bed
particles by partly molten ash-derived potassium silicate
particles/droplets (typical for fuels with ash rich in potassium
and organically bound Si, i.e., Si that is integrated (on a
molecular level) in the organic structure of the biomass, and
low content of other ash-forming elements, e.g., straw fuels);
(c2) direct adhesion of bed particles by partly molten ash-
derived K−Ca/Mg-phosphates particles/droplets (typical for
biomass rich in P, K, and Ca/Mg, e.g., agricultural residues and
residues from cereal grain based bioethanol or biodiesel
production).
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Most of the studies on ash related problems performed to
elucidate the mechanisms involved in bed defluidization or
agglomeration during combustion of biomass have used quartz
as a model bed material. However, there are alternative bed
materials that have been used as counter measures for bed
agglomeration, like for example olivine. Olivine is also a
relatively commonly used bed material in fluidized-bed gasifiers
due to its catalytic activity with respect to tar reduction in the
producer gas.10 There are relatively few previous studies in the
literature focused on the bed agglomeration characteristics and
mechanisms using olivine as a bed material and the most
relevant are mentioned below.10−14

In fluidized-bed combustion experiments of olive residue
fuels, De Geyter et al.11 found that the agglomeration tendency
was significantly decreased using olivine compared to quartz as
bed material. The authors conclude that the Mg in the olivine
increases the melting temperatures of the silicate layers formed
on the bed particle surface. In combustion experiments of wood
and straw mixtures in a 12 MW CFB boiler, Davidsson and co-
authors12 found that the olivine bed significantly increased the
concentration of alkali chlorides in the combustion gases and
the bed agglomeration temperature was found to be higher than
in the corresponding experiments in a quartz bed. In similar
experiments with the same fuel samples, Pettersson et al.13

found that bed particle layers were formed on both bed
materials; however, the composition of the olivine bed particle
layers were different compared to those formed on the quartz
bed particles. Inner reaction layers on olivine bed particles were
rich in calcium but not in potassium, as were common for the
quartz bed particles. For the olivine case, potassium was found
to be concentrated in silicate ash aggregates in the bed.
Biomass FB gasification plants are often faced with similar

ash-related and agglomeration problems as in combustion.10,14

In an investigation on gasification of forest residues in a dual
fluidized-bed steam gasifier (8.5 MW) using olivine as bed
material, Kirnbauer and Hofbauer10 showed that two Ca-rich
layers were formed on the bed particles, also the Mg and Fe
concentrations in the inner bed particle layer were found to
decrease in comparison to the fresh olivine composition. The
outer bed particle coating layer showed a composition similar
to the fuel ash. The results from XRD analysis of the used bed
material showed the formation of significant amounts of
calcium/magnesium silicates such as Ca14Mg2(SiO4)8 and
Ca2SiO4, also MgO and Fe2SiO4 were detected.
In fluidized quartz and olivine bed gasification of different K-

rich fuels, i.e., giant reed, sweet sorghum, and olive bagasse,
Fryda et al.14 found no significant difference in the
agglomeration temperatures between both bed materials.
Molten ash rich in Si and K was found responsible for the
formation of bed agglomerates.
Recently, a certain attention has been paid to biomasses like

cereals and residues from production of biodiesel and
bioethanol by hydrolysis of rapeseed and wheat.15−20 The
composition of these types of biomasses differs from the
conventional biomasses, e.g., wood and straw, in their higher
phosphorus content. To our knowledge, there is still lack of
detailed information about bed agglomeration characteristics
and ash transformation processes in combustion of biomass
fuels in olivine beds, especially for those rich in phosphorus.
The objective of the present study was therefore to

determine the bed agglomeration characteristics during fluid-
ized-bed combustion of typical non-phosphorus and phospho-
rus-rich biomass fuels using olivine as bed material and to

compare the results with combustion experiments done in
quartz bed.

2. MATERIALS AND METHODS
2.1. Bed Material and Fuels. Fluidized-bed combustion experi-

ments were performed with four different types of biomasses using
olivine sand with a grain size fraction between 200 and 250 μm as bed
material. The olivine was mined from the Seqinnersuusaq Olivine
deposit, which is located north of the Fiskefjord between Maniitsoq
and Nuuk on Greenland’s west coast. Results are compared with
experiments done with the same experimental conditions and fuel
samples in quartz sand (98% SiO2) bed.

9

X-ray diffraction analysis (XRD) of the fresh olivine sand confirmed
that the dominating phase is (Mg, Fe)2SiO4. The elemental
composition of the fresh olivine and quartz beds is shown in Table 1.

The fuels were chosen based on the agglomeration mechanisms
previously identified in quartz bed material.9 Logging residues from
spruce (mainly tops and branches) obtained from SCA Skog AB
Norrbran̈slen, Sweden, and willow (whole tree) harvested from an
experimental plantation at the Institution of Agricultural Research for
Northern Sweden (NJV) in Umea,̊ Sweden, were used to represent
woody fuels which typically have Ca, K, and Si as the main ash forming
elements and were previously identified to follow bed agglomeration
mechanism (a) in the quartz bed. Typical wheat straw from southern
Sweden was used to represent agricultural residues with high K and Si
content, following agglomeration mechanism (c1) in the quartz bed.
Residues from ethanol production, wheat distillers dried grain with
solubles (wheat-DDGS) from an ethanol producer in Northern
Europe, was used as P and K rich fuel following mechanism (c2) in the
quartz bed. All fuels were pelletized to a diameter of 8 mm in a
laboratory scale pellet press. The fuel moisture content of the resulting
pellets was 10−12%.

The used fuels presented in Table 2 were analyzed according to
Swedish Standards for the contents of ash (SS-18 71 71), sulfur (SS-18
71 77), chlorine (SS-18 71 85), elementary composition (C, H, N, O),
and main ash forming elements with inductively coupled plasma-
atomic emission spectroscopy (ICP-AES).

2.2. Controlled Bench-Scale Fluidized-Bed Combustion
Procedure. The experiments were performed in a bench-scale (5
kW) bubbling fluidized-bed reactor (BFB), previously described by
Öhman and Nordin.21 The reactor is 2 m high, with a fluidized-bed
and freeboard inner diameters of 100 and 200 mm, respectively. To
obtain isothermal conditions in the bed, and to minimize the influence
of the reactor walls, electrical wall heating elements are employed. A
perforated stainless steel plate with 1% open area is used as an air
distributor. The primary air flow was set to 10 times the minimum
fluidizing velocity corresponding to about 1 m/s.

A total amount of 5 kg of each fuel was combusted in 540 g of each
bed material, i.e., olivine or quartz, during 8 h or until bed
agglomeration occurred. The bed temperature (measured with
thermocouples type N) was on average 800 °C for all experiments
except for the wheat straw which was combusted at an average
temperature of 730 °C to minimize the risk of bed agglomeration
during the combustion phase. The excess of oxygen level during all

Table 1. Bed Materials: Composition of Main Constituentsa

olivine quartz

K2O 0.041 0.06
Na2O 0.052 0.004
CaO 0.32 0.12
MgO 49 0.13
Al2O3 0.81 0.18
Fe2O3 8.4 0.12
SiO2 41 98.9
other 0.377 0.486

aValues given in weight percent.
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experiments (measured with a lambda probe) was approximately 8% in
dry flue gas.
After 8 h of combustion, the fuel feeding was stopped and bed

material samples were taken. Next, the temperature in the bed section
was raised at a constant rate of 3 °C/min by electrical heating until bed
agglomeration was achieved, or until the maximum temperature of
1060 °C was reached. Propane was combusted in the chamber prior
the air distributor in order to keep the temperature in the bed uniform
and provide realistic combustion atmosphere during the temperature
staging. Bed temperatures and differential bed pressures were recorded
and analyzed to detect the initial bed defluidization and agglomeration.
Previously, this method has demonstrated to determine the initial
defluidization temperature with a reproducibility of ±5 °C (standard
deviation).21 After each experiment, all remaining bed material and
agglomerates were collected for further analysis. Additionally, bed ash
particles were separated from the bed material samples (taken before
the agglomeration test) by sieving with a 100 μm pore mesh.
2.3. Chemical Characterization of the Bed Material and

Sieved Bed Ash Samples. The bed samples taken before and after
the agglomeration tests were mounted in epoxy and dry polished to
avoid possible leach out of soluble ash elements. The cross sections of
the bed particles were analyzed using scanning electron microscopy,
coupled with energy-dispersive X-ray spectroscopy (SEM−EDS), for
determination of the morphology and elemental composition of the
formed bed particle layers and agglomerate necks. More than 10
typical bed particles and 10 agglomerate necks (i.e., necks formed
between bed particles) from each bed sample were analyzed. The
elemental compositions were analyzed on each chosen bed particle
with six spots (EDS) evenly distributed over the formed layers or
agglomerate necks.
The sieved bed ash particle samples were ground (homogenized)

and analyzed for identification of crystalline phases by powder-XRD
and subsequent elemental SEM−EDS analysis. The samples were
attached to carbon tape and more than 15 elemental ash particles from
each experiment were analyzed by spot (EDS) analysis. Bed material
components and/or contaminants of the fuels, i.e., quartz (SiO2),
albite (NaAlSi3O8), microcline (KAlSi3O8), and olivine ((Mg,
Fe)2SiO4) grains are excluded from the results presented. The XRD
data collections were performed using a Bruker d8 Advance
instrument in θ−θ mode, with an optical configuration consisting of
a primary Göbel mirror, Cu Kα radiation, and a Van̊tec-1 detector.
Continuous scans were applied. By adding repeated scans, the total
data collection time for each sample lasted for at least 6 h. The PDF-2
databank22 together with Bruker software was used to make initial
qualitative identifications. The data were further analyzed with the

Rietveld technique and crystal structure data from ICSD23 to obtain
semi-quantitative information of the present crystalline phases.

2.4. Chemical Equilibrium Calculations. Chemical equilibrium
model calculations were performed to interpret the experimental
findings of layer formation and reaction tendencies for olivine and
quartz bed materials, i.e., for the experiments with willow and logging
residue fuels.

Fact-Sage 6.124 was used to investigate the thermodynamical driving
force and resulting potential layer composition from reactions between
the used bed materials and the fuel ash elements K and Ca (i.e.,
dominating ash forming elements in the willow and logging residue
fuels). The program uses the method of minimization of the total
Gibbs’ free energy of a chemical system. Thermodynamical data for
gaseous compounds, stoichiometric condensed phases, and non-ideal
solutions from the Fact-database were employed (Table 3).

Calculations were performed assuming that some of the bed particle
layers, corresponding to an average thickness of 10 μm, participate in
the chemical reactions. All K and Ca that were introduced by the fuel
ash were calculated to participate in the reactions. The chemical
equilibrium calculations were performed at 800 and 900 °C in both
oxidizing (excess of O2) and reducing (no O2) conditions.

3. RESULTS
3.1. Initial Defluidization Temperature in Controlled

Bench-Scale Fluidized-Bed Agglomeration Tests (CFBA).
The initial defluidization temperatures (IDT) of the tested fuels
are listed in Table 4. Results showed a large difference in the

IDT between olivine and quartz bed materials for the willow
fuel. The difference between the IDT for logging residues in
both beds were significant but rather small. For these fuels, the
IDT in olivine bed were well above the normal bed
temperatures in FB biomass boilers, i.e., 800−900 °C. For
wheat straw and DDGS fuels no significant difference in the
agglomeration tendency between olivine and quartz bed
materials could be found.

3.2. Bed Particle Layers Characteristics and Compo-
sition. Combustion of logging residues and willow in quartz
and olivine beds resulted in bed material particles with relatively
continuous and homogeneous inner reaction layers and more
granular structured outer coating layers. Typical bed particle

Table 2. Ash Content, Ultimate Analysis, and
Concentrations of Main Ash-Forming Elements in the Used
Fuelsa

willow logging residues wheat straw DDGS

ash cont. 2.1 2.4 5.7 4.4
C 50.3 51.2 46.2 48
H 4.8 5.8 5.6 6.9
N 0.8 0.4 0.9 5.9
O (diff.) 41.3 40.4 41.7 33.5
K 0.25 0.17 1.25 1.06
Na 0.011 0.014 0.03 0.01
Ca 0.50 0.51 0.40 0.109
Mg 0.044 0.061 0.10 0.278
Al 0.017 0.036 0.006 0.0013
Fe 0.01 0.024 0.005 0.01
Si 0.086 0.29 0.80 0.101
P 0.059 0.046 0.13 0.825
S 0.04 0.041 0.19 1.03
Cl <0.01 <0.01 0.26 0.22

aTrace elements are not shown. Values given in weight percent of dry
substance.

Table 3. Elements and Solution Models Used in the
Chemical Equilibrium Model Calculationsa

elements C, H, N, O, K, Ca, Mg, Fe, Si

solution
models

slag melt: SLAGA (MgO, SiO2, CaO, K2O, Fe2O3, FeO)
(liquid)

salt melt: SALTA (KOH, K2CO3, K2O) (liquid)
olivine: (Mg, Fe, Ca)/SiO3

(Ca, Mg): liq-K, Ca/CO3, SO4 (LCSO) s-K, Ca/CO3, SO4
(SCSO)

aThe designations of the solution models are the ones used in Fact-
Sage 6.1.

Table 4. Initial Defluidization Temperatures (IDT) for the
Used Fuels

fuel olivine bed (°C) quartz bed (°C)a

willow >1060 900
logging residues >1060 1030
DDGS def. during comb. at ∼800 total def. during comb. at

∼800
wheat straw 740 750
aFrom the work of Grimm et al.9
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cross sections for these fuels are showed in Figure 1. In
combustion of logging residues, the total thickness of the
formed layers (after 8 h combustion) was always under 10 μm
for the analyzed olivine and quartz bed particles. In combustion
of willow, there were significant differences in the bed particle
layer thickness between the olivine and the quartz bed particles.
The analyzed quartz particles had in general a maximum layer
thickness of 20 μm, whereas the bed particle layer thickness was
always under 10 μm for the olivine case.
Only discontinuous (outer) coating layers resembling lumps

of fused ash particles adhered to the bed particles were formed
during combustion of wheat straw and DDGS in quartz and
olivine bed materials (Figure 2).
The elemental composition of the inner reaction layers for

logging residues and willow is shown in Figure 3. Pure logging
residues in the quartz bed is not shown because the developed
inner layers were too thin to permit analysis with SEM−EDS.9
Logging residues in the olivine bed resulted in inner layers rich
in Mg, Si, and Ca. Willow resulted in inner layers dominated by
Mg, Si, and Ca in the olivine bed, and Si, K, and Ca in the
quartz bed. The outer coating layers for logging residues and
willow in both bed materials had a composition more similar to
the fuel ash composition and consisted mainly of Ca, Si, K, Mg,
and P (Figure 4).
For wheat straw and DDGS, no significant differences in the

elemental composition of the (outer) coating layer for both bed
materials were found. Coating layers resemble the fuel ash

composition for both fuels and consisted mainly of Si and K, for
wheat straw, and P, K, Mg, and Si for DDGS (Figure 5).

3.3. Sieved Bed Ash Particle Composition. Various
amounts of individual bed ash particles were found in the bed
ash samples depending on the fuel. The XRD analysis of the
sieved bed samples showed occurrence of minerals introduced
as fuel contaminants and/or rests of bed material not separated
by the sieving, i.e., quartz (SiO2), microcline (KAlSi3O8), albite
(NaAlSi3O8), and olivine ((Mg, Fe)2SiO4). The XRD results
showed in Table 5 are therefore presented on a sand- and
olivine-mineral-free basis to facilitate the comparison. It should
be noted that the bed ash includes material that probably has
been partially molten and upon cooling form crystalline and
amorphous materials where the latter can not be directly
identify by XRD analysis.
For willow and logging residues in quartz bed, the amounts

of individual separate ash particles in the bed samples were low.
For willow in quartz bed, no SEM/XRD analysis could be done
because the ash particles retained in the bed were too scarce for
analyzable amounts to be separated.9 The amount of ash
particles in the bed samples for the last fuels in olivine bed was
found to be much higher than in the corresponding quartz bed.
The crystalline phases detected in the bed ash for logging

residues in quartz bed were dominated by Ca−Mg-silicate,
cristobalite (SiO2), Ca-phosphate, K-sulfate, and Ca-carbonate.
In the olivine bed, Ca-silicate, Ca−Mg-silicates, K−Al-silicate,
cristobalite (SiO2), and Mg-oxide were the dominating

Figure 1. Scanning electron microscopy (SEM) images of typical cross sections of bed particle layers/coatings formed during combustion of logging
residues and willow in quartz and olivine bed materials.
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crystalline phases. For willow in the olivine bed, Mg-oxide, K-
sulfate, Ca-phosphate, Ca−Mg-silicates, K−Al-silicate, and K−
Mg-silicate were detected.
In combustion of wheat straw and DDGS, the amount of

individual bed ash particles in the bed samples was high. Major
detected crystalline phases in the wheat straw bed ash samples
in the quartz bed were dominated by K-sulfate, Ca−K-
phosphate, and Ca-phosphate. In the olivine bed, K-sulfate,
Ca−Mg-silicate, Ca-phosphate, K−Mg-silicates, Ca-silicates,
and Mg-oxide were the main crystalline phases detected.

DDGS resulted in bed ash dominated by K−Ca/Mg-
phosphates and minor amounts of Ca−Mg-silicates in both
bed materials. The elemental composition of the analyzed
separate bed ash particles is shown in Figures 6 and 7 and
resembles the bed particle outer coating layers.

3.4. Agglomerate Neck Composition. Figure 8 shows a
typical example of the agglomerates found in the bed samples
for willow and logging residues in quartz bed. For the olivine
case, lower amount of agglomerates were found compared to

Figure 2. SEM images of typical cross sections of bed particle layers/coatings formed during combustion of wheat straw and DDGS in quartz and
olivine bed materials.

Figure 3. Elemental composition on C- and O-free basis of the inner
reaction bed particle layers for logging residues and willow.

Figure 4. Elemental composition on C- and O-free basis of the outer
bed particle coating layers for logging residues and willow.
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the corresponding experiments in quartz bed. Two types of
agglomerates were found in bed samples from combustion of
the two woody biomass fuels in the olivine bed. One type
consisted of mixed quartz−olivine particles (quartz particles
that most probably were introduced as contaminants of the
fuel) with the neck formed by the inner layer of the quartz
particle (Figure 9 left), and a second type of agglomerates had
necks formed between olivine bed particles, consisting of lumps
of molten ash (Figure 9 right).
For both wheat straw and DDGS fuels (in both bed

materials), only lumps of molten ash were found to form the
necks between the bed particles.
The elemental composition of the agglomerate necks is

shown in Figures 10 and 11.

For willow and logging residues in quartz, the neck
composition was similar to the composition of the inner bed
particle reaction layer, i.e., rich in Si, K, and Ca. In the olivine
bed, the neck composition of the “mixed olivine−quartz”
agglomerates (not shown in the Figure 10) were rich in Si, K,
and a minor amount of Ca, i.e., similar to the composition of
the inner reaction layer formed on quartz particles. The
agglomerates necks between olivine particles for willow and
logging residues were rich in Si, K also containing some Ca and
Mg (Figure 10).
Wheat straw and DDGS formed agglomerate necks with

composition similar to the discontinuous (outer) coating layer
formed on both bed materials (Figure 11).

3.5. Chemical Equilibrium Calculations. The chemical
equilibrium calculations performed for combustion of willow

Figure 5. Elemental composition on C- and O-free basis of the (outer)
coating layers for wheat straw and DDGS.

Table 5. Crystalline Phases Identified with XRD in the Sieved Bed Ash Samplesa

logging residues willow wheat straw DDGS

olivine quartz olivine quartzb olivine quartz olivine quartz

CaO 3 na
CaCO3 11 na 14
K2Ca(CO3)2 na 3
MgO 5 22 na 6
CaSO4 na 2 8
K2SO4 11 19 na 34 61 10
K3Na(SO4)2 na 4
KCl na 3
Ca5(PO4)3(OH) 21 19 na 11 9 4
Ca3(PO4)2 na 6 8
CaK2P2O7 na 30 34
CaKPO4 na 18
KMgPO4 na 38 12
Ca3Mg(SiO4)2 6 14 na 5 2 8 14
Ca2MgSi2O7 19 11 na 3 5
CaSiO3 54 na 8
CaMg(SiO3)2 37 na 13
K2MgSiO4 4 na 8
KAlSiO4 8 na
KAlSi2O6 8 na
SiO2 (cristobalite) 8 20 na 4 c 15 c

aThe values in the table give the contents of crystalline phases (wt %) on a sand- and olivine-mineral free basis in the different samples as the result
of semi-quantitative refinement of the XRD data with Rietveld technique of the sieved bed ashes. bQuantification for willow bed ash was not possible
due to the scarce amount of sample. cTraces.

Figure 6. Elemental composition on C and O free basis of the sieved
bed ash particles found in the bed samples for logging residues and
willow.
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and logging residues at 800 and 900 °C, in oxidizing
atmosphere (6% O2) and reducing atmosphere (no O2),
showed no large difference between the cases. The results from
the calculations in quartz bed predicted all K and Ca introduced
by the fuel to mainly form K2Si2O5 (s), a K-rich silicate melt,
and CaSiO3 (s). In the olivine bed, all K introduced by the fuel
is predicted to form KOH (g), K2CO3 (s), and a small amount
of a K-rich silicate melt. The Ca is predicted to react with the
bed material to mainly form Ca3MgSi2O8 (s), minor amounts
of Ca2Fe2O5 (s), and CaFe2O4 (s). The major part of the Mg in
the olivine is predicted to form Ca3MgSi2O8 (s) and MgO (s).

4. DISCUSSION
The following discussions are based on relative compositional
differences and changes in the bed material layers/coatings,
agglomerate necks, and bed ash particles as obtained from the
SEM−EDS and XRD analyses, as well as on the result from the
CFBA tests and the chemical equilibrium calculations. Table 6
summarizes the results presented in section 3.
Logging residues and willow are fuels with relatively high Ca

and K content in comparison to organic bound Si, i.e., silicon
that is integrated (on molecular level) in the organic structure
of the biomass. In quartz bed combustion of these fuels, the
inner reaction layer and agglomerate necks were found to have
similar compositions dominated by Si, K, and Ca (Table 6);
thus, the inner bed particle reaction layer is responsible for the
initiation of the bed agglomeration process. As found in several

previous studies on FB combustion of these types of fuels, the
agglomeration process is usually initiated by the formation of an
inner layer by reaction of gaseous or liquid K-compounds with
the surface of the bed material particles to form a K-silicate rich
melt, accompanied by diffusion or dissolving of Ca into the
melt, followed by viscous flow sintering and agglomeration
according to mechanism (a).7,8 In the K2O−CaO−SiO2 ash
system,25 the Ca/K ratio is particularly interesting since
increasing the Ca content results in approaching regions with
higher melting temperatures, whereas increasing the K
concentration moves the composition toward regions with
lower eutectic temperatures, illustrating the effect of increased
initial melting temperatures by introducing Ca into a potassium
silicate melt (suspended or adhered ash particles).11,26 Willow
resulted in higher agglomeration tendencies than logging
residues due to the lower Ca/K ratio in the fuel ash.9

In combustion of both logging residues and willow fuels in
olivine bed, no significant concentrations of K were found in
the inner reaction bed particle layer, who was mostly
dominated by Mg, Si, and Ca; see Table 6. For the willow
fuel, i.e., the woody fuel with highest K/(Si + P) ratio,
significant thinner inner reaction layer were found around the
olivine bed particles compared to the quartz bed particles.
Furthermore, the results from the chemical equilibrium
calculations showed a low chemical driving force for K to be
retained in the inner bed particle layer of the olivine bed
material. A high driving force for Ca (introduced by the fuel
ash) to react with the olivine bed and form Ca−Mg-silicates
was found instead. During the reactions with the olivine grains,
some of the Mg (in the olivine) seem to be liberated as MgO
according to the calculations. The latter phase was found in the
sieved bed ash particles from combustion of willow and logging
residues fuels in olivine but not in quartz; see Table 5. MgO
was also found in the used olivine bed material from wood
gasification experiments.10 The latter investigation as well as
one on combustion of wood−wheat straw mixtures in the
olivine bed, showed low K concentrations in the layers formed
around the olivine bed particles.10,12,13 In the study done by
Davidsson et al.,12 the concentration of alkali in the combustion
gases was found to be significantly higher in the olivine bed
than in the corresponding experimental runs in quartz bed.
This may lead to increased fouling and corrosion problems.
The results from the thermodynamical equilibrium calculations
therefore seem to be in qualitatively good agreement with both
the experimental results from this and previous investigations.

Figure 7. Elemental composition on C and O free basis of the sieved
bed ash particles found in the bed samples for wheat straw and DDGS.

Figure 8. SEM images of typical cross sections of bed particle agglomerate necks for willow (left) and logging residues (right) in the quartz bed.
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In the ash system CaO−MgO−SiO2,
27,28 no melts are found

below 1320 °C; this means that the inner reaction layers
formed in olivine bed combustion are not sticky at FB
temperatures. The agglomerate necks between olivine particles
found by analyzing the bed samples after the agglomeration test
were mainly dominated by Si, K, Ca, and Mg. The individual
ash particles found in the bed (Table 5) consisted mainly of
Ca/Mg-silicates and oxides with high melting temperature,

most crystalline but also a part of amorphous material probably
rich in K, Si, and Ca. The latter ash compounds could possibly
start to melt during the agglomeration test and therefore
become sticky and able to form some more loose agglomerates
that probably do not have a major impact on the fluidization
behavior of the bed.
For wheat straw and DDGS, no major differences in the

agglomeration characteristics (i.e., agglomeration tendency, bed
particle layer, and agglomerate neck composition) between
quartz and olivine bed materials were found.
During combustion of wheat straw (fuel rich in Si and K),

the high amount of sticky K-silicate formed during combustion
was found to be responsible for the initiation of the
agglomeration process. The K2O−SiO2 ash system29 reveal
regions with low eutectic temperatures (as low as 710 °C)
which is in accordance to the initial defluidization temperature
obtained by the CFBA method. The mechanism was earlier
described in quartz bed as direct adhesion of bed particles by
partly molten ash-derived potassium silicate particles/drop-
lets.30 Mechanism (c1) is therefore also direct applicable in
olivine beds.
DDGS formed (outer) coating layers and agglomerate necks

with similar composition in both bed materials, mainly
dominated by P, K, Mg, and Si; Table 6. The K-rich
phosphates formed during combustion of this fuel, Table 5,
are found to be contained in a complex melt that beside K, P,
and Mg also contains some Si and Ca. This complex phase has
most probably a comparable lower melting temperature than
the former species separately, i.e., close to multicomponent
eutectic or peritectic compositions. An interpretation of the
available K−Mg−P31−34 and Ca−K−P35−40 phase diagrams
indicate that ash compositions close to the binary K2O−P2O5
region, exhibit eutectic temperatures as low as 590 °C, while an
increased content of Ca or Mg strongly shifts the melting
temperatures to over 1000 °C. The DDGS fuel ash molar ratio
(K + Na)/(Ca + Mg) is around 2, this points to a lack of
available Ca and Mg to increase the melting temperature of the
K-rich-phosphates formed during the thermochemical con-
version of the fuel ash. Moreover, comparing K−Mg- and Ca−
K-phosphates with the same amount of K, it can be seen that
the first ones have significant lower melting temperature than
the last ones. For example, K2MgP2O7 [melting point (mp) =
736 °C]31−34 compared to the homologous CaK2P2O7 (mp
=1143 °C),38 which indicate that the abundance of Mg
compared to Ca in this fuel could contribute to the formation

Figure 9. SEM images of typical cross sections of bed particle agglomerate necks for willow in olivine bed. Mixed olivine−quartz particles (left) and
only olivine particles (right).

Figure 10. Elemental composition on C-and O-free basis of the
agglomerate necks found in bed samples for logging residues and
willow in quartz and olivine bed.

Figure 11. Elemental composition on C-and O-free basis of the
agglomerate necks for wheat straw and DDGS.
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of low melting temperature K−Mg-phosphates resulting in a
high agglomeration tendency. One potential measure to reduce
or prevent agglomeration problems with this or similar kind of
fuels could be to admix a Ca-rich fuel,41,42 e.g bark, or to use
Ca-rich chemical additives; which will promote the formation
of high melting temperature K−Ca-phosphates. The bed
agglomeration mechanism for the DDGS fuel in both bed
materials can therefore be described as direct adhesion of bed
particles by partially molten K−Mg-phosphates in both bed
materials, mechanism (c2).

5. CONCLUSION

• A significant difference in agglomeration tendency was
found between the olivine and quartz bed material when
combusting willow and logging residues, i.e., typical
woody fuels containing Ca, K, and a relatively low
amount of Si.

• Both woody fuels resulted in relatively continuous inner
reaction layers for both bed materials and outer coating
layers with more granular structure. The inner reaction
layer was rather homogeneous and had a composition
mainly dominated by Si, K, and Ca for the quartz bed,
and Mg, Si, and Ca for the olivine bed. The outer coating
layer had a composition that resembles the fuel ash. No
significant concentrations of K were found in the inner
olivine bed particle layers. In addition, the chemical
equilibrium calculations showed a low chemical driving
force for K to be retained by the olivine bed material.

• In quartz bed combustion of the woody fuels, the inner
reaction layer was found responsible for the initiation of
the agglomeration process. In the olivine bed, the
composition of the fewer and more porous bed
agglomerates showed neck composition and character-
istics more similar to the individual bed ash particles
found in the bed or outer bed particle coating
composition.

• The results revealed no significant differences in bed
agglomeration tendency between olivine and quartz
during combustion of DDGS and wheat straw fuels.
For these fuels, the differences between the (outer)
coating layer and bed agglomerate neck composition
were minimal. The results show that the bed particle
layer formation and bed agglomeration process were
associated to direct adhesion of bed particles by partly

molten ash derived K-silicates for wheat straw and K−
Mg-phosphates for DDGS.
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(30) Brus, E.; Öhman, M.; Nordin, A.; Boström, D. Energy Fuels
2004, 18, 1187−1193.
(31) Berak, J.; Podhajska-Kazmierczak, T. Pol. J. Chem. 1991, 65 (7−
8), 1137−1149.
(32) Berak, J.; Podhajska-Kazmierczak, T. Pol. J. Chem. 1991, 65 (7−
8), 1151−1163.
(33) Berak, J.; Podhajska-Kazmierczak, T. Pol. J. Chem. 1991, 65 (7−
8), 1165−1172.
(34) Berak, J.; Podhajska-Kazmierczak, T. Pol. J. Chem. 1991, 65 (7−
8), 1173−1184.
(35) Novakovic, A.; Van Lith, S. C.; Frandsen, F. J.; Jensen, P. A.;
Holgersen, L. B. Energy Fuels 2009, 23, 3423−3428.
(36) Znamierowska-Kubicka, T. Rocz. Chem. 1977, 51 (11), 2089−
2098.
(37) Znamierowska, T. Pol. J. Chem. 1978, 52 (6), 1127−1134.
(38) Znamierowska, T. Pol. J. Chem. 1978, 52 (10), 1889−1895.
(39) Znamierowska, T. Pol. J. Chem. 1979, 53 (7−8), 1415−1423.
(40) Znamierowska, T. Pol. J. Chem. 1981, 55 (4), 747−756.
(41) Piotrowska, P.; Grimm, A.; Skoglund, N.; Boman, C.; Öhman,
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" Fuel properties of residues from wheat-based ethanol production were determined.
" Fluidized bed, grate and powder combustion, and ash characterisation.
" Powder combustion produced K- and P-rich fine particles, with risks of fouling.
" The slagging and bed agglomeration tendencies were high.
" Mixtures with Ca-rich logging residues reduced these tendencies considerably.
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a b s t r a c t

The present transition to a sustainable global energy system requires that biomass is increasingly com-
busted for heat and power production. Agricultural fuels considered include alkali-rich fuels with high
phosphorus content. One such fuel is wheat distiller’s dried grain with solubles (wheat DDGS) from
wheat-based ethanol production. Further increases in ethanol productionmay saturate the currentmarket
for wheat DDGS as livestock feed, and fuel uses are therefore considered. Fuel properties of wheat DDGS
have been determined. The ash content (5.4 ± 1.6 %wtd.s.) is similar to many agricultural fuels. In compar-
ison to most other biomass fuels the sulphur content is high (0.538 ± 0.232 %wtd.s.), and so are the contents
of nitrogen (5.1 ± 0.6 %wtd.s.), phosphorus (0.960. ± 0.073 %wtd.s.) and potassium (1.30 ± 0.35 %wtd.s.). To
determine fuel-specific combustion properties, wheat DDGS and mixes between wheat DDGS and logging
residues (LR 60 %wtd.s. and DDGS 40 %wtd.s.), andwheat straw (wheat straw 50 %wtd.s., DDGS 50 %wtd.s.) were
pelletized and combusted in a bubbling fluidised bed combustor (5 kW) and in a pellets burner combustor
(20 kW). Pure wheat DDGS powder was also combusted in a powder burner (150 kW). Wheat DDGS had a
high bed agglomeration and slagging tendency compared to other biomass fuels, although these tenden-
cies were significantly lower for the mixture with the Ca-rich LR, probably reflecting the higher first melt-
ing temperatures of K–Ca/Mg-phosphates compared to K-phosphates. Combustion and co-combustion of
wheat DDGS resulted in relatively large emissions of fine particles (<1 lm) for all combustion appliances.
For powder combustion PMtot was sixteen times higher than from softwood stemwood. While the Cl con-
centrations of the fine particles from the the mixture of LR and wheat DDGS in fluidised bed combustion
were lower than from combustion of pure LR, the Cl- and P-concentrations were considerably higher from
the wheat DDGS mixtures combusted in the other appliances at higher fuel particle temperature. The par-
ticles from powder combustion of wheat DDGS contained mainly K, P, Cl, Na and S, and as KPO3 (i.e. the
main phase identified with XRD) is known to have a low melting temperature, this suggests that powder
combustion of wheat DDGS should be used with caution. The high slagging and bed agglomeration ten-
dency of wheat DDGS, and the high emissions of fine particles rich in K, P and Cl from combustion at high
temperature, mean that it is best used mixed with other fuels, preferably with high Ca and Mg contents,
and in equipment where fuel particle temperatures during combustion are moderate, i.e. fluidised beds
and possibly grate combustors rather than powder combustors.
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1. Introduction

The present transition to a sustainable global energy system re-
quires that potentially problematic types of biomass with unfamil-
iar properties are increasingly combusted for heat and power
production. One such fuel is residues from wheat-based ethanol
production, known as wheat distillers dried grains (wheat DDGS),
which may become available in considerable quantities for fuel
uses. The worldwide ethanol production of 38.2 million cubic
metres in 2006 (216 TW h), is modest compared to the annual en-
ergy use within the transport sector of more than 10,000 TW h, of
which 95% is fossil [1]. Apart from sugars, directly fermentable to
ethanol, the main source of ethanol is currently starch from corn
(maize) and wheat. Wheat grain is the most common feedstock
for ethanol in the EU, with a production capacity of 1.51 million
cubic metres annually, and 1.16 million cubic metres under
construction [2]. The installed capacity in Canada is 0.382 million
cubic metres [3]. Only about 50% of the energy in the wheat grain
can be converted into ethanol. About 30 %wta.r. of the grain feed-
stock is converted to wheat DDGS, and is mainly used as a source
of protein and energy for ruminants. Further increases to replace
a more substantial fraction of the world’s transport fuel use may
saturate this market, and uses like combustion or anaerobic diges-
tion to biogas may therefore be considered. Combusting it to sup-
ply heat for the ethanol production process would contribute to
the net environmental benefits of ethanol as a transport fuel. Eth-
anol production can also be a way to utilise part of the heat from
combined-heat and power production as recommended by the
US Environmental Protection Agency (EPA) [4]. In the US, where
expanded production has lowered the prices, the use of maize-
based DDGS for process heat production has been studied by Mor-
ey et al. [5]. In Canada, supply of DDGS will exceed the demand for
livestock feed at an ethanol production of about 11 TW h (includ-
ing maize-based production which also generate livestock feed)
[3]. In Sweden, the demand of wheat DDGS for livestock feed will
be exceeded at an ethanol production of 2–3 TW h (about 5% of
current gasoline use) [6].

To produce ethanol, wheat grains are ground to meal, which is
mixed with water and enzymes. The starch (60 %wtd.s.) is hydroly-
sed to sugars. Yeast is added, fermenting the sugars into ethanol at
a theoretical yield of 51 %wt. The ethanol is separated from the slur-
ry through distillation. The solid material in the ethanol-free slurry
(whole stillage) is separated through centrifugation from the liquid
(thin stillage), which is filtered and concentrated through evapora-
tion of moisture. After remixing and drying the resulting distillers’
dried grains with solubles (DDGS) are pelletised. The amount of
DDGS produced is roughly equivalent to 30 %wta.r. of the wheat
grain feedstock [7,8]. Removing the starch concentrates the inor-
ganic elements, and wheat DDGS has high concentrations of K
[9,10] which is known to contribute to ash-related operational
problems, e.g. fouling and high-temperature superheater corrosion
[11]. Wheat DDGS also has high concentrations of P [12,13], which
is known to interact with K, e.g. reduce the risk of high tempera-
ture corrosion [14] and form potassium phosphates with low melt-
ing points which may cause slagging [15]. Several phosphorus-rich
fuels have been found to have problematic properties, including
meat and bone meal [16,17], chicken litter [18], sewage sludge
[19] and peat [20]. Very little work has been devoted to alkali-rich
fuels with high phosphorus content, as most combustion studies
concern agricultural residues where silicon forms the main anions,
e.g. straw and most short-rotation energy crops. Among the excep-
tions are meat and bone meal [16,17], sewage sludge [21], cereals
[22], rape seed cake [23], rapeseed meal (RM) [24,25] and barley
DDGS [26]. Phosphorus may be present either in inorganic/mineral
form (e.g. meat and bone meal, sewage sludge) or in organic form
(e.g. RM, cereals, DDGS).

Lindström et al. measured slag formation from the combustion
of cereals (wheat, barley, ray and oats) in a small-scale horizontal
burner, with wheat combustion resulting in more slag than the
other fuels [27]. Rapeseed meal, with high concentrations both of
P and of K, was not unduly problematic in grate and fluidised
bed combustion, as its reasonably high concentrations of Ca and
Mg raised the first melting temperatures of ashes. On the other
hand, powder combustion of rapeseed meal resulted in K- and
P-rich compounds with amorphous structure (from previous melt-
ing), suggesting likely fouling problems from use at high combus-
tion temperatures [25]. Wheat DDGS differ from rapeseed meal as
it has much lower concentrations of Ca and Mg, and compared to
wheat cereals, it contains more S as well as having far higher total
concentrations of ash-forming elements.

The interaction between P and K is complex. The affinity to P
may mean that the mass fraction of K that either forms coarse par-
ticles or is retained in the furnace (e.g. in the bottom ash) is in-
creased. Phosphorus may cause problems in the furnace as many
K-phosphates have low first melting temperatures which could
lead to slagging and bed agglomeration, a risk which may be re-
duced if they react with CaO/MgO to K–Ca–Mg-phosphates with
higher melting points [28]. The interaction of K, Ca and P in a ter-
nary system has been studied by Novakovic et al. [29], who found
that a decrease in the Ca/P-ratio lead to a decrease in the K-release
rate. Wheat DDGS also have high S-concentrations [13]. The pres-
ence of SO3 in the flue gas may lead to the sulphatization of KCl.
Elled et al. combusted municipal and paper mill sludges in a fluid-
ised bed, the former fuel having far higher P-concentration. They
found that phosphorus increased the emissions of SO2, as Ca-phos-
phates were formed rather than calcium sulphates [30]. Regarding
P-rich fuels, another consideration is the limited supply of soluble
phosphorus, which is an essential nutrient. As some reuse of phos-
phorus-rich agricultural residues will probably be required [31],
the feasibility of phosphorus recovery from the ash will be an
important issue, requiring improved knowledge of its ash
transformations.

Thermal gasification experiments with wheat DDGS have been
performed by Tavasoli et al. [12], in a fixed-bed micro reactor. Re-
moval of fibres (about 12% of the mass) from corn-based DDGS has
been attempted experimentally to increase its nutritional value
and digestibility for pigs and poultry [32]. Biogas production
through anaerobic digestion has also been used [33]. Thus, only a
limited number of studies have previously been published on com-
bustion and gasification of DDGS and of these only Tavasoli’s study
concerns wheat DDGS. There are no studies known to the authors
about ash transformations in combustion of wheat DDGS.

The objective of this work was therefore to

(i) determine the fuel and combustion properties of wheat
DDGS, including gaseous emissions, particle emissions, ash
transformations and risks of ash-related operational
problems;

(ii) identify suitable uses of wheat DDGS in mixes with other
biomass fuels or as additives to other fuels.

2. Method

2.1. Characterisation of fuel properties of wheat based DDGS

The ETDE [34] and the Web of Science databases were used. The
only fuel analysis found was the work by Tavasoli et al. [12], which
did not include concentrations of ash-forming elements. Several
published feed analyses were found and in addition an ethanol
producer in northern Europe provided feed analyses (including
moisture content, ash content, concentrations of P, K, Ca, Mg, Na,
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As, Cd, Hg and Pb). From these analyses the ranges of variation in
fuel-/feed analyses properties were determined.

2.2. Fuel used for combustion tests

A relatively typical wheat DDGS sample from an ethanol
producer in northern Europe was selected for the present study.
The sample was analysed for moisture content (SS-18 71 70), vol-
atile content (ISO-562), ash content (SS-18 71 71), lower heating
value (SS-ISO 1928), elementary composition (C, H, O, N), sulphur
content (SS-18 71 77) and chlorine content (SS-18 71 54). Contents
of main ash-forming elements (including Si, K, Na, Ca, Fe, Mg, Al, P
and Mn) were determined using inductively-coupled plasma-
atomic emission spectroscopy (ICP-AES). Contents of trace ele-
ments were determined using ICP-AES for As, Cd, Co, Cu, Hg, Ni,
Pb, B, Sb and Se and using inductively-coupled plasma mass spec-
troscopy (ICP-MS) for Ba, Cr, Mo, Nb, Sc, V, W, Y, Zn and Zr.

Handling and feeding of biomass fuels may be problematic. To
determine the risk of DDGS powder forming bridges, a test de-
signed by Paulrud et al. was employed [35], using vertical funnels
of different opening sizes, with a minimum of 60 mm. Thermo-
Gravimetric Analysis (TGA) of DDGS was performed to compare
the devolatilisation rate with the one of typical softwood stem
wood powder [25]. A heating rate of 20 �C per minute was used.
The purge gas was nitrogen (100 ml/min). The sample mass used
was 14 mg for wheat DDGS and 5–6 mg for wood.

In two of the three combustion experiment series with a fluid-
ised bed and an underfed pellet burner, respectively, pelletised fuel
was used. In the third, pulverised DDGS fuel was used, with soft-
wood stem wood powder [25] used for comparison. Pellets
(8 mm diam.) of wheat DDGS as received were used for the com-
bustion tests. In addition, tests were made with pelletised (8 mm
diam.) mixtures of DDGS and two other biomass fuels. These were
logging residues (LR) and wheat straw. DDGS was mixed with LR at
40 %wtd.s. and with wheat straw at 50 %wtd.s. For the combustion
experiment with DDGS pellets in the underfed pellet burner, com-
bustion could not be sustained due to severe slag formation, and
therefore a mixture of DDGS pellets and 50 %wta.r. of wood pellets
was used (the DDGS contributing to 90% of the ash content of
the mix).

For the powder combustion tests, ground DDGS pellets were
used. Sieving showed that the resulting DDGS powder was slightly
finer than wood powder, with particles with diameters below
about 260 lm making up 50% of the mass. The composition of
the raw materials used (before pelletisation) and of the fuels used
in the combustion experiments is shown in Tables 1–3,
respectively.

2.3. Combustion tests in a fluidised bed

Each of the pelletised fuels was combusted in a bench-scale flu-
idised bubbling bed (5 kW) (Fig. 1). The bed material consisted of
quartz sand (at least 98 %wt SiO2) with grain diameters between
200 and 250 lm. All fuels were first combusted at a bed tempera-
ture of 800 �C for 8 h (corresponding to a total amount of 5 kg fuel/
experiment) or until bed defluidisation occurred. For fuels contain-

ing wheat straw, a bed temperature of 730 �C instead of 800 �C was
used. During combustion of DDGS and wheat straw–DDGS bed
defluidisation occurred after 2 h and 1 h, respectively. The temper-
ature in the freeboard was 800 ± 15 �C. The temperatures were
controlled via individual regulation of the wall heating sections.
During combustion the oxygen content in the dry gas was 8–10%
and the CO concentration was below 100 ppm. The fluidising
velocity was 1 m/s, corresponding to ten times the minimum flui-
dising velocity. Bed agglomeration tendencies of the fuels were
quantified using a method developed and evaluated by Öhman
and Nordin [36]. The reproducibility of the initial defluidisation
temperature measured with this method has previously been
determined to be ±5 �C (SD) [36]. After the combustion had been
completed, the bed temperature was raised at a constant rate of
3 �C per minute by heating of the primary air and of the bed section
walls. Combustion of propane gas in a chamber prior to the pri-
mary air distributor plate was started to keep the temperature uni-
form and provide realistic combustion atmosphere during the
temperature staging. Four bed temperatures and four differential
pressures were recorded to detect initial bed agglomeration. After
each experiment, all bed material/agglomerates were collected for
further chemical analysis. During the combustion period, flue gas
of about 200 �C was sampled after the cyclone (cut-off size
10 lm) and concentrations of O2, CO and NO were continuously
measured using a Testo XL 350 gas analyser (electrochemical sen-
sors). The concentrations of SO2 and HCl were continuously moni-
tored using Fourier transform infrared spectroscopy (FTIR).

Total particulate matter (PMtot) mass concentrations were mea-
sured through isokinetic sampling from the flue gas at about 160 �C
using conventional equipment with quartz fibre filters. The PM
mass size distribution was determined in a 13-stage low-pressure
cascade impactor (LPI) from Dekati Ltd., which separates particles
according to their aerodynamic diameter in the interval of 0.03–
10 lm. The impactor was heated to around 120 �C during the sam-
pling. Aluminium foils (not greased) were used as substrates in the
impactor.

An air-cooled deposition probe with test rings of stainless steel,
simulating super heater tube surfaces, was used to collect deposits
in the freeboard. The metal temperature of the steel rings was
measured by thermocouples and regulators controlled the flow of
cooling air on the inside the test ring. During all experiments, the
ring surface temperature was set to 450 �C and the exposure (sam-
pling) time was 6 h. The temperature around the deposition probe
was 800 �C at all tests. The residence time of the flue gas from the
bed section to the deposit sampling point was about 12 s. Particles
for PMtot and impactor measurement were collected at a lower
temperature, at a distance further downstream corresponding to
a difference in residence time of 1 s at most.

Table 1
Proximate analysis of the raw material used.

DDGS Logging residues Wheat straw

Moisture content (%wta.r.) 11 10 12
Volatile content (%wtd.s.) 77.6 n.a. n.a.
Ash content (%wtd.s.) 4.4 2.4 5.7
HHV (MJ/kg %wtd.s.) 20.6 20.7 18.5
LHV (MJ/kg %wtd.s.) 19.2 n.a. n.a.

Table 2
Ultimate analysis and concentrations of main ash-forming elements in the used raw
materials (values represent weight percent of dry substance).

DDGS Logging residues Wheat straw

C 48 51.2 46.2
H 6.9 5.8 5.6
N 5.9 0.4 0.9
O 33.5 40.4 40.7
Cl 0.22 0.010 0.26
S 1.03 0.041 0.19
Si 0.10 0.29 0.80
Al 0.00127 0.036 0.006
Ca 0.109 0.51 0.40
Fe 0.0102 0.024 0.005
K 1.05 0.17 1.25
Mg 0.278 0.06 0.11
Na 0.0987 0.014 0.03
P 0.825 0.046 0.13
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2.4. Combustion experiments in an underfed pellet burner

An underfed residential pellet combustor was used to simulate
conditions in a large-scale grate combustor (Fig. 2). For the com-
bustion tests, a typical underfed pellet burner (Eco-Tech A3,

20 kW), was selected. The burner was installed in a reference boiler
(Combifire) used for the national certification test of residential
pellet burners in Sweden. For combustion of LR, LR–DDGS and
DDGS/wood pellets, the experiments lasted approximately 24 h
with continuous operation at a constant fuel power of 12 kW. For

Table 3
Properties of the fuels used in combustion tests. Values represent weight percent of dry substance unless otherwise stated.

DDGS pellets/powder Logging residues pellets Wheat straw pellets Logging residues–DDGS pellets Wheat straw–DDGS pellets

Moisture content (%wta.r.) 11 10 12 10 10
Ash content (%wtd.s.) 4.4 2.4 5.7 3.2 5.1
C 48.0 51.2 46.2 49.3 47.1
H 6.9 5.8 5.6 6.46 6.25
N 5.9 0.4 0.9 3.7 3.4
O 33.5 40.4 40.7 36.3 37.1
Cl 0.22 0.01 0.26 0.136 0.240
S 1.03 0.041 0.19 0.634 0.610
Si 0.100 0.290 0.80 0.176 0.450
Al 0.00127 0.036 0.006 0.0152 0.0036
Ca 0.109 0.51 0.39 0.266 0.255
Fe 0.010 0.024 0.005 0.0157 0.00761
K 1.05 0.17 1.25 0.701 1.15
Mg 0.278 0.061 0.11 0.191 0.189
Na 0.0987 0.014 0.031 0.115 0.0643
P 0.825 0.046 0.130 0.513 0.477

Fig. 1. Schematic view of the bubbling fluidised bed used.
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the wheat straw and the wheat straw–DDGS mixtures, initial slag-
ging occurred approximately 20 min from the start of the experi-
ments and they were terminated due to severe slagging after 4 h
and 4 h 20 min, respectively.

Three thermocouples of type N were situated on different levels
above the burner grate. By continuous measurements during the
experiments, the maximum combustion temperature in the region
where the slag was formed, i.e. on the burner grate, was estimated
to be about 1200–1250 �C. For wheat straw and wheat straw–
DDGS the temperature may have been lowered during the later
part of the experiment due to slagging, otherwise these tempera-
tures did not vary for the different fuels used. The air flow was
set to a level corresponding to 9–10% O2 in the dried flue gas for
all tests. The flue gas CO concentration was on average below
500 ppm in all experiments, but due to slagging there were periods
with higher CO concentrations. The procedure for analysis of flue
gas composition, flue gas particulate matter content and size distri-
bution of the particles, was similar to the other combustion tests
(described in the previous section) except that the flue gas temper-
ature was 150 �C. For the DDGS/wood pellets fuel mixture, the flue
gas composition, flue gas particle matter content and size distribu-
tion of the particles were not analysed because of the potential
influence of the inhomogeneous fuel composition.

The residual matter after full conversion of fuel pellets in an
underfed pellet burner was distributed between:

– molten ash (slag) deposited in the burner or pushed over the
burner grate edge down to the bottom of the boiler,

– non-molten ash at the bottom of the boiler (bottom ash), and
– fly ash.

All molten particles greater than 3 mm were removed from the
bottom ash by sieving and characterised as slag. The amount of
deposited matter in the burner as well as in the boiler (i.e. bottom
ash and slag) was quantified after each experiment and the prod-
ucts were collected for analysis, described in Section 2.6. A previ-
ous study has shown that the variation in the slag formation
between replicate combustion experiments is minimal [37].

2.5. Combustion tests in a powder burner

Combustion of wheat DDGS was tested in a 150 kW VTS swirl-
ing powder burner with three sets of air vanes with separate flow

control. A reference test with commercial wood powder was done
for comparison [25]. The outer diameter of the burner was
130 mm. Fuel was transported pneumatically along the axis of
the burner, with three annular sets of swirl vanes. The average fuel
flow was 21 kg per hour and the air flow was adjusted for an oxy-
gen concentration of 3.5–4% in the dried flue gas. The respective
airflows as percentage of total flow were transport air (10%), pri-
mary air (20%), secondary air (30%) and tertiary air (40%). The
internal cross-section of the furnace was 550 times 550 mm, and
its inner length was 3100 mm. The measured furnace temperature
was 1100 �C (T1 and T2) which was lowered to 950 �C at the end of
the furnace (T4). The locations of the thermocouples used are
shown in Fig. 3. Oil was used to heat up the combustion chamber.
At a temperature of 900–950 �C the oil flow was cut off and the
powder feeding was started.

The procedure for analysis of flue gas composition, flue gas par-
ticulate matter content and size distribution of the particles was
similar to the previous combustion tests (described in Section 2.3).
An air-cooled deposition probe, similar to the one used for the flu-
idised bed tests was mounted at the end of the combustion cham-
ber (position shown in Fig. 3). Again, the ring surface temperature
was set at 450 �C, and the exposure time was 6 h. After the end of
the powder burner tests, ash from the burner and ash from the bot-
tom of the furnace and ash from the boiler were collected for fur-
ther analysis.

2.6. Analysis of bed material, bed agglomerates, slags, bottom ashes
and particles

Bed material and agglomerates from the fluidised bed, slags/
bottom ashes from the underfed pellet burner, slags/bottom ashes
from the powder combustor and the downstream boiler were
studied with analysis methods described below. Particles col-
lected in all impactor tests and deposits on all tests rings were
also analysed. Morphologies were studied with scanning electron
microscopy (SEM) and elemental compositions analysed using
EDS (energy-dispersive X-ray analysis) spot- and area analyses
(100 � 100 lm). For all combustion tests, fine-mode fly-ash parti-
cles from impactor plates 4, 5 and occasionally 6, with geometric
mean diameters (GMD) of 0.19, 0.32 and 0.52 lm respectively,
were analysed with SEM/EDS. For the fluidised bed tests (which
resulted in bi-modal particle size distributions), the coarse parti-
cles collected on impactor plates 10 (GMD 3.3 lm) and in some

Fig. 2. Schematic view of the underfed pellet combustor used.
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instances plate 12 (GMD 8.7 lm) were also analysed by the same
method.

Bed samples and agglomerates from the fluidised bed were
mounted in epoxy, cut, polished and analysed with SEM/EDS to
determine their morphology and elemental composition. From
the deposit probes, lee- and wind-side deposits were analysed with
SEM/EDS. Slag and bottom ashes from the grate combustion and
from the powder combustion were also analysed using SEM/EDS.
Qualitative measurements of crystalline phases in slag and bottom
ash from the grate combustor tests and bottom ash from the pow-
der burner were made using X-ray Diffraction (XRD). XRD was also
used for the fine-mode and coarse-mode particles from the fluid-
ised bed tests, the grate combustion tests and the powder burner
tests, with the same impactor stages selected as previously. Finally,
lee-and wind side materials from the deposition probes used in the
fluidised bed tests and powder burner tests were studied with
XRD.

3. Results

3.1. Characterisation of fuel properties

The literature data and the analysis of the samples used for the
experiments [41] show that the moisture content of wheat DDGS is
6.2–14 %wt (with an average of 9.7 %wt and a stdev. of 2.2 %wt

[13,38,39] and that the ash content varies from 3.6 to 8.4 %wtd.s.

(av. 5.4 and stdev. of 1.6 %wtd.s.) [7,9,13,39,40]. As feed analysis
usually concerns protein, fat and other nutrients, elementary dis-
tributions are usually not reported. Tavasoli reported a distribution
among C, H, O and N of 45.1 %wtd.s., 7.0 %wtd.s., 42.5 %wtd.s. and
5.1 %wtd.s., respectively [12]. This may be compared to the values
obtained from the analysis of the experimental sample which were
48.0 %wtd.s., 6.9 %wtd.s., 33.5 %wtd.s. and 5.9 %wtd.s., respectively. The
sample used for experiments had a volatile content of 77.6 %wtd.s.

and a calorific heating value of 20.6 MJ/kgd.s., and no data for these
properties were found in other sources.

For main and ash forming main elements, the analyses of wheat
DDGS (for the experimental sample and from other sources) are
summarised in Table 4. DDGS had high contents of nitrogen
(5.5 ± 0.6 %wtd.s.). Among the main ash-forming elements, the
phosphorus content was high (0.960 ± 0.073 %wtd.s.), while the cal-
cium content was relatively low (0.159 ± 0.094). The potassium
content of 1.30 ± 0.35 %wtd.s. was also relatively high. The magne-
sium concentration reported in the feed analys were 0.40–
0.60 %wtd.s., above the experimental batch (0.278 %wtd.s.) [9,10].

The sulphur content was mostly high, with an average of 0.538
and a stdev. of 0.232 %wtd.s.. The sulphur content reported by
Tavasoli [12], 0.3 %wtd.s., is far below the concentration in the
experimental batch which was 1.03 %wtd.s. and below all other data
found. Silicon concentrations were not mentioned in the feed anal-
yses reported but were relatively low in the used sample in the
experiments (0.100 %wtd.s.). The chlorine concentration in the batch
used for the experiments was 0.22 %wtd.s.. The most common trace
elements in the batch used for the experiments were zinc and cop-
per, with concentrations of 68.5 and 12.1 mg/kg, respectively.

The feeding properties of DDGS according to the funnel test
were good. DDGS passed through a 60 mm opening without any
tendency to bridging, while wood powder has been reported to
form bridges at this diameter [35]. TGA measurements showed
that the pyrolysis of DDGS has a characteristic temperature of
330 �C. Devolatilisation starts at about 135 �C (at a lower temper-
ature than for wood powder), and proceeds to a conversion of
about 67% of the dry matter.

3.2. Gaseous emissions

The NO concentrations were generally high for combustion
experiments of DDGS and DDGS-mixtures compared to LR, wheat
straw and wood, reflecting the high nitrogen concentration in the
fuel (see Table 5).

Emissions of SO2 from fluidised combustion of DDGS were very
high compared to the co-combustion fuels. The emissions from LR–
DDGS- and wheat straw–DDGS mixtures were lower although still
more than a factor of hundred higher than the emissions from LR
and wheat straw combustion. Grate combustion of the LR–DDGS
mixture produced emissions which were two orders of magnitude
higher than from LR combustion. Emissions from grate combustion
of the wheat straw–DDGS mixture were a factor of six higher than
from grate combustion of pure wheat straw. Fluidised bed combus-
tion of DDGS converts more than 45% of the sulphur content of the
fuel into SO2, while for the LR–DDGS- and wheat straw–DDGS-
mixtures, only about 40% and 30%, respectively, are converted.
For grate combustion of LR–DDGS, about 50% of the sulphur is con-
verted into SO2. For powder combustion, a fraction of about 80% of
the sulphur resulted in emitted SO2. The SO2 emissions from the
experiments are shown in Table 6.

For fluidised bed combustion, the HCl emissions from DDGS
(100 mg/N m3 at 10% O2 concentration in dry flue gases) were
more than twice as large as the emissions from wheat straw. The
mixed fuels (LR–DDGS and wheat straw–DDGDS) had comparable
HCl emissions to wheat straw but about 100 times higher than for

Fig. 3. Schematic view of the powder combustor used.
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LR combustion. For grate combustion, the HCl emissions from the
LR–DDGS and the wheat straw–DDGS mixtures were lower com-
pared to the fluidised bed (14 and 13 mg/N m3, respectively),
which is comparable to wheat straw combustion but three times
as high as for LR combustion. From powder combustion of DDGS,
the HCl emissions were below 3 mg/N m3 at 10% O2d.g..

3.3. Particle emissions

From fluidised bed combustion, the total particle emissions
from the mixture of LR–DDGS were slightly higher than for pure
LR. The total particulate matter mass concentrations are shown
in Table 7. The particle mass size distribution (shown in Fig. 4,
upper) consisted mainly of fine-mode particles (aerodynamic
diameters below 1 lm) and for the co-combustion fuels LR and
wheat straw and for the LR–DDGS mixture, there were also
coarse-mode fractions (diameters above 1 lm). A comparison
between the size distributions of the particles produced from fluid-
ised bed combustion of LR and of the LR–DDGS mixture shows that
there is a large increase in the mass concentration of finer particles
as DDGS is added to the fuel. The total particulate matter emissions
from the fluidised bed combustion of wheat straw–DDGS and pure
DDGS were not analysed due to fast defluidisation in the experi-

ment. In addition, impactor sampling was not done for the
straw–DDGS experiment due to total defluidisation within 1 h.

Grate combustion of the LR–DDGS mixture resulted in emis-
sions of total particulate matter which were more than three times
higher than from combustion of unblended LR (Fig. 4, middle).
Again, as the particle size distribution showed an increase in finer
particles for combustion when DDGS was added to LR (although a
superimposed peak around 0.1 lm which is probably caused by
soot particles should be taken into account, the effect is still evi-
dent). Compared to grate combustion of wheat straw, combustion
of the wheat straw–DDGS mixture leads to a slight reduction of
fine mode particles as well as of the total particle emissions. No
coarse mode fraction was present in the flue gas from the experi-
ments in the pellets burner.

For powder combustion, particle emissions for DDGS were 16
times higher than for wood, with a particularly large increase of
the amount of fine-mode particles. Particles from powder combus-
tion were mainly of sizes below 1 lm. The particle mass size distri-
butions of the particles from the combustion tests are shown in
Fig. 4 (lower).

The fine-mode particles from fluidised bed combustion of LR
pellets consisted mainly of the elements K, Cl and S (apart from
O). Adding DDGS results in particles with very low Cl concentra-
tions, which mainly contain K and S. For LR–DDGS, XRD analysis

Table 4
Ultimate analyses and main ash-forming elements of wheat distillers dried grains with solubles (DDGS). Values represent weight percent of dry substance.

Min. value Mean value Max. value Standard deviation

C 45.1 46.6 (n = 2) 48.3 2.1
H 6.9 6.95 (n = 2) 7.00 0.1
N 5.1 5.5 (n = 2) 5.9 0.6
O 33.5 38.0 (n = 2) 42.5 6.3
Cl 0.22 0.22 (n = 1) 0.22
S [10,12,38] 0.30 0.54 (n = 8) 1.03 0.2
Si 0.10 0.10 (n = 1) 0.10
Al 0.00127 0.00127 (n = 1) 0.00127
Ca [9,10,38] 0.086 0.159 (n = 15) 0.30 0.09
Fe 0.011 0.011 (n = 1) 0.011
K [9,10] 0.75 1.30 (n = 9) 1.70 0.35
Mg 0.230 0.277 (n = 8) 0.290
Na [9,10] 0.030 0.120 (n = 10) 0.230 0.10
P [9,10,13,38] 0.60 0.96 (n = 16) 1.05 0.07

Table 5
NO emissions (average values from the experiments given in mg/Nm3 at 10% O2 concentration in dry flue gas).

Fluidised bed Grate combustion Powder burner

Pellets Logging residues 340 350
Wheat straw 340 450
DDGS 710
Logging residues–DDGS 420 700
Wheat straw–DDGS 480 340a

Powder Wood 60
DDGS 720

a The combustion temperature may have been lowered due to slagging, which may have influenced the results.

Table 6
SO2 emissions (average values from the experiments given in mg/N m3 at 10% O2 concentration in dry flue gas).

Fluidised bed Grate combustion Powder burner

Pellets Logging residues <1 <1
Wheat straw <1 80
DDGS 965
Logging residues–-DDGS 290 430
Wheat straw–DDGS n.d 440

Powder Wood <1
DDGS 1600
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showed that the fine-mode particles contained K2SO4, with some
K3Na(SO4)2. The fine-mode particles from pure DDGS also con-
tained mainly potassium and sulphur, with K2SO4 detected with
XRD. The coarse-mode particles from fluidised bed combustion
of LR are mainly composed of Ca, Si and K (apart from O), with
Ca3MgSi2O7, MgO, MgSiO3 and Ca5(PO4)OH as the major phases
detected with XRD. The coarser particles from the LR–DDGS mix-
ture are mainly composed of Ca, S, Si, P and K (apart from O),
with CaSO4 and CaMg(SiO3)2 as the only phases detected with
XRD.

As no impactor measurements were made for the mixture of
wheat straw and DDGS due to fast defluidisation, SEM/EDS and
XRD analyses were made for the larger particles separated in the

cyclone from the wheat straw–DDGS flue gas, which consisted
mainly of Si, K, P, Mg and S (apart from O) with K2SO4 and CaK2

P2O7 detected with XRD.
Grate combustion of LR resulted in particles with K, S and Cl

(apart from O) as main elements, with K2SO4 and (K,Na)2SO4 de-
tected with XRD. The LR–DDGS mixture produced particles with
nearly the same composition when combusted, except that a sig-
nificant amount of P was present. Unlike fluidised bed combustion,
the Cl concentration was slightly increased. Wheat straw pellets
combustion resulted in particles with mostly K, Cl and S. Phases
identified using XRD were KCl and K2SO4. Addition of DDGS to
the wheat straw will enhance the P concentrations and reduce
the particle Cl concentrations, although the remaining Cl concen-
tration is much higher than for fluidised bed combustion of the
same fuel. Detected phases with XRD in Wheat straw–DDGS com-
bustion were K2SO4 and KCl.

Both the fine- (<1 lm) and the coarse (>1 lm) mode particles
from combustion of pulverised DDGS contained K, P, Cl, Na and S
(apart from O). Phases identified using XRD were KPO3, KCl and
K2SO4 in both the fine- and coarse-mode particles. Particles from
combustion of wood powder consisted mainly of K, S and Na.

3.4. Bed agglomeration

DDGS and the mixture of wheat straw and DDGS had very high
bed agglomeration tendencies. The mixture of LR and DDGS had a
considerably lower bed agglomeration tendency than the DDGS
fuel. The determined initial defluidisation temperatures for the dif-
ferent fuels are listed in Table 8. More detailed information about
the bed agglomeration processes during these experiments have
been reported elsewhere [41].

3.5. Slag formation

The slagging tendencies of the combusted fuels, expressed as
the fraction of ingoing amount of fuel ash that forms slag, is shown
in Table 9. The DDGS pellets mixed with wood pellets and the
wheat straw pellet had a relatively high slagging tendency. By mix-
ing the DDGS with logging residues the slagging tendency was de-
creased but still moderate. The wheat straw–DDGS mixture had a
slagging tendency which was slightly lower than that of the un-
blended wheat straw.

Table 7
Total particle matter mass concentration (mg/N m3 at 10% O2 concentration in dry flue gas) from fluidised bed combustion.

Fluidised bed Grate combustion Powder burner

Pellets LR 140 100
Wheat straw 320 460
LR–DDGS 180 310
Wheat straw–DDGS n.a.a 340

Powder Wood 50 [25]
DDGS 800

a Not analysed due to fast defluidization during the experiment.

Fig. 4. Particle mass size distribution in dry flue gases from fluidised bed
combustion (upper), grate combustion (middle) and powder combustion (lower).

Table 8
Resulting initial defluidization temperatures for the fuel used.a

Temperature of initial defluidization (�C)

LR 1030
Wheat straw 750
DDGS Total def. during comb. at �800
LR–DDGS 950
Wheat straw–DDGS Total def. during comb. at �730

a From Grimm et al. [41].
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The slag from combustion of DDGS pellets (mixed with wood
pellets) contained, apart from O, mainly K, P and Mg and also some
Na, Si and Ca. Phases detected with XRD from DDGS/wood combus-
tion were CaK2P2O7, KMgPO4, K2MgP2O7 and CaKPO4. Slag from the
LR–DDGS mixture contained (apart from O) mainly Si, P, K, and Ca
with some Mg and Na. Phases detected with XRD in the slag from
LR–DDGS were CaKPO4, KMgPO4 and (Na, Ca)Al(Si, Al)3O8.

The elements detected in slag from combustion of the wheat
straw–DDGS-mixture were K, Si, P and smaller amounts of Mg,
Na and Ca (apart from O). Compared to the DDGS-wood pellets
combustion, the mixture with wheat straw had higher concentra-
tions of Si, and lower concentrations of P and Mg, while the K-,
Ca- and Na-concentrations were roughly the same. Phases detected
with XRD in the slag from wheat straw–DDGS were CaKPO4 and
KMgPO4. The slag produced during combustion of wheat straw
contained mainly (apart from O) Si, K and Ca. In combustion of log-
ging residues a slag rich in Ca, Si, K and Mg was produced.

Combustion of ground DDGS pellets in the powder combustor
resulted in the formation of hard glass-like slag on the bottom of
the furnace, and less hard slag on the burner cone. The slag from
the furnace bottom and the burner cone contained (apart from
O) mostly K, P, Na and Mg. Phases identified with XRD were
KMgPO4, CaK2P2O7 and Mg3(PO4)2.

3.6. Deposit formation

Deposits on the lee-side of the cooled probe from fluidised bed
combustion of the LR–DDGS mixture contained mainly K and S
(apart from O). K2SO4 was detected with XRD, and so were smaller
amounts of K3Na(SO4)2, CaSO4, Ca3Mg(SiO4)2 and CaK2P2O7. The
wind-side deposits from LR–DDGS combustion contained mainly
S, Ca and K (apart from O). In the wind-side deposits from LR–
DDGS, the most common phases detected with XRD were CaSO4,
K2SO4 and K3Na(SO4)2. Compared to deposits from LR–combustion,
the Cl-concentration in the lee deposits from the mixture is much
lower, i.e. K and S are dominating elements.

The lee-side deposits from LR combustion were mostly com-
posed of K, Cl and Ca (apart from O). The main phases detected
with XRD from LR the lee side deposits were KCl, CaCO3, CaSO4,
K2SO4 and K3Na(SO4)2. LR combustion resulted in wind-side depos-
its of Si, Ca and K, with the phases CaCO3, NaAlSi3O8, CaSO4, KAl-
Si3O8, Ca3Mg(SiO4)2 and Ca5(PO4)3OH detected with XRD.

Lee-side deposits from the fluidised combustion of pure DDGS
were not found in sufficient quantities for separate analysis, due
to the fast bed defluidisation causing premature shutdown of the
experiment. The wind-side deposits contained (apart from O)
mainly K, P, Mg, Si, Na and S. The phases detected with XRD from
pure DDGS on the wind side included CaK2P2O7, K2MgP2O7,
(K,Na)2MgP2O7 and K2SO4. Deposits on the lee-side of the probe
from wheat straw–DDGS- contained mostly K and S (on an O-free
basis), and phases detected with XRD were K2SO4, K3Na(SO4)2,
CaK2P2O7 and Ca3Mg(SiO4)2. The wind-side deposits from wheat
straw–DDGS contained mainly the elements K, Si, P and Mg, with
the phases CaK2P2O7, K2SO4, KMgPO4 and NaAlSi3O8 detected with
XRD. During wheat straw combustion the lee-side deposits con-
tained mostly K, Cl and S, i.e. the Cl concentration was higher than

for the wheat straw–DDGS combustion. More detailed information
about the deposit formation from the experiments in the fluidised
bed have been reported elsewhere [41].

The lee-side deposits from combustion of pulverised DDGS con-
tained (apart from O) mainly K, P and also some content of Na, S
and Cl. Phases detected with XRD of the lee-side deposits were
K2SO4, KCl, KMgPO4 and traces of SiO2. The wind-side deposits
from combustion of pulverised DDGS contained (apart from O)
mainly P, K, Mg and also some content of Ca and Si. On the
wind-side, KMgPO4 and CaK2P2O7 were detected.

4. Discussion

4.1. Fuel properties

Ground wheat DDGS can be fed without bridging problems. TGA
did not indicate any difficulties regarding combustion stability, and
combustion of pulverised fuel in the powder burner worked with-
out difficulties, regarding combustion stability. The sulphur con-
centration of 0.3 %wtd.s. reported by Tavasoli [12] is far below the
concentration in the experimental sample, 1.03 %wtd.s. and is also
lower than the other published sulphur concentrations. Compared
to barley DDGS [26], the studied sample of wheat DDGS had similar
concentrations of K, Ca and P, higher concentrations of Mg and
lower concentrations of S, Si and Cl. The HHV and the contents of
moisture, ash, sulphur and chlorine for DDGS can be compared
with those of other biomass fuels in Table 10. The HHV of
21.6 MJ/kg d.s., of the DDGS used in this work, is typical of biomass
fuels. The moisture content of 6.2–14 %wt is sufficiently low for
combustion without further drying of the fuels. The ash content
of 5.4 ± 1.6 %wtd.s. is higher than for most forest fuels and in the
same range as for many agricultural fuels.

The concentration of nitrogen in DDGS of 5.1–5.9 %wtd.s. is high
in comparison to many other biomass fuels and also high in com-
parison to grain, which has a nitrogen concentration of 1.0–
2.9 %wtd.s. (average 1.86 %wtd.s.) [43]. As the starch is converted into
sugars which are dissolved, the other grain components like pro-
teins and fat remain in the solid material. This will tend to increase
the nitrogen concentration in the solid. Another possible source of
nitrogen is residual enzymes.

The sulphur content of 0.538 ± 0.232 %wtd.s. for wheat DDGS is
higher than for most forest and agricultural fuels. Several waste
fuels have comparable or higher sulphur concentrations, e.g. sew-
age sludge, forest industrial wastes, manure and waste leather. As
the sulphur content of grain is 0.08 to 0.2 %wtd.s. (0.126 %wtd.s. aver-
age) [43], there is thus a considerable addition of sulphur in the
ethanol production process, probably from the enzymes. The chlo-
rine content is in the same range as in many other agricultural
fuels as shown in Fig. 5.

A comparison of the ash-forming main elements in the DDGS
used in this work and other biomass samples is shown in Fig. 5.
The potassium concentration in the fuel is comparable to typical
wheat straw and rapeseed meal fuels but in comparison to these
fuels the ([Ca] + [Mg])/[K] ratio is relatively low in the fuel. This
could potentially (as shown in this work) lead to ash related
problems such as slagging and bed agglomeration, as observed
for barley DDGS despite its corresponding ratio being slightly high-
er [26]. The phosphorus concentration in the fuel ash of wheat
DDGS is relatively high in comparison with many other biomass
fuels but at the same level as in rapeseed meal.

4.2. Gaseous emissions

The high emissions of NO, SO2 and HCl (in fluidised bed com-
bustion) suggest that DDGS should preferably only be used as a

Table 9
Fraction (%wt) of fuel ash that formed slag during combustion in the underfed pellet
burner.

Fraction of fuel ash that formed slag (wt%)

Logging residues (LR) 4
Wheat straw 79
DDGS–wood 60
LR–DDGS 44
Wheat straw–DDGS 45
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fuel/co-combustion fuel (in significant amounts) in combustion
applications with proper flue gas cleaning.

The fraction of the fuel S which was converted to SO2 was 45%
during fluidised bed combustion and 80% during powder combus-
tion, which indicates higher interaction with other ash-forming
elements in fluidised bed combustion, e.g. formation of sulphates
which are more stable at lower temperature. The HCl emissions
during fluidised bed combustion of DDGS were about twice as high
as during wheat straw combustion suggesting that less K was
available for KCl formation in DDGS combustion. This difference
was observed despite the two fuels having similar molar ratios of
potassium and chlorine, [K]/[Cl] being close to four in both cases.
A likely explanation is the high phosphorus content of the DDGS,
resulting in capture of potassium to different phosphates.

The high HCl emissions during DDGS and DDGS-mixture com-
bustion are probably caused by the strong affinity of phosphorus
to potassium, i.e. potassium is captured to different phosphates
and is therefore not available for KCl-formation.

4.3. Particle emissions

Adding DDGS to either logging residues or wheat straw during
fluidised bed combustion strongly reduced the Cl concentration
in the fine particles. Despite the high chlorine content of this fuel,
the potential risk for Cl-induced high temperature corrosion could
thus be reduced. The coarse particle mode that was formed during
combustion at relatively low temperature in the fluidised bed, con-
sisted mainly of different Ca-K-Mg phosphates/silicates for the

Table 10
Fuel properties of distillers grain (DDGS) compared to other biomass fuels [42].

Fuel Moisture content (%wt) Ash (%wtd.s.) S (%wtd.s.) Cl (%wtd.s.) HHV (MJ/kg, d.a.f.)

Wood (dust, chips, powder) 8–60 0.4–0.6 0–0.3 0–0.05 16–18
Wood (pellets, briquettes) 9–10 0.4–0.8 0–0.3 0–0.05 19–21
Logging residue 35–55 1–5 0.02–0.05 0.02–0.05 19–21
Wood waste 3–50 3–16 0.04–0.3 0.04–0.2 20–24
Salix 25–50 1–5 0.005–0.03 0.01–0.1 18–20
Bark 21–65 2–6 0–0.1 0–0.02 20–25
Hardwood 20–40 0.3–1.7 0.01–0.04 0.005–0.06 19–21
Straw 10–20 4–10 0.05–0.2 0.05–1.5 18–20
Reed canary grass 10–15 3–7 0.05–0.2 0.1–0.2 17–20
Hemp 15–75 1.6–6.3 0.03–0.07 0.04–0.1 19
Grain 14 2–4 0–0.5 0.02–2.3 17–22
Crop residues 12 10 0.2 0.2 20
Olive residues 0–21 0.4–16 0.01–0.3 0–0.4 19–25
Cocoa beans and shells 7 5 0.3 0.02 30
Citrus pulp 8–10 4–7 0.2 0.02 21
Shea nuts 3.3–7.6 6–7 0.3 0.1 23
Sewage sludge 53–77 35–50 0.2–5 0.05–1.5 15–24
Waste, forest industry 41–84 2–60 0.1–2.4 0.01–0.3 17–23
Manure 4–92 15–42 0.3–1.1 0.6–2.4 19–21
Paper–wood–plastics 10–55 5–13 0.07–0.5 0.01–1.5 18–31
Tires, processed 0.6–4.3 5–26 1.3–3.3 0.06–0.9 36–43
Waste leather 54 2.5 2.6 1.2 19
Recycled carton 42–64 10–27 0.03–0.2 0.07–0.6 12–20
Meat and bone meal 7 30 0.7 0.5 23
Animal fat 0.1–0.6 0.1 0.02 0 39
Vegetable fat 0–1.2 0–0.1 0 0 39
Tall oil pitch 0.1–0.3 0.2–0.4 0.2–0.3 0 40
Peat 38–58 2–9 0.1–0.5 0–0.1 19–27
Peat (briquettes/pellets) 10–15 2–8 0.25 20–27
Wheat DDGS (present study) 6.4–14 3.6–8.4 0.30–1.03 0.22 21.6

Fig. 5. Contents of main ash-forming elements of wheat DDGS used in this work and comparison with other fuel samples.
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DDGS and DDGS mixtures. Compared to LR, there was an increased
P-concentration in the coarse particles.

The fine particles from grate combustion of the DDGS mixtures
had considerably higher Cl- and P-concentrations, compared to the
fine particles from fluidised bed combustion of the same fuels. The
HCl emissions were also significantly lower in the pellets burner
experiments than in the fluidised bed experiments. The reason is
probably the higher process temperature (fuel particle tempera-
ture) during combustion in the pellet burner, causing evaporation
of K and P from the potassium rich melt formed. The small quanti-
ties of coarse particles detected may be caused by the relatively
low gas velocities in the pellet burner equipment compared to
commercial grate boilers, with coarser particles being deposited
in the furnace or the boiler rather than entrained in the flue gas.
It is worth comparing wheat DDGS with rapeseed meal (RM), a fuel
which has K and P concentrations similar to wheat DDGS but with
higher Ca and Mg concentrations. For RM grate combustion, using
the same experimental methodology as in this study, no significant
concentrations of P and Cl were found in the particles [25].

The abundant particles from powder burner combustion of
DDGS contained high concentrations of potassium and phospho-
rus, while the HCl emissions were low, again suggesting evapora-
tion of K and P at high combustion temperature.

4.4. Bed agglomeration

As reported elsewhere [41], the DDGS and the wheat straw–
DDGS fuel had high bed agglomeration tendencies in comparison
with many other biomass fuels (see Table 11), including RM which
has higher concentrations of Ca and Mg [24]. Co-combustion of
DDGS with the relatively calcium rich LR reduced the bed agglom-
eration tendency significantly [41].

4.5. Slag formation

Wheat DDGS has a high slagging tendency compared to most
forest fuels as shown in Fig. 6. A mixture of fresh logging residues
and wheat DDGS has a considerably lower slagging tendency than
pure wheat DDGS.

DDGS combustion produces slag with high K concentrations
and low Ca and Mg concentrations, consisting mainly of phos-
phates. If the DDGS is mixed with LR a slag with relatively higher
Ca concentration is formed. Compared to the slag from unblended
DDGS, the resulting slag from LR–DDGS contains more silicates and
less phosphates.

In combustion of RM, with higher concentrations of calcium and
magnesium, smaller amounts of slag were produced during the

experiments. Compared to the slag formed during RM combustion,
the slag from wheat DDGS combustion contained less Ca and Mg.
[25]. The probable cause of this difference is the higher first melt-
ing temperatures of the KACa/Mg-phosphates formed from this
fuel, compared to the K-phosphates formed from wheat DDGS
combustion. K-phosphates could have first melting temperatures
below 600 �C but calcium addition to these phosphates could sig-
nificantly raise these first melting temperatures [28].

4.6. Deposit formation

For fluidised bed combustion, the fine particles (<1 lm) from
DDGS combustion mainly contain sulphates of potassium, and
therefore the risk of problems caused by deposit formation should
be moderate. It is known from previous work that sulphur addition
reduces harmful deposit formations [45]. It is also known that the
partially molten particles are most likely to stick to cool surfaces,
and that the presence of chlorine increases the risk of corrosion.
The lower Cl concentration in particles produced from combustion
of DDGS mixtures, compared to the co-combustion fuels LR and
wheat straw used in this study, is therefore an advantage. However
during combustion in the pellets burner the addition of DDGS to
the fuel did not result in any similar reduction in the Cl concentra-
tion in the fine particles.

Potassium phosphates abundant in the fine particles from pow-
der burner combustion of DDGS have low first melting tempera-
tures, which makes them sticky under common operating
conditions and may result in deposits. Their abundance in the fine
particles is a reason not to use DDGS as a fuel for powder combus-
tors. The high fuel particle temperatures typical of powder com-
bustion probably cause the evaporation of potassium and
phosphorus from the initially potassium phosphate rich melt
formed as has also been discussed in Section 4.2 and in a previous
work [25]. The presence of Cl in the particles is consistent with the
low HCl emissions during DDGS powder combustion.

4.7. Possible applications of wheat DDGS

Compared to many other fuels, the phosphorus and potassium
contents are high in wheat DDGS, as discussed in Section 4.1. From
the combustion/co-combustion results of wheat DDGS in fluidised
bed and grate firing processes, our preliminary interpretation is
that K and P in the fuel will initially react during the burnout of
a fuel particle, which is gradually converted into a K-phosphate
rich bed ash particle. If Ca and Mg are present in the fuel/fuel
mix, they will initially form CaO (s) and MgO (s) during the particle
burnout phase, and these oxides will react with the K-phosphate
rich melt, causing a rise in first melting temperature. Since highly
stable alkaline earth metal phosphates exist, the presence of CaO
and MgO could probably enhance the release of K from the formed
melt/phosphates.

However, at high process temperatures, e.g. as found in powder
combustion appliances, potassium and phosphorus evaporates,
resulting in the formation of large quantities of fine, sticky particles
rich in K and P. Consequently, wheat DDGS is unsuitable for use in
powder combustors, and equipment where the combustion tem-
peratures are lower, like fluidised bed combustors or possibly grate
combustors, are preferable.

The high slagging and bed agglomeration tendencies of wheat
DDGS are caused by melting of potassium-rich phosphates and sil-
icates. This can be improved by the addition of Ca- and Mg-rich
fuels resulting in phosphates and silicates with higher first melting
temperatures. For this reason, if wheat DDGS is to be used as a fuel,
it should be mixed with large quantities of other fuels, preferably
ones which are rich in Ca and Mg.

Table 11
Temperatures of initial defluidization for the fuels tested and nine other biomass
fuels.

Temperature of initial defluidization
(�C)

Distillers dried grain with solubles
(DDGS)

Defluidization during combustion at
800 �C

LR–DDGS 950
Wheat straw–DDGS Defluidization during combustion at

730 �C
Rape seed meal 1020 [24]
Bark >1015 [24]
Olive flesh 930 [44]
10% RM in Bark 965 [24]
30% RM in Bark 930 [24]
Peat >1020 [44]
RDF 990 [44]
Bagasse 995 [44]
Alfalfa 670 [44]
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The particle matter emissions from wheat DDGS combustion
are high, and combustion facilities with advanced filtering capabil-
ities are therefore required (a multi-cyclone is not sufficient as
large fractions of the particle mass have aerodynamic diameters
around and below 1 lm). The fuel composition of wheat DDGS re-
sults in large amounts of SO2 and NOx being produced, requiring
use in combustion facilities equipped with sulphur and NOx re-
moval, i.e. large-scale facilities.

5. Conclusions

Fuel properties of wheat distiller’s dried grain with solubles
(wheat DDGS) from wheat-based ethanol production have been
determined. The ash content (5.4. ± 1.6 %wtd.s.) is higher than for
most forest fuels and in the same range as for many agricultural
fuels. In comparison to most other biomass fuels the sulphur
content is high (0.538 ± 0.232 %wtd.s.), and so are the contents of
nitrogen (5.1 ± 0.6 %wtd.s.). Like several other agricultural fuels, the
potassium concentration ofwheat DDGS is high (1.30 ± 0.35 %wtd.s.).
Unlike most other agricultural fuels previously studied, wheat
DDGS has a low concentration of silicon (0.10 %wtd.s.), and high
concentration of phosphorus (0.960 ± 0.073 %wtd.s.). This, together
with the relatively low concentrations of calcium (0.159 ±
0.094 %wtd.s.) and magnesium (0.28 %wtd.s.) gives wheat DDGS ash-
chemical properties very different from rapeseed meal, another
phosphorus- and potassium-rich fuel previously studied.

To determine fuel-specific combustion properties, wheat DDGS
and mixes between wheat DDGS and logging residues (LR 60 %wt

and DDGS 40 %wt), and wheat straw (wheat straw 50 %wt, DDGS
50 %wt) were pelletised and combusted in a bubbling fluidised
bed combustor (5 kW) and in a pellets burner combustor
(20 kW). Pure wheat DDGS powder was also combusted in a pow-
der burner (150 kW).

Wheat DDGS had a high bed agglomeration and slagging ten-
dency compared to other biomass fuels, although these tendencies
were significantly lower for the mixture with the Ca-rich LR,
probably reflecting the higher first melting temperatures of K–
Ca/Mg-phosphates compared to K-phosphates. Combustion and

co-combustion of wheat DDGS resulted in relatively large emis-
sions of fine particles (<1 lm) for all combustion appliances. For
powder combustion PMtot was sixteen times higher than from soft-
wood stem wood. While the Cl concentrations of the fine particles
from the LR–wheat DDGS-mixture in fluidised bed combustion
were lower than from combustion of pure LR, the Cl- and P-con-
centrations were considerably higher from the wheat DDSG mix-
tures combusted in the other appliances at higher fuel particle
temperature. The particles from powder combustion of wheat
DDGS containedmainly K, P, Cl, Na and S, and as KPO3 (i.e. the main
phase identified with XRD) is known to have a low melting tem-
perature, this suggests that powder combustion of wheat DDGS
should be used with caution. The high slagging and bed agglomer-
ation tendency of wheat DDGS, and the high emissions of fine par-
ticles rich in K, P and Cl from combustion at high temperature,
mean that it is best used mixed with other fuels, preferably ones
which have high Ca and Mg contents and in equipment where fuel
particle temperatures during combustion are moderate, i.e. fluid-
ised beds and possibly grate combustors rather than powder
combustors.
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G. Eriksson et al. / Fuel 102 (2012) 208–220 219



Author's personal copy

References

[1] Kahn Ribeiro S, Kobayashi S, Beuthe M, Gasca J, Greene, D, Lee DS, et al.
Transport and its infrastructure. In: Metz B, Davidson OR, Bosch PR, Dave R,
Meyer LA, editors. Climate change 2007: mitigation. Contribution of working
group III to the fourth assessment report of the intergovernmental panel on
climate change. Cambridge University Press; 2007.

[2] European Bioethanol Association. <http://epure.org/theindustry/statistics>
[accessed 02.11.11].

[3] Canadian Renewable Fuels Association. Ethanol: Canadian production list as at
November 4, 2010. <http://www.greenfuels.org/uploads/documents/
ethanol_production_list.pdf> [accessed 02.11.11].

[4] www.epa.gov/chp/markets/ethanol.html [accessed 02.11.11].
[5] Morey RV, Tiffany DG, Hatfield DL. Biomass for electricity and process heat at

ethanol plants. Appl Eng Agric 2006;22(5):723–8.
[6] Börjesson P, Ericsson K, Di Lucia L, Nilsson LJ, Åhman M. Sustainable biofuels –

do they exist? Lund University, Environmental and Energy System Studies,
report 66; 2008 [in Swedish].

[7] Mustafa AF, McKinnon A, Christensen D. The nutritive value of thin stillage and
wet distillers’ grains for ruminants: a review. Department of Animal and
Poultry Science, University of Saskatchewan, Saskatoon, Canada. <http://
www.pound-maker.ca/pdf/WetDistillersGrain.pdf> [accessed 02.11.11].

[8] Distiller’s dried grains with solubles (DDGS) Agrodrank 90, Lantmännen
Agroetanol. <http://www.agroetanol.se> [accessed 02.11.11].

[9] Market assessment of ethanol co-products, potential for Manitoba, January 30.
Prepared by Tyrchniewicz Consulting; 2006. <http://www.tyrchniewicz-
consulting.com/PDFs/Market_Assessment_of_Ethanol_Co-products.pdf>
[accessed 02.11.11].

[10] Schingoethe DJ. Utilization of DDGS by cattle. In: Proc 27th Western nutrition
conference, University of Minnesota, Department of Animal Science,
Winnipeg, Manitoba, Canada; September 19–20, 2006. p. 61–74. <http://
www.ddgs.umn.edu/> [accessed 02.11.11].

[11] Novakovic A, van Lith SC, Frandsen FJ, Jensen PA, Holgersen LB. Release of
potassium from the systems K–Ca–Si and K–Ca–P. Energy Fuels
2009;23:3423–8.

[12] Tavasoli A, Masoumeh G, Chirayu S, Dalai AK. Production of hydrogen and
syngas via gasification of the corn and wheat dry distiller grains (DDGS) in a
fixed-bed micro reactor. Fuel Process Technol 2009;90:472–82.

[13] Nuez Ortín WG, Yu P. Nutrient variation and availability of wheat DDGS, corn
DDGS and blend DDGS from bioethanol plants. J Sci Food Agric
2008;89:1754–61.

[14] Elled AL, Davidsson KO, Åmand LE. Sewage sludge as a deposit inhibitor when
co-fired with high potassium fuels. Biomass Bioenergy 2010;34:1546–54.

[15] Lindström E, Sandström M, Boström D, Öhman M. Slagging characteristics
during combustion of cereal grains rich in phosphorus. Energy Fuels
2007;21:710–7.

[16] Fryda L, Panopoulus K, Vourliotis P, Pavlidou E, Kaaras E. Experimental
investigation of fluidised bed co-combustion of meat and bone meal with coals
and olive bagasse. Fuel 2006;85:1685–99.

[17] Öhman M, Nordin A, Lundholm K, Boström D, Hedman H, et al. Ash
transformations during combustion of meat-, bonemeal and RDF in a
(bench-scale) fluidized bed combustor. Energy Fuels 2003;17:1153–9.

[18] Annamallai K, Sweeten J, Mukhtar S, Thien B, Wei G, Priyadarsan S. Co-
firing coal: feedlot and litter biomass (CFB and CLB) fuels in pulverized
fuel and fixed bed burners. Final report, Texas Engineering Experiment
Station, Texas A&M University, US Dept of Energy National, Energy
Technology Laboratory; 2003.

[19] Zhang L, Masui M, Mizukoshi H, Ninomiya Y, Kanaoka C. Formation of
submicron particulates (PM1) from the oxygen-enriched combustion of dried
sewage sludge and their properties. Energy Fuels 2007;21:88–98.

[20] Heikkinen R, Laitinen RS, Patrikainen T, Tiainen M, Virtanen M. Slagging
tendency of peat ash. Fuel Process Technol 1998;56:69–80.

[21] Beck J, Unterberger S. The behaviour of particle bound phosphorus during the
combustion of phosphate doped coal. Fuel 2007;86:632–40.

[22] Bäfver LS, Rönnbäck M, Leckner B, Claesson F, Tullin C. Particle emission from
combustion of oat grain and its potential reduction by addition of limestone or
kaolin. Fuel Process Technol 2009;90:353–9.

[23] Piotrowska P, Zevenhoven M, Davidsson K, Hupa M, Åmand L-E, Barisic V, et al.
Fate of alkali metals and phosphorus of rapeseed cake in circulating
fluidized bed boiler. Part 1: cocombustion with wood. Energy Fuels
2010;2010(24):333–45.

[24] Boström D, Eriksson G, Boman C, Öhman M. Ash transformations in fluidized-
bed combustion of rapeseed meal. Energy Fuels 2009;23:2700–6.

[25] Eriksson G, Hedman H, Boström D, Pettersson E, Backman R, Öhman M.
Combustion characterization of rapeseed meal and possible combustion
applications. Energy Fuels 2009;23:3930–9.

[26] Piotrowska P, Zevenhoven M, Hupa M, Giuntoli J, de Jong W. Residues from
liquid and gaseous biofuels production – fuel characterization and ash
sintering tendency. In: Proceedings, impacts of fuel quality on power
production and environment, Saariselkä, Finland; August 30–September 3,
2010.

[27] Lindström E, Sandström M, Boström D, Öhman M. Slagging characteristics
during combustion of cereal grains rich in phosphorus. Energy Fuels
2007;2007(21):710–7.

[28] Znamierowska T. Phase equilibriums in the system calcium oxide–potassium
oxide–phosphorus(V) oxide. Part III. The partial system calcium dipotassium
pyrophosphate–potassium pyrophosphate–potassium metaphosphate. Pol J
Chem 1978;52(10):1889–95.

[29] Novakovic A, van Lith SC, Frandsen FJ, Jensen PA, Holgersen LB. Release of
potassium from the systems K–Ca–Si and K–Ca–P. Energy Fuels
2009;23:3423–8.

[30] Elled A-L, Åmand L-E, Leckner B, Andersson B-Å. Influence of sulphur capture
during co-firing of sewage sludge with wood or bark in a fluidised bed. Fuel
2006;2006(85):1671–8.

[31] Cordell D. Sustainability implications of global phosphorus scarcity for food
security, PhD thesis, Linköping University, Department of Water and
Environmental Studies, Sweden/University of Technology, Inst. for
Sustainable Futures, Sydney, Australia; 2010.

[32] Srinivasan R, Moreau RA, Parsons C, Lane JD, Singh V. Separation of fiber from
distillers dried grains (DDG) using sieving and elutriation. Biomass Bioenergy
2008;32:468–72.

[33] Martin M, Eklund M. Improving the environmental performance of biofuels
with industrial symbiosis. Biomass Bioenergy 2011;35:1747–55.

[34] Energy Technology Data Exchange. <http://www.etde.org> [accessed
02.11.11].

[35] Paulrud S. Upgraded biofuels – effects of quality in processing, handling
characteristics, combustion and ash melting. PhD dissertion, Swedish
Agricultural University, Umeå, Sweden; 2004.

[36] Öhman M, Nordin A. A new method for quantification of agglomeration
tendencies – a sensitivity study. Energy Fuels 1998;12(1):90–4.

[37] Gilbe C, Öhman M, Lindström E, Boström D, Backman R, Samuelsson R, et al.
Slagging characteristics during residential combustion of biomass pellets.
Energy Fuels 2008;22:3536–43.

[38] McKinnon J, Beliveau R, McAlister T, Gibb D, Hao X. Impact of bio-fuel industry
on beef industry: use in growing and finishing rations. In: Capturing feed grain
and forage opportunities 2007 proceedings – ‘‘Farming for feed, forage and
fuel’’, Red Deer, Alberta, Canada; December 11–12, 2007. <http://
www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/crop12129> [accessed
02.11.11].

[39] Rasco BA, Dong FM, Hashisaka AE, Gazzaz SS, Downey SE, San Buenaventura
ML. A research note – chemical composition of distillers’ dried grains with
solubles (DDGS) from soft white wheat, hard red wheat and corn. J Food Sci
1987;52(1):236–7.

[40] Emiola IA, Opapeju FO, Slominski BA, Nyachoti CM. Growth performance and
nutrient digestibility in pigs fed wheat distillers dried grains with solubles-
based diets supplemented with a multicarbohydrase enzyme. J Anim Sci
2009;87:2315–22.

[41] Grimm A, Skoglund N, Boström D, Öhman M. Bed agglomeration
characteristics in fluidized quartz bed combustion of phosphorous rich
biomass fuels. Energy Fuels 2011;25:937–47.

[42] Strömberg B. VÄRMEFORSK-971. Project Värmeforsk-F4-324. Värmeforsk,
Stockholm, Sweden; 2006.

[43] Hadders G, Arshadi M, Nilsson C, Burvall J. On the fuel quality of cereal grains –
impact of soil composition, cereal species and variety, Swedish Institute of
Agricultural and Environmental Engineering (JTI), report 289 (Lantbruk och
industri); 2001 [in Swedish].

[44] Skrifvars BJ, Öhman M, Nordin A, Hupa M. Prediction bed agglomeration
tendencies for biomass fuels fired in FBC boilers – a comparison of three
different methods. Energy Fuels 1999;13:359–63.

[45] Henderson P, Andersson C, Kassman H. The use of fuel additives in wood and
waste wood-fired boilers to reduce corrosion and fouling problems. VGB
PowerTech 2004;6:58–62.

220 G. Eriksson et al. / Fuel 102 (2012) 208–220





 
 
 
 
 

Paper  VII 





Influence of Phosphorus on Alkali Distribution during Combustion of
Logging Residues and Wheat Straw in a Bench-Scale Fluidized Bed
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ABSTRACT: The influence of phosphorus on the alkali distribution in fluidized (quartz) bed combustion using two different
typical biomasses (logging residues and wheat straw) was studied. Phosphoric acid (H3PO4) was used as an additive. The produced ash
fractions were analyzed for morphology and elemental composition by scanning electron microscopy-energy-dispersive
spectroscopy (SEM-EDS), and crystalline phases by powder X-ray diffraction (P-XRD). For both fuel assortments tested, a
reduction of volatilized deposit and fine particle-forming matter, containing mainly KCl, was achieved by adding phosphorus. For
the wheat straw, this effect was considerable at medium and high phosphorus addition. As a consequence, an increased amount of
potassium was found in the coarse ash particle fractions, principally as CaKPO4, KMgPO4, and CaK2P2O7, at the same time that
the levels of HCl and SO2 in the flue gases increased. Generally, the addition of phosphorus to the studied biomasses changed the
alkali distribution from being dominated by amorphous K-silicate coarse ash fractions and fine particulate KCl, to a system
dominated by crystalline coarse ash of K−Ca/Mg-phosphates and fine particulate K2SO4. This implies that the fouling and high-
temperature corrosion observed in industrial-scale combustion of problematic biofuels can possibly be reduced by employing
additives rich in reactive phosphorus, on the condition that the higher concentrations of acidic gases can be tolerated. In order to
achieve these effects, the relationship between alkali and alkaline-earth metals (i.e., (K + Na)/(Ca + Mg)) in the overall fuel ash
must be considered. With respect to this, the formation of low-temperature-melting alkali-rich phosphates should not be
promoted, to avoid potential increases in bed agglomeration tendencies and phosphorus release from the bed.

1. INTRODUCTION
As the competition for raw materials for biofuels production is
expected to increase, it is most likely that new types of biofuels
such as energy crops and various types of biomass waste pro-
ducts from the agricultural and industrial sector will be intro-
duced into the market. Compared to woody biomasses, energy
crops have a higher content of ash-forming elements, which can
be up to 10 wt %.1

Biofuels with ash rich in alkali metals and chlorine used
in biomass-fired power plants have shown a tendency to cause
different alkali-related operational problems, such as fouling,
bed agglomeration, and high-temperature corrosion in super-
heater sections, which leads to reduced installation efficiency.2−4

Various well-known methods to reduce alkali-related prob-
lems and protect the boiler against deposits rich in potassium
and chlorine during combustion of biofuels are based on
co-combustion with peat,5−7 coal,8,9 and sewage sludge,10−12 or
upon employing different sulfur-rich additives as well as clay
minerals.13−20

In recent decades, most of the research work on biomass
combustion, regarding alkali-related operational problems, has
been focused on fuels with low phosphorus content. However,
some agricultural biomasses and industrial residues, e.g., from
biodiesel and cereal grain-based bioethanol production, have
an ash-forming matter composition that differs from typical
woody or herbaceous fuels, because of a much higher
phosphorus content. Relatively few reported research works
have been devoted to alkali-rich fuels/fuel mixtures with high
phosphorus content, because most combustion studies concern

wood-derived fuels, agricultural residues, and short-rotation
energy crops where silicon, potassium, and calcium often are
the main fuel ash-forming elements. The phosphorus com-
pounds in the different phosphorus-rich fuels can either be of
organic origin with a high availability and reactivity for ash
transformation reactions, or of mineral origin (such as apatite in
meat and bone meal fuels), which has been shown to have low
reactivity.21

Some studies on phosphorus-rich fuels have demonstrated
that phosphorus may decrease the problems related to cor-
rosive ash deposition by converting the reactive gaseous alkali
species formed during biomass combustion into high-temperature-
melting alkali phosphates.22,23 Boström et al.22 found that the
content of KCl in fine particles released during the fluidized-
bed combustion of bark can be significantly reduced by mixing
with phosphorus-rich biomasses. In addition, Grimm et al.23

showed that phosphorus is the main ash element con-
trolling the ash transformation reactions in the fluidized-bed
combustion of phosphorus-rich fuels/fuel mixtures. Increasing
the phosphorus content in phosphorus-poor fuels leads to the
formation of bed ash dominated by phosphates instead of
silicates.
Furthermore, many studies have indicated that alkaline-earth

metals, principally calcium, may play an important role in the
capture of potassium in K/Ca-containing phosphates.24−28
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In small-scale grate combustion experiments of oat grains using
different clay mineral additives, Boström et al.24 found that,
when using a kaolin additive, the proportion of condensed K-
phosphates was increased at the expense of K-sulfate and KCl-
rich fine-particle emissions. Higher levels of HCl and SO2 in the
flue gases were obtained as a consequence. When using calcite
additive, the proportion of K-phosphate in fine-particle emis-
sions decreased considerably, while the content of K-sulfate and
KCl increased and lower levels of acidic HCl and SO2 emis-
sions were obtained. In similar combustion experiments with
different types of cereal grains, Lindström et al.25 showed that
the addition of lime reduced or eliminated the formation of slag
for all studied fuels. The effect was attributed to the formation
of high-temperature-melting Ca−K-phosphates, which shows
the possibilities for potassium retention in refractory ternary
phosphate phases. Working with grate combustion of a
phosphorus-rich fuel, Wu et al.26 also showed that the effect
of calcium-based additives greatly increased the molar ratio
of K/P in flue gas ash particles. Beck and Unterberger
found that in combustion experiments with high-phosphorus
fuels/fuel mixtures with coal, phosphorus found in fly ash
particles was primarily suggested to occur in the form of
calcium phosphates.27 In addition, Novakovic and co-authors
showed that, in the K−Ca−P system, with K2CO3 as the
K source, the Ca/P molar ratio had a strong effect on the
K volatilization rate. A decreased Ca/P molar ratio (increased
phosphorus content) significantly decreases the release of
potassium. The authors show that potassium is prefer-
entially incorporated in nonvolatile (K2O)k(CaO)l(P2O5)m
structures.28

However, the influence of phosphorus on the formation of
volatile alkali compounds during fluidized (quartz)-bed
combustion of phosphorus-rich biomasses is still not fully
understood. Therefore, the objective of the present work was to
determine the influence of phosphorus on the alkali distribution
in fluidized (quartz)-bed combustion using two different
biomass fuels, i.e., logging residues and wheat straw.

2. MATERIALS AND METHODS
2.1. Fuels and Additives. A total of seven different pelletized fuel

assortments was produced. Logging residues from spruce harvested
in northern Sweden (SCA Skog AB Norrbra ̈nslen) and two typical

wheat straws from southern Sweden (i.e., straw 1 and 2) with fairly
similar ash composition, were used as raw materials. Phosphoric
acid (PA) (85% aqueous solution, from Merck) was selected as the
additive in order to enable high reactivity and availability of the phos-
phorus added.

In the initial experimental matrix (part I), the following assortments
were produced and combusted: (i) logging residues mixed with PA,
increasing the molar ratio between phosphorus and potassium (P/K)
from 0.34 to ∼0.9 and (ii) wheat straw-1 mixed with PA increasing the
P/K molar ratio from 0.13 to 0.5. In addition, the experimental matrix
was extended to study the effect of increased phosphorus share in the
K/Si-rich wheat straw in more detail. Another wheat straw (i.e., wheat
straw-2), although with a composition similar to that of straw-1, was
used in these experiments, since it was not possible to obtain the same
wheat straw fuel used in matrix I. Wheat straw-2 was mixed with PA on
three levels, increasing the P/K molar ratio from 0.14 (reference) to
1.1 (low), 1.5 (medium), and 2.23 (high).

To obtain homogeneous mixtures, as well as good distribution and
contact between the raw fuel material and the additive, the fuel/
additive mixing was completed in 20-kg batches and subsequently
pelletized to a diameter of 8 mm and a moisture content of 10%−12%
in a laboratory-scale pellet press. Pure logging residues and wheat
straw-1 were pelletized and combusted as pure fuels.

The composition of the used fuel assortments is presented in
Table 1. The raw materials were analyzed for the contents of ash
(SS - 18 71 71), sulfur (SS - 18 71 77), and chlorine (SS - 18 71 85),
and the main ash-forming elements were determined using inductively
coupled plasma−atomic emission spectroscopy (ICP-AES). The ash
compositions of the produced assortments were calculated from the
compositions of the raw materials.

2.2. Combustion Experiments. The fluidized-bed experiments
were performed in a bench-scale bubbling fluidized-bed (BFB) reactor
(5 kW) using 540 g of quartz sand (>98% SiO2) with a grain fraction
size between 200 and 250 μm as bed material. An illustration of the
reactor is shown in Figure 1. The primary air flow through the distri-
bution plate was set at 10 times the minimum fluidizing velocity
(80 NL/min), corresponding to ∼1 m/s. Temperatures were mea-
sured with Type N thermocouples. A total amount of ∼5 kg of
the different fuels was combusted for 8 h at an average bed
temperature of 800 °C for all fuels, except for the wheat straw fuels/
fuel assortments, which were combusted at an average temperature of
730 °C, to avoid fast bed defluidization. A constant temperature of ∼800 °C
along the reactor was achieved via a combination of preheated primary
air, heat from the fuel combustion, and electrical heaters. After the
free board section, the flue gases were led through a cyclone separator
with a cut size of >10 μm. During the combustion period, the flue
gas temperature after the cyclone, where online flue gas analysis and

Table 1. Total Ash Content and the Content of Main Ash-Forming Elements in the Used Fuel Assortmentsa

Matrix I Matrix II

logging
residuesb

logging residues
+ PAc

wheat
straw-1b

wheat straw-1
+ PA (low)c

wheat
straw-2

wheat straw-2
+ PA (low)c

wheat straw-2
+ PA (medium)c

wheat straw-2
+ PA (high)c

ash 2.4 2.4 5.7 5.6 6.2 6.1 6.0 5.9
Si 0.29 0.29 0.80 0.79 1.50 1.47 1.46 1.43
P 0.046 0.12 0.13 0.50 0.10 0.8 1.03 1.52
K 0.17 0.17 1.25 1.23 0.90 0.88 0.87 0.86
Na 0.014 0.014 0.03 0.03 0.03 0.03 0.03 0.03
Ca 0.51 0.50 0.40 0.40 0.46 0.45 0.45 0.44
Mg 0.061 0.06 0.10 0.10 0.08 0.078 0.078 0.076
Al 0.036 0.036 0.006 0.006 0.022 0.02 0.02 0.02
Fe 0.024 0.024 0.005 0.005 0.015 0.015 0.015 0.014
S 0.041 0.04 0.19 0.19 0.11 0.11 0.11 0.10
Cl <0.01 <0.01 0.26 0.26 0.24 0.24 0.23 0.22

P/Kd 0.34 0.90 0.13 0.50 0.14 1.10 1.50 2.23
aThe values represent weight percentages of dry substance. bEqual to the composition of the produced pellets. cThe values are calculated from the
raw material compositions. dMolar ratio.

Energy & Fuels Article

dx.doi.org/10.1021/ef300275e | Energy Fuels 2012, 26, 3012−30233013



particulate matter sampling were measured, was 210 ± 20 °C for all
experiments. The concentration of CO, SO2, and HCl was
continuously monitored during the experiments using Fourier
transform infrared spectroscopy (FTIR) and the O2 level with a
lambda probe. The excess oxygen level during the experiments
varied between 8% and 10% (dry basis) and the CO concentrations
were <10 mg/Nm3.
To study the alkali distribution along the system, samples of bed-,

deposit-, cyclone-, and fine submicrometer-ash particles were collected.
Bed material samples were taken after the combustion period, and bed
ash particles were separated from the bed material grains by sieving
with a 100 μm pore mesh. To study the deposit formation, an air-
cooled temperature-controlled deposition probe with an exchangeable
stainless steel (SS 2343) sample ring (surface area = 18 cm2) was used,
which simulates the heat exchanging surfaces of industrial biomass-
fuelled boilers. The sample ring was placed in the free board section,
where the flue gas temperature was ∼800 °C. The surface temperature
of the probe ring was cooled to 450 °C (point C in Figure 1). The
probe was inserted when stable combustion conditions were reached,
i.e., after ∼1 h of combustion. The exposure time was 6 h for each
combustion experiment, except for the wheat straw-2 + PA (high)
assortment, which was exposed until total bed defluidization was
achieved (i.e., ∼3 h).
To determine the particulate matter (PM) mass size distribution of

the ash particles not trapped in the flue gas PM10 cyclone, isokinetic
particle sampling was carried out in the flue gas channel, using a
13-step low-pressure cascade impactor from Dekati, Ltd. (DLPI),
which classifies the size of ash particles according to aerodynamic
diameter in the range of 0.03−10 μm. Aluminum foils (not greased)
were used as substrates in the impactor, and the impactor was heated
to 150 °C during the sampling.

2.3. Chemical Characterization. The chemical compositions of
the formed bed ash, wind-/lee-side deposits, cyclone ash (>10 μm),
and fine (<1 μm) ash particles (here, on impactor stages 4, 5, and
occasionally 6, corresponding to GMD 0.19, 0.32, and 0.52 μm,
respectively) were analyzed semiquantitatively, using a Philips model
XL30 scanning electron microscopy (SEM) system combined with
an energy-dispersive X-ray spectroscopy (EDS) device and with a
powder X-ray diffraction (P-XRD) system for identification of
crystalline phases.

The separated bed ash particle samples were ground (homogenized)
before XRD and subsequent SEM-EDS analyses. The total amount of
cyclone ash was thoroughly homogenized and a representative sample
was used for XRD and SEM-EDS analyses. Prior to the SEM-EDS
analysis, the samples were mounted on carbon tape and 10 area
analyses (100 μm × 100 μm) were performed for these ash fractions.
In addition, more than 30 individual cyclone ash particles from each
experiment were analyzed in detail by SEM-EDS spot analysis. The
major part of the deposits formed on the wind and lee sides of the
probe rings was removed and mounted for XRD analysis. Sub-
sequently, the samples were mounted on carbon tape and 10 SEM-
EDS area analyses (100 μm × 100 μm) were performed. The impactor
particle samples were removed from the aluminum plates and
mounted for XRD analysis. Subsequently, the samples were mounted
on carbon tape and 10 SEM-EDS area analyses (100 μm × 100 μm)
were performed. The small amounts of coarse-mode ash particles (1−10 μm)
sampled with the impactor did not permit analyses by either SEM or P-XRD.

The XRD data collections were performed using a Bruker d8
Advance instrument in θ−θ mode, with an optical configuration
consisting of a primary Göbel mirror, Cu Kα radiation, and a Van̊tec-1
detector. Continuous scans were applied. By adding repeated scans,
the total data collection time for each sample lasted for at least 6 h.
The PDF-2 databank,29 together with Bruker software, was used to
make initial qualitative identifications. The data were further analyzed
with the Rietveld technique and crystal structure data from ICSD30 to
obtain semiquantitative information of the present crystalline phases.

3. RESULTS

3.1. Gaseous Emissions. The concentrations of HCl and
SO2 in the flue gases are shown in Table 2. Compared to the

pure fuels, the levels of both HCl and SO2 were increased when
PA was used as an additive.

3.2. Particle Matter (PM) Mass Concentration and Size
Distribution. Duplicated impactor measurements with a time
separation of ∼2 h were performed for (i) pure logging residues
and the assortment with PA, (ii) pure wheat straw-1 and the
assortment with PA (low), and (iii) wheat straw-2 + PA (low
and medium). For wheat straw-2 + PA (high), only one
impactor measurement could be performed, because of total
bed defluidization during the combustion period. The results
from the impactor measurements are shown in Figures 2 and 3.

Figure 1. Illustration of the bench-scale bubbling fluidized bed (BFB)
reactor and the different sampling positions: A, bed section; B, free
board section; and C, air-cooled temperature-controlled deposition
probe.

Table 2. HCl and SO2 Emissions (mg/Nm3 at 10% O2),
Given as 3-h Average Values with Standard Deviations

Emissions (mg/Nm3)

fuel assortment SO2 HCl

logging residues <1a <1a

logging residues + PA <1a 6 ± 3
wheat straw-1 <1a 52 ± 4
wheat straw-1 + PA (low) 4 ± 2 62 ± 5
wheat straw-2 + PA (low) 8 ± 3 217 ± 29
wheat straw-2 + PA (medium) 23 ± 6 245 ± 30
wheat straw-2 + PA (high) 160 ± 20 246 ± 31

aBelow detection level.
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Slightly lower concentrations of fine particles were observed
for the logging residues containing PA, in comparison to the
pure logging residues assortment. In both cases, the PM emis-
sions were dominated by coarse ash particles (>1 μm; see
Figure 2).
For all wheat straws assortments, the particle emissions

between 0.03 μm and 10 μm were, in all cases, dominated
by fine (<1 μm) particles. Significant reductions in fine particle
mass concentrations were obtained for all wheat straw assort-
ments with an increasing proportion of PA additive (see
Figure 3).
Figure 4 shows the amount of coarse ash particles trapped in

the cyclone separator (cut size >10 μm) given in mg/Nm3 at
10% O2. All calculations were made based on a fuel feeding rate
of 0.6 kg/h for all fuels, and a flue gas rate of 80 NL/min. As
can be seen from Figure 4, the amount of coarse ash particles
formed during combustion is significantly affected by the
addition of phosphorus.
3.3. Deposit Build-up Rate. The deposit build-up rates of

the deposition probe are shown in Table 3. Generally, the
build-up rate decreased with PA addition for both fuels, with
the exception of wheat straw−1 + PA (low).
3.4. Chemical Composition of the Coarse and Fine

Ash Particles. 3.4.1. SEM-EDS Analysis. The results from
SEM-EDS analyses of the coarse ash fractions (i.e., bed ash,

cyclone ash, deposits on probe wind-side) and fine ash fractions
(i.e., deposits on probe lee-side and impactor fine mode) are
given in Figures 5−7, 9, and 10. The amount of deposits on the
wind-side in the test with wheat straw-1 was too scarce to
permit SEM-EDS and XRD analyses.
For pure logging residue and wheat straws, the coarse ash

fractions were found to have, in principle, similar elemental
compositions, dominated by K, Ca, and Si, although with
different K/Ca ratios (see Figures 5−7). Furthermore, as clearly
shown, the PA addition resulted in an increase in phosphorus
content.
The cyclone ash particles were analyzed more in detail.

Supplementary SEM-EDS spot analyses were carried out on the
samples in order to study the interaction between the fuel ash
and the PA additive. Figure 8 shows SEM pictures of typical
cyclone ash particles for pure logging residues and the
assortment with PA, pure wheat straw-1, and wheat straw-2 +
PA (low, medium, and high) assortments. The elemental
composition of each ash cyclone particle marked in Figure 8 is
given in Tables 4 and 5.
Pure logging residues cyclone ash was mostly dominated by

Ca- and Si-rich particles. For the assortment with PA, ash
aggregates of different sizes were found. The SEM-EDS analysis
revealed the formation of spherical ash particles with a smooth
surface and a composition dominated by P, K, Ca, Mg, and Si
(see Figures 8a and 8b, and Table 4). Pure wheat straw-1
cyclone ash was mostly dominated by particles rich in silicon
and potassium, and the assortment with PA revealed the
formation of P-rich ash aggregates, but abundance of Si- and
K-rich particles were still found. For wheat straw-2 + PA (low
and medium) assortments, SEM-EDS analysis revealed the
formation of ash aggregates of different sizes, mainly formed by
crystalline structures with a composition dominated by P, K,

Figure 2. Particle mass size distribution in the flue gases during
combustion of logging residues and the assortment with phosphoric
acid (PA). Replicates of the impactor measurement are indicated with
the suffixes -I and -II, respectively.

Figure 3. Particle mass size distribution in the flue gases during
combustion of wheat straw assortments with phosphoric acid (PA).
Wheat straw-1-II (*)31 was sampled using the same experimental
setup and analogous conditions, with the exception that the bed
material was olivine instead of quartz. Replicates of the impactor
measurement are indicated with the suffixes -I and -II, respectively.

Figure 4. Total mass concentration of coarse ash particle emissions
(>10 μm) trapped in the cyclone separator, given in units of mg/Nm3

at 10% O2, for all studied fuels/fuel assortments.

Table 3. Deposit Build-up Rates of the Deposition Probe

fuel/fuel assortment deposit build-up rates (mg/(cm2 h))

logging residues 0.14
logging residues + PA 0.08
wheat straw-1 0.34
wheat straw-1 + PA (low) 0.38
wheat straw-2 + PA (low) 0.32
wheat straw-2 + PA (medium) 0.15
wheat straw-2 + PA (high) a

aBed agglomeration after a 3-h experimental run.
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Ca, and Si (see Figures 8d and 8e, and Table 5). For the wheat
straw-2 + PA (high) assortment, SEM-EDS analysis showed
the formation of spherical ash particles with a smooth surface
and a composition dominated by P, K and minor amounts of
Si, and ash aggregates rich in P, K, Si, and Ca (see Figure 8f,
and Table 5).
The amount of deposits on the lee-side in the test with

wheat straw-2 + PA (high) was too scarce to permit SEM-EDS
and XRD analyses. All assortments of logging residues and
wheat straws with the PA additive gave lee-side deposits with
increased content of phosphorus and sulfur, and decreased
content of chlorine, when compared to the pure fuels. Wheat
straw-2 + PA (medium) assortment lee-side deposits were free
of chlorine, as seen in Figure 9.

Fine particles were dominated by potassium, chlorine, and
sulfur for pure logging residues and wheat straw-1. A general
observation when increasing the phosphorus in the fuel by
using the PA additive is that the fine particles composition
changed from a system dominated by potassium and chlorine
to one dominated by potassium and sulfur. Wheat straw-2 + PA
(high) fine particles were rich in potassium, sulfur, and
phosphorus, with no chlorine detected, as seen in Figure 10.

3.4.2. Powder XRD Analysis. In Tables 6 and 7, the results
from the P-XRD analyses of formed crystalline coarse ash frac-
tions (given as BA, CA, DPW, and ICM), and fine ash fractions
(given as IFM and DPL) are shown. Note that the coarse ash
fractions include material that may have been partially molten
and, upon cooling, formed crystalline and amorphous materials,

Figure 5. Elemental compositions on a carbon-free and oxygen-free basis of the bed ash particles during combustion of the logging residues (left)
and wheat straw (right) assortments.

Figure 6. Elemental compositions on a carbon-free and oxygen-free basis of the cyclone separator ash particles (>10 μm), during combustion of the
logging residues (left) and wheat straw (right) assortments.

Figure 7. Elemental compositions on a carbon-free and oxygen-free basis of the deposition probe wind-side sampled at a temperature of 450 °C,
during combustion of the logging residues (left) and wheat straw (right) assortments.
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where the latter cannot be directly identified by P-XRD
analysis.
The crystalline material in the coarse ash fractions from pure

logging residues was dominated by alkali-earth oxides, carbo-
nates, and silicates. In combustion with this fuel, the
phosphorus is found in the coarse ash fraction as apatite. For
pure wheat straw-1, the crystalline phases in the coarse ash
fractions were dominated by of K-sulfates, K-chlorides, Ca-
phosphates, and Ca−K-phosphates. Fine particles were found
in the tests with both fuels dominated by K-chlorides and
K-sulfates.

The addition of phosphorus (as PA) to logging residues and
both wheat straws (wheat straw-1 and -2) resulted in a coarse
ash fraction with increased content of Ca−K-phosphates and
K−Mg-phosphates, compared to the tests with pure fuels. Further-
more, PA addition resulted in an increased of cristobalite
(SiO2) in the coarse ash for all wheat straw assortments. Fine
particles were dominated by K-sulfates instead of K-chlorides,
as was the case for the pure logging residue and wheat straw
fuels.

3.4.3. Fraction of Potassium and Chlorine Found in Fine
Particles (<1 μm). The fraction of potassium volatilized from

Figure 8. Scanning electron microscopy (SEM) images of typical cyclone ash particles formed during combustion of logging residues and the
assortment with PA, wheat straw-1 and wheat straw-2 + PA (low, medium, and high) assortments.
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the bed during combustion that contributed to the formation of
condensed deposits and fine particle matter (<1 μm) was
estimated by the ratio between the calculated total amount of
potassium found in fine particles (given by SEM-EDS analyses
on impactor stages 4, 5, and occasionally 6) and the total fine
particulate mass concentration in flue gases obtained from the
impactor data), and the total amount of K introduced by the
in-going fuel during the impactor sampling period, as shown in
Figure 11. The results show a significant decrease in the degree
of volatilization of K-species during combustion for all experi-
ments where phosphoric acid was used as an additive. The
fraction of chlorine found as fine particulate alkali chlorides is
shown in Figure 12. For the wheat straw and for the assortment
with low PA addition (P/K = 0.5), ∼20% of the chlorine
was estimated to form HCl. For higher phosphorus addition
(P/K > 1.1), close to 100% of the chlorine was estimated to
form HCl(g). In the latter cases, only small amounts of chlorine
were found in the ash fractions.

4. DISCUSSION

It is well-established today that, during biomass combustion,
fine-mode (<1 μm) ash particles are formed by condensation/
nucleation of volatilized species during cooling of the flue gases,
mainly consisting of alkali salts. During combustion, the potas-
sium and sodium are released from the fuel particle/bed as
gaseous hydroxides/chlorides, which by further reaction with
sulfur (present as SO2/SO3) form K/Na-sulfates.32−35 Coarse-mode
(>1 μm) ash particles are usually formed by the coalescence
and agglomeration of nonvolatile compounds formed during
the char burnout, entrained from the fuel/sand bed to the flue
gases.36

As a consequence of the addition of phosphorus to P-poor
fuels, the composition of the fine-mode ash particles will be
affected. The formation of alkali phosphates in the bed ash
results in smaller amounts of alkali in the flue gases. This will
generally affect the formation of K/Na-chlorides first, since
sulfates are thermodynamically more stable than chlorides
under conditions relevant for this study. Therefore, the prop-
ortion of alkali sulfates in the fine particulate emissions and
HCl emissions will increase as a result of the phosphorus
addition. The formation of the alkali sulfates will only be
affected when the amount of phosphorus available for reaction
in the combustion atmosphere is high enough to react with
most of the volatile alkali metals in the fuel/fuel mixture, with a
subsequent increase in the SO2/SO3 emissions.

37

For logging residues, the ash transformation is governed by
the relatively low potassium content and high calcium content
in the fuel. Thus, for the pure fuel, the coarse ash fractions were
dominated by alkali-earth oxides, carbonates, and silicates. The
observed fine particulate matter was composed of KCl and
K2SO4, which is consistent with previous studies.36,38 When
adding PA to this fuel, a slight reduction of fine particles that
were rich in potassium was achieved, corresponding to
increased amounts of potassium found in the coarse ash
fractions as K−Ca/Mg-phosphates (see Figures 8a and 8b,
Tables 4 and 6). These observations were confirmed by the
variations in the concentrations of HCl and SO2 in the flue
gases (Table 2). As discussed previously, a small amount of PA
additive will accordingly reduce the amount of volatilized
potassium (Figure 11) and change the composition of the fine
particles from a chloride-dominated system to a sulfate-
dominated system (Figure 12) and subsequently increase the
levels of HCl emissions.
For wheat straw, the ash transformation is governed by the

high potassium, silicon, calcium, and chlorine content. Straws
are well-known problematic fuels that, upon combustion, cause
problems such as corrosive deposits and a large amount of fine
particulate matter of K-chlorides and K-sulfates. In accordance
with previous works, the fine ash particulate fraction in this
study consisted mainly of KCl and K2SO4. The coarse ash
fractions were dominated by potassium and silicon, although
not found as crystalline matter (see Figures 5−7 and Table 7).
Increased phosphorus content in the wheat straw fuel by PA
addition caused clear changes in the ash transformation (in
general) and alkali distribution (in particular). For the wheat
straw-1 + PA and wheat straw-2 + PA (low and medium) fuel
assortments, the qualitative effect of PA addition was similar,
although with quantitative differences. However, for wheat
straw-2 + PA (high), significant and interesting additional
qualitative effects on ash transformation chemistry were found
and, therefore, discussed separately. As shown in Table 7, the
proportion of Ca−K-phosphates in coarse ash fractions was
increased substantially, compared to the case with pure wheat
straw, in parallel with the lower content of KCl in fine ash
fractions. It is notable that, in the case of wheat straw-2 + PA
(medium), almost no potassium was available for the formation
of chlorides. Our interpretation is that the K-capturing effect of
the PA additive resulted in lower concentration of K in the gas
phase available for the formation of other salts. Furthermore, as
a consequence of increased P content, Ca−K-phosphates and
cristobalite (SiO2) in coarse ash fractions were formed instead
of potassium-rich silicates (see Figures 8c−e, Tables 5 and 7).

Table 4. Results from the SEM-EDS Spot Analyses Referring to Figures 8a and 8b

Concentration (mol %)

Logging Residues Logging Residues + PA

element 1 2 3 4 5 1 2 3 4 5

K 1.7 2.8 10.9 8.7 6.4 10.0 21.3 23.3 22.0 26.7
Na 1.2 1.5 4.0 3.1 1.3 3.1 5.6 4.7 7.8 6.6
Ca 91.2 74.9 26.6 16.9 44.4 20.4 21.6 23.2 19.7 19.7
Mg 1.4 3.9 8.6 5.9 16.8 5.1 6.7 4.3 8.5 6.3
Al 0.5 2.1 0.9 2.1 1.9 5.9 7.3 5.1 4.8 4.8
Fe 0.1 0.8 0.8 0.5 0.6 1.1 1.6 0.6 0.6 1.0
Si 1.3 6.7 40.2 58.4 17.5 32.8 11.4 9.3 5.4 5.0
P 0.5 2.5 5.2 3.4 5.3 20.8 23.6 28.8 27.5 29.0
S 1.5 3.8 2.3 0.9 5.2 0.5 0.6 0.6 3.5 0.6
Cl 0.6 1.0 0.5 0.1 0.6 0.3 0.3 0.1 0.2 0.3
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This presumably shows that the amount of potassium in the
gas phase available for reaction with silica to form K-silicates is
reduced by the addition of phosphorus. Generally, the levels
of HCl and SO2 in the flue gases from the assortments with
PA additive were substantially higher than for the pure fuel,
and increased with increasing proportion of P in the fuels
(Table 2). That is, with higher levels of P introduced with the
fuel, a lower amount of volatilized potassium is obtained,
which resulted in a higher concentration of acidic gases in the
emissions.
Increasing the phosphorus content even further in wheat

straw (i.e., wheat straw-2 + PA (high)) leads to a clear
additional effect on the behavior of K and P, illustrated by the
presence of significant amounts of phosphorus in fine particles
(Figure 10) and the determination of KPO3 in the cyclone ash
(Table 7). This effect is presumably explained by the formation
of an ash composition limited to the K−P-rich part of the
Ca−K−P system, where a region with a low eutectic tem-
perature (590 °C) is formed between K5P3O10 and KPO3.

39−43

This points to the formation of an ash material in the bed
section that probably was molten prior to cooling, explaining
the short combustion time due to bed agglomeration in this
assortment. An additional result of the presumed stickiness of
the bed ash material was that the amount of “captured” coarse
ash in the bed was significantly higher and the amount of
entrained coarse cyclone ash particles was reduced (Figure 4),
compared to the cases with lower PA addition. Generally speak-
ing, based on the results from this case with high phosphorus
content, it was obvious that the amount of calcium available for the
formation of high-temperature-melting ternary phosphates, as dis-
cussed in previous studies,22−25 was too low, resulting in significant
amounts of volatile alkali-rich phosphates (see Figure 8f and
Table 5). Furthermore, as shown in Table 2, this increased amount
of volatilized phosphorus species reduces the chance for sulfur to
react with gaseous potassium, to the extent that almost no sulfates
were formed with high emissions of SO2 as a result.
Accordingly, a general observation from this work, together

with previous research in this field, is that the addition of
phosphorus to these biomass fuels during FB combustion
changes the alkali distribution from being dominated by
amorphous K-silicate coarse ash fractions and fine particulate
KCl, to a system dominated by crystalline coarse ash of K−Ca/
Mg-phosphates and fine particulate K2SO4. In previous works
on bed agglomeration, it was found that the coarse ash fractions
were mainly composed by amorphous K-silicates, not detect-
able with XRD.44,45 In the present work, this effect on the ash
transformations is supported by the increasing coherence
between the SEM-EDS and P-XRD analyses.
Furthermore, the work clearly illustrates that the molar

relationship between alkali and alkaline-earth metals, i.e.,
(K + Na)/(Ca + Mg) is of vital importance when considering
the influences of phosphorus on the ash transformation for the
type of biomass fuels studied here. This implies that phosphorus
should not be added to the extent that the formation of pure
alkali phosphates is promoted, in excess of more stable ternary
alkali−alkali-earth oxides−phosphates, since the formation of
low-temperature phosphate melts potentially leads to increased
bed agglomeration and fouling tendencies in fluidized-bed com-
bustion. However, adding an insufficient amount of phosphorus
implies only a limited alkali retention effect. With these condi-
tions in mind, the largest amount of phosphorus that should be
added to a fuel should preferably be restricted to the forma-
tion of CaK2P2O7, which is a pyrophosphate that has beenT
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determined to be the major ternary phosphate in this study. This
compound has a reasonably high melting point, relative to the

process temperatures used in fluidized-bed combustion tech-
nologies.

Figure 9. Elemental compositions on a carbon-free and oxygen-free basis of the deposition probe lee-side sampled at a temperature of 450 °C,
during the combustion of the logging residues (left) and wheat straw (right) assortments.

Figure 10. Elemental compositions on a carbon-, oxygen-, and aluminum-free basis of the fine particles (0.03−1 μm) sampled with the impactor
during the combustion of the logging residues (left) and wheat straw (right) assortments.

Table 6. Crystalline Phases Identified with XRD in the Bed Ash Particles, Cyclone Ash, Impactor Fine/Coarse Mode, and
Deposition Probe Lee/Wind Side for the Logging Residues Fuel Assortmentsa

Logging Residues Logging Residues + PA

phase BA CA IFM ICM DPL DPW BA CA IFM ICM DPL DPW

SiO2 (quartz) 70 19 2 22 5 16 4 25
NaAlSi3O8 7 12 1 20 16 9 15
KAlSi3O8 3 3 1 14 7
CaO 7 7 5
CaCO3 2 28 6 9 23 21 19
MgO 2 11 3 3 3 3
CaSO4 3 3 4 8 6 4 16 21 15
K2SO4 2 4 47 4 16 73 6 33 15
KCl 2 53 3 69 8 2 27 2 42
Ca5(PO4)3(OH) 5 12 28 6 7 19 6
Ca3(PO4)2 33 6
CaMgP2O7 17
CaKPO4 4
KMgPO4 12
CaK2P2O7 6 4
Ca3Mg(SiO4)2 8 23 7 12 7 14 2
Ca2MgSi2O7 3 6
MgSiO3 10 6
CaMg(SiO3)2 7 10
SiO2 (cristobalite) 4 3

aAbbreviations used: BA, bed ash; CA, cyclone ash (>10 μm); IFM, impactor fine mode (<1 μm) ash particles; ICM, impactor coarse mode (1−10 μm)
ash particles; DPL, deposition probe lee-side; and DPW, deposition probe wind side. The values in the table give the contents of crystalline phases (wt %)
in the different samples as the result of semiquantitative refinement of the XRD data with Rietveld technique.
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Finally, fluidized beds are particularly suitable for adding
phosphorus to a fuel in order to reduce condensed deposits and
fine particulate forming matter, because of a long fuel residence
time and moderate process temperatures, compared to powder
and grate applications. The combustion of phosphorus-rich
fuels in powder-fired systems has proved to be problematic.46

Thus, corrosion in superheaters and fouling problems caused
by deposits rich in alkali metals and chlorine can be potentially
reduced by employing fuel assortments/mixtures with a suitable
molar balance between phosphorus on the one hand and
potassium, sodium, calcium, and magnesium on the other hand,
with the reservation that higher concentrations of acidic gases
can be tolerated.

5. CONCLUSIONS
• A significant reduction of volatilized deposit and fine

particle forming matter containing KCl as the main
component was achieved by increasing the phosphorus
content in the fuels.

• As a consequence, an increased amount of potassium was
found in the coarse ash particle fractions, principally as
KMgPO4, CaK2P2O7, CaKPO4, and KPO3, while the
levels of HCl and SO2 in the flue gases increased.

• Thus, a clear qualitative and quantitative effect of the
addition of phosphorus on alkali distribution for both
biomass fuels studied was found. The alkali distribu-
tion was changed from being dominated by amorphous
K-silicate coarse ash fractions and fine particulate KCl to
a system dominated by crystalline coarse ash of K−Ca/
Mg-phosphates and fine particulate K2SO4.

• The phosphorus content in the fuel should not be
increased to an extent where the formation of alkali-rich
low-temperature-melting phosphates is promoted, since
this increases the risk of both bed agglomeration as well
as the release of alkali and phosphorus from the bed,
which increases deposit and fine particle formation.
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A growing interest has been observed for the use of cereal grains in small- and medium-scale heating.
Previous studies have been performed to determine the fuel quality of various cereal grains for combustion
purposes. The present investigation was undertaken in order to elucidate the potential abatement of low-
temperature corrosion and deposits formation by using fuel additives (calcite and kaolin) during
combustion of oat. Special emphasis was put on understanding the role of slag and bottom ash
composition on the volatilization of species responsible for fouling and emission of fine particles and acid
gases. The ash fractions were analyzed with scanning electron microscopy/energy dispersive spectroscopy
(SEM/EDS), for elemental composition, andwithX-ray diffraction (XRD) for identification of crystalline
phases. The previously reported K and Si capturing effects of kaolin additive were observed also in the
present study using P-rich biomass fuels. That is, the prerequisites for the formation of lowmelting K-rich
silicates were reduced. The result of using kaolin additive on the bottom ash was that no slag was formed.
The effect of the kaolin additive on the formation of submicrometer flue gas particles was an increased
share of condensed K-phosphates at the expense of K-sulfate and KCl. The latter phase was almost
completely absent in the particulate matter. Consequently, the levels of HCl and SO2 in the flue gases
increased somewhat. The addition of both calcite assortments increased the amount of formed slag,
although to a considerably higher extent for the precipitated calcite. P was captured to a higher degree in
the bottom ash, compared to the combustion of pure oat. The effect of the calcite additives on the fine
particle emissions in the flue gases was that the share of K-phosphate decreased considerably, while the
content of K-sulfate and KCl increased. Consequently, also the flue-gas levels of acidic HCl and SO2

decreased. This implies that the low-temperature corrosion observed in small-scale combustion of oat
possibly can be abated by employing calcite additives. Alternatively, if problems with slagging and
deposition of corrosivematter at heat convection surfaces are to be avoided, kaolin additive can be utilized,
on the condition that the higher concentrations of acidic gases can be tolerated.

1. Introduction

The need for renewable and sustainable energy sources as
an alternative for fossil fuels has become very urgent in recent
years for several reasons. The major reasons are the antici-
pated shortage of fossil fuel, primarily crudeoil, and the threat
of global warming. In the general search for renewable
alternatives, various agriculture crops have attracted atten-
tion. In northern Europe, for instance, firing oat for small-
scale heating has recently proven to be both technically
feasible and economically beneficial.1 Globally, 73% of oat
production is used as animal feed.2 Thus, an eventual compe-
tition between oat for energy production and for food pro-
duction will be indirect. However, the huge rise in price of
agricultural products in general and cereals in particular in
recent years has hampered the initial enthusiasm for this
opportunity. In a report from the Organisation for Economic

Co-operation and Development (OECD) and the Food and
Agricultural Organization (FAO), it is concluded that the
present global cereal prices have been driven higher as the
weather-related production shortfalls of the past year and
dwindling global stocks have tightened supply on world
markets. However, they should decline toward the end of the
decade, but will probably stay substantially higher than prices
observed over the past decade because of expanding food
demand in developing countries as well as increased demand
for cereals for energy production.3 Furthermore, estimations
have shown that at an oat price per ton, below 85% of the
corresponding price for wood pellets, the combustion of oat is
still economically favorable.4 In addition to the economical
competitiveness of firing oat for heating, the technical aspects
are crucial. Although oat firing from an operational point of
view has been demonstrated to be quite unproblematic, there
are a number of issues that demands attention.

Compared to for instance wood fuel, the ash content of oat
is at least ten times higher. Even if oat has proven to be most*Corresponding author. Tel.:þ46 90 786 5445. E-mail: dan.bostrom@

chem.umu.se.
(1) R€onnback, M.; Johansson, L.; Cleasson, F.; Johansson, M.

Ma.tning, karakta.risering och reduktion av stoft vid eldning av spann-
mål. SP Technical Research Institute of Sweden; Report 2008:04,
(http://www.sp.se/sv/publications/Sidor/Publikationer.aspx).
(2) Kim, S.; Dale, B. Global potential bioethanol production from

wasted crops and crop residues. Biomass Bioenergy 2004, 26, 361–375.

(3) OECD and FAO: Agricultural Outlook 2007-2016; OECD/FAO,
2007.

(4) Olsson, R., Arkel€ov, O., S€oderqvist, K.-O. Eldning av havre f€or
uppvarmning, LRFs Lansf€orbund i Skaraborg. (www.afabinfo.com/
pdf_doc/rapporter/rapportspannmal.pdf), 2004.
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favorable among cereals concerning ash related problems
such as slagging, the emissions of particles and acid gases is
still high. Due to high concentrations of acid gases, the
temperature must exceed the dew point of the flue gases in
order to avoid corrosion in the boiler and the chimney.4 There
are no limits for particle emissions from appliances smaller
than 500 kW in Sweden today.Nevertheless, it is important to
consider these emissions since small scale wood combustion is
one of the largest sources of fine (<1 μm) airborne particles in
Europe today.

The present investigation was undertaken in order to eluci-
date the potential abatement of low temperature corrosion and
deposits formation by using fuel additives (calcite and kaolin)
during the combustion of oat. Special emphasis was placed on
chemical understanding of the role of slag and bottom ash
composition on the volatilization of species responsible for
fouling and emission of fine particles and acid gases.

2. Materials and Methods

2.1. Fuel and Additives. The used oat grain was locally
produced in the neighborhood of Umeå, Sweden. Chemical
analysis of oat grain with respect to moisture content, total
ash content, and main ash forming elements is given in Table 1.

Ground calcite (CaCO3) (Duchefa Biochemie), precipitated
calcite (Riedel-de Haen), and kaolin (Al2Si2O5(OH)4) (Riedel-
deHaen) were used as additives. The grain sizes of these differed
markedly. Ground calcite was as expected relatively coarse with
grains between 5 and 50 μm while the grains of the precipitated
calcite were much smaller, the majority less than 2 μm. The
grains of the kaolin were also relatively fine but slightly coarser
and more heterogeneous in size than the precipitated calcite. To
obtain good distribution and good contact between additives
and fuel, the materials were mixed in a cement mixer in advance
of filling up the fuel storage.

2.2. Combustion Procedure and Conditions. The experiments
were performed in a horizontal feeding burner, installed in a
reference boiler that currently is used for the national certifica-
tion tests of residential pellet burners in Sweden. A schematic
view over the experimental setup is shown in Figure 1. Be-
sides the integrated heat exchanger, the boiler walls are also
water jacketed (see C in Figure 1). The burner is constructed
according to the main principles for combustion of pellets. Four
combustion experiments were performed; one with pure oat
grain and three with different additives, i.e. 1 wt%kaolin (oatþ
K), 2 wt % precipitated calcite (oat þ pC), and 3 wt % ground
calcite (oatþ gC). The duration of the combustion experiments
were between 9 and 12 h. The used fuel feeding rate varied
between 2.4 and 3.0 kg/h, which corresponds to 12-15 kW.
Temperature measurements in the burner were performed at
two positions: in the center and at the end of the burner. The
maximum measured temperatures in the burner were 1000 (
100 �C for T1 and 700 ( 100 �C for T2 (see Figure 1). No
significant differences in measured temperatures for the experi-
ments with and without additives were observed.

The concentrations of O2 and CO in the flue gases were
measured continuouslywith electrochemical sensors.Generally,
the combustion conditionswere relatively stablewith an average
O2 concentration in the range of 7-10%andCO<200 ppm for
all experiments except the experiment with the addition of
ground calcite that had more varying O2, in the range of
6-15%, and somewhat higher CO emissions (<800 ppm).
The concentrations of the acidic gases SO2 and HCl were
measured with Fourier transformed infrared (FTIR) spectros-
copy during a period of 30 min after the combustion reached
stable conditions, i.e. approximately 1 h.

2.3. Sampling of Ash, Slag, and Deposits. After each experi-
ment, the combustion equipment was inspected with respect to
slag formation in the burner and deposited boiler ash (bottom

ash). Slag was here defined as a material that clearly could be
established as previouslymelted, that was larger than 3mm, and
that was separated by sieving. The amount of deposited boiler
ash and slag was determined and the samples were further
chemically characterized by qualitative and semiquantitative
methods.

To qualitatively study the deposit formation on heat exchan-
ging surfaces, an air-cooled temperature controlled deposition
probe with an exchangeable stainless steel sample ring, was used
(see A in Figure 1). The sample ring was cooled to∼150 �C and
placed just in front of the heat exchanger tubes. The exposure
time was 8-10 h for each combustion experiment. The deposits
on the stainless steel plate in the upper part of the boiler (see B in
Figure 1) aswell as on the rear boilerwall (seeC inFigure 1)were
also sampled and analyzed. The plate and the sampling area of
the rear wall were carefully cleaned before each combustion
experiment.

2.4. Particle Sampling. To determine the particles mass size
distribution, a 13-step low-pressure impactor (LPI) fromDekati
Ltd. was used that size classifies particles in the range of 0.03-
10 μmaccording to aerodynamic diameter. Aluminum foils (not
greased) were used as substrates in the impactor. Isokinetic
sampling was carried out in the flue gas channel, and the
impactor was heated to the same temperature as the flue gases,
i.e. ∼130 �C.

2.5. Chemical Characterization. The chemical composition of
formed slag, boiler ash, deposits, and fine particles was analyzed
semiquantitatively by use of scanning electron microscopy
(SEM) equipped with an energy dispersive X-ray analysis unit
(EDS) and qualitatively with powder X-ray diffraction (XRD).
Utilizing the so-called Rietveld technique, the XRD results were
evaluated to also gain semiquantitative information of the
relative content of crystalline phases. The XRD measurements
were performed on ground samples, which subsequently were
analyzed by SEM/EDS. Thus XRD and SEM/EDS analysis
were carried out on identical samples, allowing direct compa-
rison of the two complementing methods.

2.6. Assessment of Sintering Degree. The degree of sintering
for the collected slag samples was assessed through visual
(microscope) inspection and a simple strength test and classified
according to the following criteria:5

Category 1: very lightly sintered ash that breaks at a light
touch.
Category 2: slightly sintered ash that holds together at a light
touch but is easily broken apart. The grain structure could
still clearly be distinguished.
Category 3: sintered ash that still is breakable. Visually, it is
still possible to distinguish single grains, but parts of the ash

Table 1. Fuel Characteristics for the Used OatI

parameter value parameter value

moisturea 9.2 SiO2
g 1.21

ashb 2.8 CaOg 0.094
Cc 43 Fe2O3g 0.006
Hc 6.9 K2O

g 0.587
Nc 1.6 MgOg 0.201
Od 46 MnOg 0.005
Se 0.14 Na2O

g 0.007
Clf 0.06 P2O5

g 0.843
heating valueh 18 Al2O3

g <0.001

aAnalysis according to SS 187170. bAnalysis according to SS 187171.
cAnalysis according to ASTMD3178-79. dAnalysis according to calcu-
lated values. eAnalysis according to SS 187177. fAnalysis according to
SS 187185. gAnalysis according to SS 028113-1. h (HHV) according to
SS 187182. IThe values are in weight percent dry substance (ds), except
for moisture which is in weight percent and heating value which is in
megajoules per kilogram ds.

(5) €Ohman, M.; Boman, C.; Hedman, H.; Nordin, A.; Bostr€om, D.
Biomass Bioenergy 2004, 27, 585–596.
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have structures resembling slag where melted material (glass)
could be observed.
Category 4: totally sintered ash which is not breakable by
hand. The ash is fused to larger lumps (slag). No individual
grain structure could visually be distinguished.

3. Results

3.1. Acidic Gas Emissions. The concentrations of HCl
and SO2 in the flue gases are shown in Table 2. The levels
of both HCl and SO2 were lowered when calcite was used as
additive, whereas the addition of kaolin increased the HCl
emissions.

3.2. Particle Emissions and Size Distribution. The results
from the impactor sampling are shown in Figure 2. As can be
seen, the particle emissions were in all cases dominated by
fine (<1 μm) particles, and a significant reduction in mass
concentration asmeasured in flue gases was obtainedwith all
tested additives.

3.3. Ash and Slag Samples. As shown in Table 3, the
experiments with pure oat fuel and with calcite additive
resulted in significant formation of slag (mainly in the
burner), particularly when precipitated calcite was added.
Another clear effect was the nonslagging behavior of the oat
with addition of kaolin.

3.4. Chemical characteristics of Ash, Slag, Deposits, and

Fine Particles. The results from SEM/EDS and XRD ana-
lyses of formed boiler ash, slag, deposits, and fine particles
are given in Tables 4 and 5. Slag and bottom ash were
dominated by relatively refractory phosphates and silicates
while the deposits on the boiler walls and the flue gas
particulate matter were dominated by condensed K-phos-
phates, -sulphates, and -chlorides.

4. Discussion

4.1. General Comments. No true mass balance could be
established since the absolute amounts of combustion resi-
dues as slag, burner and bottom ash, and deposits were not
available. However, the mass content of particles in the flue
gas was quantified. The following discussion is thus based on
relative compositional differences and changes in the various
ash fractions, obtained from the SEM/EDS and XRD
results. It should also be noted that slag, as it is defined in
this study, implies a material that partly has beenmelted and
that upon cooling mainly formed crystalline phases but

Figure 1. Schematic figure of the experimental setup. (A) air-cooled temperature controlled deposition probe, (B) stainless steel plate,
(C) water jacketed boiler wall, (D) heat exchanger (water based).

Table 2. HCl and SO2 Emissions (mg/Nm
3
dg at 10% O2) Given as

30-min Average Values with Standard Deviations

oat oat þ K oat þ pC oat þ gC

HCl 61( 2 70( 3 52( 1 58( 5
SO2 280( 20 300( 17 240( 13 210( 47

Figure 2. Particle mass size distribution.

Table 3. Slag Data

(A) amount

of slag (g)

(B) slag of

ingoing fuel

ash (wt %)

(C) slag of

ingoing ash þ
additives (wt %)

(D) degree

of sinteringa

oat 40 5 2-3

oat þ K no slag 0 0

oat þ pC 220 24 13 4

oat þ gC 63 7 3 4

aAccording to the classification given in section 2.5.
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presumably also a fraction of glass. The latter cannot be
directly identified by XRD, though. Thus only indirect
evidence for its existence is at hand. It should be pointed
out that the relation between the glassy and crystalline
fractions of the slag is highly dependent on the cooling
history of the slag. Furthermore, in the analysis of the results
the “dilution factor”, as the result of the use of additives, has
to be considered. It is for kaolin and precipitated and ground
calcite, 1.4, 1.7, and 2.1, respectively, assuming a propor-
tional increase of the amount of ash.

4.2. Ash and Slag Formation without Additives. Thermo-
dynamic calculations and earlier experimental experiences
have shown that P dominates over Si in the competition for
the base cations: Kþ, Mg2þ, and Ca2þ.6 Thus, K-Mg-Ca
phosphates form prior to the corresponding silicates. Initi-
ally, the latter involves formation of relatively low melting
K-silicates. The eventual rest of Si will form cristobalite or
tridymite depending on the temperature of combustion, i.e.
the thermodynamical stable modification of silica (SiO2).
Considering the amounts and the speciation ofK-containing
crystalline phases in the slag that were identified by XRD
analysis (see Table 4), in a comparisonwith the amounts ofK
in slag as obtained from the SEM/EDS analysis (Table 5), it
is obvious that there is a deficiency of K in the former. For
instance, this condition becomes apparent by comparing the
K/Ca ratios. The differencemay be explained by the presence
of a K-containing glass that is “invisible” for XRD. The
assumption presupposes formation of a glass from the low
melting K-rich silicate remnants after the crystalline preci-
pitation of the slag

4.3. Ash and Slag Formation with Calcite Additives. Upon
the addition of calcite, increased amounts of Si are bound in
the slag, whereas the tendency in the boiler (bottom) ash
appears to be the opposite. Thus, a redistribution of Si from
ash to slag has taken place. Since the amounts of crystalline
silicates in the slag, here solely åkermanite (Ca2MgSi2O7), is
considerably less (see Table 4), it is concluded that the glass
forming low melting silicate phase has incorporated an
increased amount of Ca. Hereby, the addition of calcite
provides a basic oxide for reaction with silica and accord-
ingly no formation of cristobalite (SiO2) is observed in the
slag (see Table 4). The glass will most probably also contain
significant amounts of K. This conclusion is also supported
by the observation of increased amounts of slag in presence
of calcite additives (see Table 3).

Concerning the P content in the slag, the total amount
does not appear to have been changed, taking into account
the dilution effect of the additives. On the other hand, the
composition of the crystalline phosphates has changed be-
coming more Ca-rich. These phosphates melt at higher
temperatures which is positive from a slagging point of view.
In the burner and bottom ashes, however, a certain enrich-
ment of P was observed. Altogether, this implies that less P is
volatilized upon addition of calcite to the oat fuel. Concern-
ing the K content in both ash and slag, it appears to be only
marginally affected taking into account the dilution effect of
the additives. It was also noted that lesser amounts of the
calcite additive did not react since CaO, Ca(OH)2, and
CaCO3 were found in burner and boiler ashes (see Tables 4
and 5). Finally, judging from the amounts of slag, the
precipitated calcite appears to be more reactive, presumable
due to the finer grain size.

4.4. Ash and Slag Formation with Kaolin Additive. The
kaolin additive was intended to act as a K capturer. That is,
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the following reactions were anticipated in according to
suggestions from earlier studies:7

Al2Si2O5ðOHÞ4 f Al2O3 3 2SiO2 þ 2H2O ð1Þ

Al2O3 3 2SiO2 þ 2KCl þ H2O f 2KAlSiO4 þ 2HCl ð2Þ

Al2O3 3 2SiO2 þ 2SiO2þ2KClþH2Of 2KAlSi2O6þ2HCl

ð3Þ
Al2Si2O5(OH)4 (kaolinite) is the dominating mineral in

kaolin clay, and Al2O3 3 2SiO2 (meta-kaolinite) is an amor-
phous mixture of alumina and silica that forms when kaoli-
nite losses water at high temperatures. KAlSiO4 (kalsilite)
and KAlSi2O6 (leucite) are typical high-temperature K-Al
silicate minerals formed. Note that in reaction 3, in the
formation of leucite, kaoline reacts besides with KCl also
with two SiO2 molecules. These reactions, that are written
with KCl as K-containing species, can in principle also be
written with K-species such as as K2O and KOH. The
potassium-aluminum silicates in reactions 2 and 3 are very
stabile phases implying that meta-kaolinite readily reacts
with available gaseous K-species. This will reduce the
amount of K available for reaction with silica to more low
melting K-silicates. The absence of slag in the experiments
with kaolin additive confirms this. A minor decrease of P,
(with dilution effect accounted for) was also observed. It is
therefore plausible that the entrapment of reactive K with
kaolin addition in turn will increase the volatilization of P.
Thus, it is apparent that the effect of kaolin and calcite
additives on the capture of P in ash and slag differs. The
observed effects of the used additives in ashes and slags
concerning the behavior ofK and Pwere inmost cases rather
small, but most probably responsible for the much more
tangible effects related to the formation of acidic gases and
particles.

4.5. Volatilization of Inorganic Matter. In general, con-
densed phases in flue gases from biomass combustion are
formed via condensation of alkali metal species or reactions
between such alkali components and other gases to form
sulfates, chlorides, carbonates, phosphates, and hydroxides.
The thermodynamical stability for this category of sub-
stances is increasing in the following order; hydroxides,
carbonates, chlorides, sulfates, and phosphates. Thus, if
equilibrium is attained, K-phosphates will be the first species
to form, followed by K-sulfate, K-chloride, K-carbonate,
and K-hydroxid. A consequence of P-containing flue gases
may therefore be higher levels of HCl and SO2 (and SO3)
gases, which at lower temperatures together with water
vapor will condense to acids.

Clear effects of all three additives were observed in the
present work. The kaolin affected the composition of the
deposits and the fine particle forming matter to a lesser
extent than the calcite additives.

K-phosphates dominated the deposits formed on the rear
boiler wall and the heat exchanger, as well as in the fine
particle emissions in combustion of pure oat fuel. (See
Tables 4 and 5.) Lesser amounts of sulfates were also found
in deposits at the various sampling positions along the route
of the flue gas.

The K-capturing effect of the kaolin additive in the flue
gases resulted in generally lower concentration of K in
deposits and fine particles formed. The reduced volatiliza-
tion ofK resulted in an increased fraction of phosphate in the
condensed flue gas matter, since there was not enough K to
form the other salts.

The P-capturing effect of the calcite additives (in bottom
ash and slag) was evident as considerably lower concentra-
tions of phosphates were found in the fine particles emis-
sions. These were instead dominated by sulfates and
chlorides.

The observations and conclusions from the analysis of
the flue gas particles were confirmed by the variations in
the concentrations of HCl and SO2 in the flue gases (see
Table 2). In general, the levels of HCl and SO2 in the
flue gases from the pure oat fuel and from the fuel
with kaolin additive were substantially higher than for the
fuels with calcite additives. That is, a high level of volatilized
P in the flue gases in combinations with a low level of
volatilizedK, resulted in higher concentration of acidic gases
in the emissions.

Both types of additives resulted in substantial reductions
of the amounts of fine particles in the flue gases (see
Figure 2). The mechanism of their action differs though.
As mentioned the calcite additive appears to increase the
capture of P into ash and slag, whereas kaolin is capturing
more K in ash and slag. In general, K has a key role in the
formation of fine particles in flue gases from biomass
combustion, since it constitute the dominating cation. Mea-
sures decreasing the concentration of K in the flue gas will
therefore reduce the amount of condensed flue gas matter,
which was observed in the case of kaolin addition. For the
calcite additive, on the other hand, no such K capture to
bottom ash and slag could be discerned. This implies that the
amount of fine particles should not decrease compared to the
experiment without additive. However, with the calcite
additives, significantly higher levels of K-sulfate were ob-
served on the walls of the boiler and on the deposition probe
rings (see Tables 4 and 5). Thus, a significant share of the fine
particle forming matter in the flue gas condensed on heat
exchanging surfaces in the boiler before reaching the im-
pactor sampling.

5. Conclusions

The previously reported K and Si capturing effect of kaolin
additive were observed also in the present study using P-rich
biomass fuels.7-11 That is, the prerequisites for the formation
of low melting K-rich silicates were reduced. The result of the
use of kaolin additive on the bottom ash was that no slag was
formed.

The effect of the kaolin additive on the formation of
fine flue gas particles was an increased share of condensed
K-phosphates at the expense of K-sulfate andKCl. The latter
phase was almost completely absent in the particulate matter.
Consequently, the levels of HCl and SO2 in the flue gases
increased somewhat.

(6) Lindstr€om, E.; €Ohman, M.; Bostr€om, D.; Sandstr€om, M. Energy
Fuels 2007, 21, 710–717.
(7) Tran, K. O.; Iisa, K.; Steenari, B. M.; Lindqvist, O. Fuel 2005, 84,

169–175.

(8) Davidsson, K. O.; Steenari, B.-M.; Eskilsson, D. Energy Fuels
2007, 21, 1959–1966.

(9) Shaojun, X.; Burvall, J.; €Orberg, H.; Kalen, G.; Thyrel, M.;
€Ohman, M.; Bostr€om, D. Energy Fuels 2008, 22, 3465–3470.
(10) €Ohman, M.; Bostr€om, D.; Nordin, A. Energy Fuels 2004, 18,

1370–1376.
(11) Davidsson, K. O.; Åmand, L.-E.; Elled, A.-L.; Leckner, B.

Energy Fuels 2007, 21, 3180–3188.
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The addition of both calcite assortments increased the slag
formation, although to a much higher extent for the precipi-
tated calcite. P was captured to a higher degree in the bottom
ash, compared to the combustion of pure oat.

The effect of the calcite additives on the fine particle
emissions in the flue gases was that the share of K-phos-
phate decreased considerably, while the content of K-
sulfate and KCl increased. Consequently, also the flue-gas
levels of acidic HCl and SO2 decreased. This implies that the

low-temperature corrosion observed in small scale combus-

tion of oat possibly can be abated by employing calcite
additives.

Alternatively, if problems with slagging and deposition of
corrosivematter at heat convection surfaces are tobe avoided,
kaolin additive can be utilized, on the condition that higher
concentrations of acidic gases can be tolerated.
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