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Abstract

Although more than a hundred papers dealing with the agglomeration problem in combustion and 

gasification of biomass can be found in the literature, very few studies focusing on the bed particle 

layer formation process in fluidized bed combustion (FBC) and fluidized bed gasification (FBG)

can be found. With increased knowledge of the bed particle layer formation process — i.e. the main 

route behind bed agglomeration and bed material deposition in wood combustion/gasification —

suitable combinations of fuel/bed material and/or bed material management measures can be 

suggested. This would not only aim to reduce the risk of ash related operational problems but also to 

enhance the catalytic activity of the bed material (e.g. for tar removal in gasification). The present 

investigation was therefore undertaken to determine the layer formation process on and within 

typical bed materials (i.e. quartz and olivine) and for a potentially interesting new bed material, K-

feldspar.

Bed material samples were collected from four different combustion and two different gasification 

appliances: two bubbling fluidized beds (BFB) (5 kWth/30 MWth), two full-scale circulating 

fluidized beds (CFB) (90/122 MWth), and two dual fluidized bed gasifiers (DFB) (8/15 MWth). 

Scanning electron microscopy/energy-dispersive spectroscopy (SEM/EDS) and X-ray diffraction 

(XRD) were used to explore layer morphology and elemental composition and to gain information 

about crystalline phases of the layers. Phase diagrams and thermodynamic equilibrium calculations 

(TECs) were used to interpret the melting behavior of the layers and the melt fragments in deposits.

In addition, a diffusion model was used to interpret the layer growth process.

For quartz bed particles taken from BFB, the younger particles (< around 1 day) had only one thin 

layer, but for particles older than 3 days, the layer consisted of inner and outer layers. In addition to 

the inner and outer layers, a K-rich inner-inner layer was found for bed particles taken from CFB

and DFB. No outer layers were found for quartz bed particles taken from DFB. The thin/absence of

an outer layer could have resulted from the more significant attrition between particles in CFB and 

DFB. Reduced availability of Ca and a risk of layer breakage from the particle lead to the formation 

of the inner-inner layer. Similar elemental compositions of the layers upon the quartz bed particles 

taken from different fluidized bed techniques were found. The inner-inner layers are dominated by 

Si, K and Ca (excluding O), and the outer layers are rich in Ca, Si and Mg, which seem to resemble 

more closely the fuel ash composition. The inner layers, mainly consisted of Si and Ca, were found 

to have higher concentrations of Ca for older particles. The layer thickness increases with particle 

age, but the growth rate decreases. Melt was estimated to exist in the inner layer for younger 
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particles (< around 1 day) and in the inner-inner layer. The existence of partially melted inner-inner 

layers, in particles from CFB and DFB, points towards higher risk of bed agglomeration in these 

techniques compared to BFB. Based on the experimental results, thermodynamic equilibrium 

calculations, and diffusion model analyses, a layer formation process on quartz bed particle was 

suggested: the layer formation is initiated by reaction of gaseous K compounds with quartz to form 

K-rich silicate melt, which prompts the diffusion of Ca2+. The gradual incorporation of Ca into the 

melt followed by the precipitation of Ca-silicates, e.g. Ca2SiO4, will result in the continuous inner 

layer growth. However, because of increasing concentration of Ca and release of K from the inner 

layer, the melt disappears in the inner layer and the layer formation process gradually becomes Ca 

diffusion controlled. The diffusion resistance increases with increasing thickness of a more Ca-rich 

layer, resulting in a decreasing layer growth rate. 

Crack layers with similar compositions dominated by Si, K and Ca were observed in relatively old 

quartz bed particles. A melt was predicted to exist in the crack layer according to thermodynamic 

equilibrium calculations. The crack layers found in quartz particles from BFB and CFB connect 

with the cracks in the inner layer, whereas for bed samples collected from DFB, the crack layers

were found along existing cracks in the quartz particle. The different morphologies may indicate 

different routes of formation for crack layers in bed particles from different fluidized bed 

technologies. For quartz particles from BFB and CFB, crack formation through the inner layer down 

to the interface between the inner layer and the core of quartz bed particle initiates the cracks in the 

quartz bed particle. This allows for diffusion of gaseous alkali compounds to react with quartz in the 

bed particle core, thereby forming crack layers. The reaction is accelerated with bridge formation 

between crack layers. This may later lead to the breakdown of the bed particle into smaller alkali-

silicate-rich fragments. 

For K-feldspar bed particles from BFB and CFB, only one layer was found for particles with an age 

of 1 day. For bed particles with ages older than 3 days, two layers including a homogenous inner 

layer containing cracks and a more particle-rich outer layer can be distinguished. Compared to bed 

particles from BFB with similar ages, the outer layer is thinner for bed particles from CFB. The 

inner layer is dominated by Ca, Si and Al (excluding O), whereas the outer layer is dominated by Ca, 

Si and Mg. The average concentration of Ca in the inner layer increases with bed particle age. 

Increasing layer thickness with decreasing growth rate was found, similar to that on quartz particles.

For particles from DFB, the inner layer is also mainly consisted of Ca and Si, but cracks in the inner 

layer were not found. For all the particles, the Ca/Si molar ratio in the layer decreases towards the 

bed particle core and the change of concentration is more significant at the bed particle core/layer 
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interface. The overall inner layer growth is resultant from the gradual incorporation of Ca into the 

layer.

For olivine bed particles from DFB, the younger bed particles (< around 24 h) have only one layer, 

but after 24 h, an inner layer and an outer layer appear. Furthermore, for bed particles older than 180 

h, the inner layer is separated into a distinguishable Ca-rich and Mg-rich zone. Two kinds of cracks 

in the inner layer either perpendicular or parallel to the particle surface were observed. Compared to 

the younger bed particles, the Ca concentration in the layer of older particles is much higher. A 

detailed mechanism for layer formation on olivine particles in fluidized bed gasification (most likely

also applicable to combustion) based on the interaction between woody biomass ash and olivine has 

been proposed. The proposed mechanism is based on a solid-solid substitution reaction. However, a 

possible enabling step in the form of a Ca2+ transport via melts may occur. Ca2+ is incorporated into 

the crystal structure of olivine by replacing either Fe2+ or Mg2+. This substitution occurs via 

intermediate states where Ca-Mg silicates, such as CaMgSiO4, are formed. Mg2+ released from the 

crystal structure most likely forms MgO, which can be found in a distinguishable zone between the 

main particle layers. Due to a difference in the bond lengths between Mg/Fe and incorporated Ca2+

with their respective neighboring oxygen atoms, the crystal structure shifts, resulting in formation of 

cracks.

The dominating elements in the inner layers are similar for each kind of bed material from BFB, 

CFB, and DFB, indicating limited effects of atmosphere on the inner layer formation. The initiation 

of layer formation differs depending on the bed material, but increasing Ca concentration in the 

inner layer with time for all bed materials indicates that the layer growth resulted from the 

incorporation of Ca into the layer. Compared to quartz, K-feldspar and olivine are more promising 

bed materials in wood combustion/gasification, especially in CFB and DFB techniques, from the 

perspective of mitigating bed agglomeration and bed material deposit build-up.

Keywords: layer formation, bed particle, woody biomass, quartz, K-feldspar, olivine, bed 

agglomeration, deposition, fluidized bed, combustion, gasification
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Introduction 

 

1 Introduction
The interest in utilization of biomass fuels has increased during recent decades due to growing 

environmental concerns, increasing price of fossil fuels and considerations regarding the security 

and diversification of energy supply. Heat, power and liquid fuels can be produced from biomass 

through different thermochemical conversion processes. Routes involving conventional or advanced 

technologies under development can be found. Currently, based on the cost, complexity, operational 

availability and efficiency issues, fluidized bed combustion (FBC) and fluidized bed gasification 

(FBG) are among the most suitable technologies for large-scale heat, power and bio-syngas/biofuel

production.1,2 Biomass fuels often contain considerable amounts of potassium and other ash-forming 

elements that undergo different ash transformation processes during the thermochemical conversion 

process.3,4 The release, transformation, transportation and sintering of these inorganic elements can

lead to different ash-related operational problems in thermochemical conversion processes. The ash-

related operational problems reduce the efficiency of the fuel conversion systems, inflict extra costs 

for cleaning and maintenance and can hinder further efficient utilization of several biomass fuels.

Potential difficulties to overcome in FBC or FBG of biomass are the agglomeration of bed particles 

resulting in bed defluidization and bed material deposition, both of which may cause significant 

operational problems. Besides these unwanted problems, the choice of bed material and the 

interaction between bed material particles and biomass ash have shown interesting benefits on tar 

reduction during gasification. Detailed knowledge on ash-related issues in FBC and FBG enables us 

to propose a range of available solutions to manage, control and prevent these potential problems.

1.1 Utilization of biomass fuels 
Biomass is any organic, i.e. decomposable, matter derived from plants or animals available on a

renewable basis.5 Biomass include residues from agriculture, harvests from forest (e.g. in the form 

of logs, residues), crop residues, energy crops, animal manure, residues from agro-industrial and 

food processes, municipal solid wastes and other biological resources.6-8 It is used to meet a variety 

of energy needs, including generating electricity, heating homes, fueling vehicles and providing 

process heat for industrial facilities.6 Worldwide, biomass ranks fourth as an energy resource after 

coal, oil and natural gas, providing approximately 10% of the world’s energy supply.9 In developing 

countries, biomass is the most important source of energy, providing 20 to 45% of the total energy 

demand.10 On average in the industrialized countries, biomass contributes to less than 10% the total 

energy supply.10 It should be noted that despite the remarkable contribution of biomass to the world 

energy balance, its use in a primitive and inefficient manner in developing countries leads to a host 
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of adverse effect on human health, environment, and social wellbeing.11 More efficient conversion

of biomass and uses within modern technologies are therefore important.

The utilization of biomass within the European Union (EU) has strongly increased over the last 

decades and the ambitions of the EU for the use of biomass are high.1,12 Every country in Europe 

has included bioenergy in its energy and climate policies.12 In the EU, targets have been set for 

bioenergy use; 20% of the energy used in EU is to be supplied from renewables by 2020 and 

biomass is predicted to account for two-thirds of these renewables.13 A few individual countries, 

especially in Scandinavia, are setting up higher goals for the future use of renewable energy.

Sweden has set a target of achieving zero net greenhouse gas emissions by 2045.14 According to the 

Swedish Energy Agency statistics on annual energy balances, the supply of oil to Sweden in 2013 

was the lowest level recorded in recent years.15 Behind the growth of bioenergy in Sweden are 

factors like the carbon dioxide tax introduced in 1991, a consistent political support for renewable 

energy and a strong forestry sector. The most used biomass in the EU is wood-derived fuels in 

various forms, which accounts for about half of Europe’s renewable energy use.16 In some countries, 

such as Poland and Finland, wood meets more than 80% of the renewable energy use.16

One of the suitable technologies that can be applied for large-scale thermo-chemical conversion of 

biomass is the fluidized bed technology, which has been recognized as a clean and efficient 

process.1,2 Several different types of fluidized beds exist and the most used in thermochemical 

conversion of biomass are bubbling fluidized bed (BFB), circulating fluidized bed (CFB) and dual 

fluidized bed (DFB). In a fluidized bed gasifier/combustor, oxygen, steam or air and fuel are mixed 

in a hot bed of granular solids such as sand. Due to the intense gas-solid mixing in a fluidized bed, 

the temperature distribution throughout the bed is uniform, and the heat and mass transfer between 

bed and fuel is efficient.17 Other major advantages are the ability to handle a wide range of fuels

having different sizes, shapes, moisture contents, and heating values, as well as reaching stable 

combustion operation at relatively low temperatures (750-900 ºC), thereby producing less 

thermal/prompt NOx.1 Even though the fluidized bed technology has been commercially successful, 

some technical challenges still hinder the efficient utilization of this technology for some fuels.

1.2 Ash-forming matter in biomass 
Components found in biomass include cellulose, hemicelluloses, lignin, lipids, proteins, simple 

sugars, starches, water, and ash-forming matter. Typical (dry) weight percentages for C, H, and O 

are 45-55%, 6 to 6.5%, and 40 to 45% respectively.18 The concentration of the main inorganic 

elements, often called ash-forming elements or ash-forming matter, shows significant differences
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between different biomass.19-21 N, S, and Cl can be found in quantities usually less than 1% dry 

matter, but occasionally well above this. Certain inorganic elements (e.g. Si, Ca, K) can be found as 

well. The composition of natural biomass varies depending on several factors, e.g. type of biomass, 

stage of growth, growing conditions and harvesting techniques.22 Relative to coal, biomass 

generally contains less C, more O, more Cl and K, less Al, Fe, Ti and S, and sometimes more 

Ca.23,24 Certain biomass types also contain extrinsic material (e.g. sand minerals) in varying 

amounts depending upon the source and the handling of the fuel. 

The behavior of the inorganic/ash-forming matter in the biomass during thermal conversion is an 

important parameter, because of its potential ability to cause ash-related problems such as slagging, 

bed agglomeration, fouling, and corrosion in the combustion/gasification device, which can lead to 

reduced performance.4,25-30 The understanding of the formation of ash-related problems requires 

detailed information about the fuel; in particular, the amount and composition of its ash-forming 

matter. The most significant ash-forming elements in biomass are Si, Ca, Mg, K, P, S, Cl and Al, 

which normally make up the majority of the ash-forming elements. In addition, the ash content and 

composition of the fuel are also critical for the choice of appropriate combustion and flue gas

cleaning technologies. Furthermore, fly ash formation, ash deposit formation as well as logistics 

concerning ash storage and ash utilization/disposal depend on the ash composition and ash content 

of the fuel.18 Stem wood usually contains relatively low amounts of ash-forming matter, while 

significantly higher values are typically found in bark, straw, grasses, grains and fruit residues.

The ash-forming matters in fuel have characteristic tendencies to react during the fuel conversion 

process, depending upon their chemical form in the fuel. The inorganic matter can be grouped into 

four types: water-soluble salts, elements organically bound to the carbonaceous matrix, minerals 

included in the fuel structure, and inorganic material that comes from extraneous sources.31,32

Werkelin et al.31 analyzed woody biomass fuels and concluded that all of the Cl in the samples and 

most of K, Na and P were water-soluble; most of the Mg and Mn, and some of the Ca were leached 

in NH4Ac; most of the Ca was leached in HCl; and most of the Si and S remained insoluble in the 

biomass. Soluble alkali compounds in the fuel may have a high tendency to release as vaporized 

compounds. On the other hand, the ash-forming matter leachable only by HCl or remaining as 

insoluble residue will probably be present as silicates, which have a low tendency to release.25

1.3 Ash-related operational problems and opportunities in FBC/FBG 
One of the most severe and costly operational problem experienced in the fluidized bed combustion 

of woody fuels is often related to agglomeration of bed particles resulting in bed defluidization as 
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well as bed material deposition on furnace walls, in cyclones and return legs.33-35 In addition to these 

unwanted ash-related problems, possible positive effects of ash and bed material interactions have 

been experienced, such as the catalytic activity of the bed material layer for tar reduction during 

gasification.36-38

1.3.1 Bed agglomeration

Bed agglomeration has been studied since the early days of fluidized bed technology.39,40 The point 

at which the bed starts to defluidize is often marked by a decrease in pressure and by variation of 

temperatures over the bed.41,42 The problem of agglomeration is often related to the content and 

composition of the fuel ash, the operating bed temperature, and the type of bed material employed.43

Both ash chemistry and particle physics can influence the agglomeration process. In the case of 

particles larger than 10 m with a wetted surface, either the surface tension and capillary forces or 

the viscous dissipation forces hold particles together normally.44 Formation of a liquid phase is a 

prerequisite for bed agglomeration during combustion and gasification.44 The melting behavior and 

the viscosity of the formed melt are critical for the bed agglomeration process. The melting behavior

is dependent on the chemical composition while the viscosity is dependent on both the amount of 

melt and the melting characteristics. The sticky (partial molten) melt causes an adhesive force 

within the fluidized bed, while fluidization velocity and particle weight causes separating forces. 

When adhesive forces overcome separating forces, it results in agglomeration of bed materials.

Based on the dispersion of the slag-liquid on the particles, two different routes for agglomeration 

referred to as “melt-induced” or “coating-induced” were summarized by Visser et al,45,46 as shown 

in Figure 1.1. For the coating-induced route (Figure 1.1a), a coating is formed on the surface of the 

bed material grains and the agglomeration is initiated by neck formation between coatings of 

individual grains. For the melt-induced route (Figure 1.1b), the bed material grains are “glued” 

together by a melt phase formed from individual ash particles in the bed. Furthermore, Brus et 

al.,47,48 De Geyter et al.49 and Grimm et al.50 concluded that the agglomeration proceeds with an 

initial bed particle layer formation followed by subsequent viscous-flow sintering and 

agglomeration for fuels rich in Ca and K, i.e. wood-derived fuels, or direct adhesion of bed particles 

by partly molten ash-derived silicates or phosphates for fuels rich in Si and/or P, e.g. straws and 

agricultural residues. 
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Figure 1.1 Agglomeration of bed particles through (a) coating induced route and (b) melt induced 
route.45,46

Coating/layer-induced bed agglomeration has been suggested to be the main route for 

agglomeration in combustion and gasification of woody biomass fuels.27,51,52 Multiple layers with 

different properties and compositions have often been found surrounding bed particles,27,47,51,52 as 

illustrated in Figure 1.2. It appears that the inner layer compositions depend on the composition of 

both the bed material and the fuel, whereas the outer layers are more related to the fuel ash 

composition.47,49,52-54 The ash compounds formed during the fuel conversion can be attached to the 

bed material by a combination of deposition of small ash particles on the bed particle surface, 

condensation, and chemical reaction with gaseous alkali metal compounds.35,51 The layers 

containing K or Na may be adhesive and cause the formation of agglomerates.51,52

Figure 1.2 Back-scattered scanning electron microscopy image of illustration of a typical cross
section of multiple layers on bed particles.
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1.3.2 Bed material deposition

Previous work has shown that deposits found in cyclones of wood fired CFBs consist mainly of bed 

particles embedded in a homogeneous melt, as shown in Figure 1.3, which resembles the 

composition of the layer found around the cracks in older quartz bed particles during CFB 

combustion.34 Potassium from the feedstock interacts with quartz bed particles to form sticky alkali-

rich silicate crack layers. The alkali silicate formation, which progresses within the vicinity of the 

formed cracks of older quartz bed particles, significantly transforms a large part of the bed particle 

making it less resistant against fragmentation.34 Approximately 10% of the quartz sand fed into the 

furnace is fragmented small enough to escape the cyclone with the fly ash.35 The sticky layer of the 

fragmented quartz bed particle can thereafter adhere to the walls of the cyclone or the return legs. 

Ordinary bed particles can thereafter deposit on the surface of those melts.  

Figure 1.3 Back-scattered scanning electron microscopy image of illustration of a typical cross
section of bed material deposits from a wood fired CFB cyclone.34

Bed material deposition/slagging has also been observed during steam gasification in DFB of 

woody biomass. Using lower-cost feedstocks, such as logging residues, instead of stem wood 

improves the economic operation of these plants. Such feedstocks, however, may have high ash 

contents. In Senden, near Ulm in Germany, the first plant using logging residues is operated by 

Stadtwerke Ulm. The major operational difficulties experienced here are slagging and bed material 

deposit build-up in the post-combustion chamber. One possible hypothesis behind the bed material 

deposition/slag formation in this plant is the introduction of quartz particles via fuel contaminants.

1.3.3 Catalytic activity of bed material layers 

One of the problems that challenges industrial viability of biomass gasification processes is related 

to the presence of tar in the product gas. With the use of catalysts, it is possible to remove tar 

components from the fuel gas at lower temperatures. One important advantage of a fluidized bed 
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gasifier is the possibility to utilize a low cost mineral bed material that is catalytically active for tar 

reduction.55,56 Certain ash-forming elements that interact with bed material can form a layer that has

been shown to reduce tars in the product gas.56

Kirnbauer et al.57,58 investigated the layers on olivine bed particles in DFB gasification plants and 

found that Ca-rich layers on olivine had a significantly positive effect on the catalytic activity. This 

has been demonstrated in the industrial scale power plant in Güssing, Austria,37,59 and in laboratory 

scale tests.60 Similar results were observed in experiments conducted at the Chalmers gasifier.61 A

laboratory scale test rig was also used to investigate the increase in catalytic activity of quartz when 

layered from long-term operation in a biomass combustion plant. It was found that the development 

of a Ca-rich layer on other bed materials also have similar catalytic effects as those found for 

olivine.58

1.4 Bed material use and management in FBC/FBG 
As discussed previous interaction of inorganic matter in the biomass with the bed material leads to 

layer formation on the bed particle, which is the underlying cause for both bed agglomeration and 

bed material deposition in fluidized bed wood combustion/gasification. By replacement of old bed 

material with fresh, the ash content in the bed can be held below a critical value and thereby ash-

related problems can be avoided. Frequent bed change is therefore a common method applied to 

ensure problem-free operation, but this is associated with additional costs and a high renewal rate 

that is not sustainable on a long-term basis. However, previous research has shown that the old bed 

material should be kept as much as possible since the Ca-rich layers on old bed particles have a

beneficial effect on the syngas quality.58

In principle, any granular particle with high melting temperature and with right size and density 

may be used as a bed material in a fluidized bed combustor/gasifier. Since the bed material is prone 

to both chemical reactions with the ash-forming matter in the fuel as well as to mechanical wear, 

low-cost materials are of interest as the material will need to be continuously replaced with fresh 

one to keep the bed-related problems under control. Besides low cost and high availability of the 

bed material, there are a number of desired characteristics that define a good bed material, including 

high heat transfer capacity, high melting point, mechanically resistant, minimal erosion capability,

inert to ash-forming elements, catalytic activity, and minimal disposal cost etc.62 The most common

bed material today is still natural sand, mainly consisting of quartz and feldspar and smaller shares 

of mica. Many other alternative bed materials, including a variety of natural minerals,63 porous 

alumina,64 blast furnace slag,54,65 olivine sand,65,66 feldspar67 etc. have been suggested because of 

 
7

 



Introduction 

 
their low bed agglomeration tendency in fluidized wood combustion. However, the higher cost of 

most of these bed materials makes quartz-based natural sand still dominant. The most commonly 

used bed material during DFB gasification of wood is olivine because it exhibits good 

agglomeration performance and effective catalytic activity for tar reduction.36-38 However, the 

disposal of spent inventories is problematic due to the hazardous impurities (Ni and Cr) in olivine. 

K-feldspar and quartz, both widely available heavy-metal free minerals, are potential materials to 

replace olivine during DFB gasification of wood.

Although more than a hundred papers dealing with the agglomeration problem in combustion and 

gasification of biomass can be found in the literature, very few studies focusing on the detailed bed 

particle layer formation process in FBC/FBG can be found (see chapter 2). Precise and quantitative 

knowledge of the bed particle coating/layer formation process during combustion and gasification 

of woody biomass fuels in fluidized quartz and non-quartz beds has not yet been presented. 

With increased knowledge of the bed particle coating/layer formation mechanisms — i.e. the main 

route behind bed agglomeration and bed material deposition in wood combustion/gasification — the 

most suitable combinations of fuel/bed material and/or bed material management measures can be 

suggested. This would not only aim to reduce the risk for ash related operational problems but also 

to enhance the catalytic activity of the bed material. 

1.5 Objectives
In light of the background given in the introduction, the overall objective was to determine and 

compare the layer characteristics and layer formation processes of different bed particles during 

bubbling fluidized bed combustion (BFBC), circulating fluidized bed combustion (CFBC) and dual 

fluidized bed gasification (DFBG) of woody biomass. 

More specifically the objectives include:

Determining the layer characteristics and the layer formation process on/in quartz bed 

particles

Determining the layer characteristics and the layer formation process on K-feldspar bed 

particles

Determining the layer characteristics and the layer formation process on olivine bed 

particles in DFBG

 
8

 



Introduction 

 
Comparing the layer characteristics on/in quartz- and K-feldspar bed particles between 

BFBC, CFBC and DFBG 

Comparing the layer characteristics and the layer formation process on different bed 

particles (quartz, K-feldspar, olivine)

The results obtained will provide detailed knowledge on bed particle layer formation during 

fluidized bed combustion and gasification of woody biomass that can be used to enhance the 

beneficial effects of ash-bed material interactions while avoiding or mitigating its disadvantages, i.e. 

risk for bed agglomeration and bed material deposition. This knowledge can be of use in the design 

and operation of fluidized bed reactors as well as for selecting suitable bed materials for fluidized 

bed gasifiers/combustors with respect to bed agglomeration and bed material deposition and 

influence on the catalytic activity of mature bed material.

1.6 Overview of appended papers
This thesis is based on 7 papers, all focused on layer characteristics and layer formation processes 

on/in different bed particles in thermo-chemical conversion of wood derived fuels in fluidized beds.

Formation of sticky layers on bed particles has been considered as a prerequisite for bed 

agglomeration in fluidized bed combustion of wood-derived fuels. Paper I presents the result of an

investigation determining the time-dependent layer characteristics on quartz bed particles with ages 

from 4 h to 23 days in fluidized bed combustion of wood-derived fuels. Bed material from three 

different appliances (a bench-scale bubbling fluidized bed, a full-scale bubbling fluidized bed, and a

full-scale circulating fluidized bed) were sampled at different times from startups with fresh beds.

SEM/EDS and XRD were used to explore layer morphology and chemical composition and to gain 

information on crystalline phases of the layers.

In spite of frequent experimental reports on the layer characteristics on quartz bed particles in wood 

FBC, the underlying bed particle layer formation process has not yet been presented. By combining 

our previous experimental results in Paper I, with phase diagrams, thermodynamic equilibrium 

calculations and a diffusion model, a mechanism of quartz bed particle layer formation was 

proposed in Paper II.

Sticky fragments of alkali-rich silicates formed in cracks of older quartz bed particles have shown to 

be responsible for bed material deposition in wood fired CFBs. The crack layer formation in quartz 

bed particles in FBC of woody biomass was therefore investigated in Paper III by collecting bed 

 
9

 



Introduction 

 
material samples from full-scale bubbling and circulating fluidized bed facilities after different 

times after the virgin bed material was introduced.

Olivine is the most commonly used bed material in DFBG. However, as olivine contains heavy 

metals such as nickel and chromium, no post-process usage of the nutrient-rich ash is possible and 

additional operational costs arise due to necessary special disposal of the ash fractions. Therefore, 

the investigation in Paper IV studied possible alternative bed materials and their suitability for 

DFBG systems, focusing on the behavior of the naturally occurring minerals olivine, quartz, and K-

feldspar in terms of unfavorable particle layer characteristics, agglomeration tendency and 

fragmentation at typical operation temperature.

Besides quartz, K-feldspar is found in relatively high amounts in natural sand. The potential 

application of K-feldspar as bed material in replacement of current olivine has been investigated due 

to its positive effect on producer gas during DFBG. The layer characteristics on K-feldspar bed 

particle with ages from 1 day to 23 days were determined during BFB and CFB combustion of 

woody biomass fuels in Paper V.

Olivine is currently used as bed material in dual fluid bed wood gasification due to its catalytic 

activity and low agglomeration tendency. The formation of relatively thick particle layer has been 

observed after long-term interaction between woody biomass ash and olivine particles: This layer

has shown to enhance the catalytic activity of the olivine particles for tar reduction. In Paper VI

olivine bed material was sampled at an industrial-scale power plant before start of operation and at 

predefined times during operation. A mechanism behind the layer formation process on the olivine

bed particles was further suggested.

One of the major problems in the DFBG operated with logging residues by Stadtwerke Ulm in 

Germany is deposit build-up. Paper VII characterizes inorganic components of ash-forming matter 

and draws conclusions regarding mechanisms of deposit build-up by investigation and comparison 

of layer characteristics of olivine and quartz particles.

Table 1.1 summarizes how these papers, appended in the thesis, are related to the objectives.
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2 Literature Overview 
A literature overview of relevant previous work in relation to the specific objectives of this thesis is 

presented in this chapter. This overview focuses on layer characteristics and layer formation

processes on quartz, K-feldspar and olivine bed particles in fluidized bed combustion and 

gasification of woody fuels. 

2.1 Ash formation in wood FBC & FBG 
Understanding of the behavior of ash-forming elements in fluidized bed combustion and 

gasification is essential to enable optimal utilization of these technologies. Lind et al.35 suggested a

mechanism for ash formation during CFB combustion of two wood-based biomass fuels, forest 

residue and willow. A simplified schematic of the ash formation mechanism is shown in Figure 2.1. 

During the combustion/gasification of biomass particles, alkali elements (mainly K) vaporize and 

react further with volatile components that nucleate and condense to form particles. They then 

become part of the flue gases in what is called “fly ash” and exist mainly in the form of K2SO4 and 

KCl. By coalescence and agglomeration inside of and on the surfaces of char particles, the non-

volatile ash species compose of irregular agglomerates large than 1 m, known as coarse fly ash,

consisting of e.g. Ca, Si, and K. In addition, the coarse fly ash is possibly formed by attrition and 

fragmentation of the bed material particles and the ash coating on their surfaces.35 Ash compounds 

can be attached to the bed particles by deposition on the particle surface and/or condensation and 

chemical reactions of vaporized alkali compounds.35 The bed particles with the ash attached to them,

together with the individual ash particles found in the bed, constitute the bottom ash.
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Figure 2.1 A simplified schematic figure of ash formation processes during circulating fluidized 
bed combustion of solid wood-based biomass.35

To provide guidance in the understanding of the ash matter behavior in the use of any biomass fuel, 

Boström et al.4 proposed a conceptual model of the ash transformation reactions of biomass fuels 

organized into primary and secondary reactions. Primary reactions are mainly used to denote and 

define the mutual affinity of the ash-forming elements to oxygen. The primary products from the 

initial stages of the fuel conversion process are divided into two categories, basic and acidic 

compounds, which are then arranged according to their reactivity from thermodynamic 

considerations (Table 2.1). They also pointed out that the order of the various ash-forming 

components depends on the reactivity of the reactant as well as the amount. 

Table 2.1 Arranged basic compounds and acidic compounds.4

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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A tentative and schematic overview of the main secondary ash-forming reactions taking place 

during combustion of biomass is given in Table 2.2. 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 2.2). Further reactions will take place where mixed compounds, such as K-Ca- and K-Mg-

phosphates and -silicates, may form because of the even lower formation energies for such phases. 

These reactions will, to varying extents, be affected by the inherently different physical conditions 

concerning the temperature profile, residence time, flue gas speed, and physical fuel characteristics 

demanded by different combustion facilities.

Table 2.2 Some secondary ash transformation reactions as defined by Boström et al.4

Ash transformation can be influenced by changing atmosphere, as certain inorganic elements (e.g., 

K and S) form different compounds depending on the surrounding atmosphere. For example, sulfur 

could be present in different forms in an oxidizing atmosphere compared to in a reducing 

atmosphere. A fraction of the S in biomass fuels could be retained in the solid residue by alkali (e.g., 

K) and alkali earth metals (e.g., Ca) as sulfates under oxidizing conditions and as sulfides under 

reducing conditions.68

2.2 Layer formation on/in quartz bed particles in wood FBC/FBG
For quartz bed particles, the most common compounds on the particle surface are K- and Ca-

silicates when woody biomass fuels are used. The alkali-silicates can form a molten viscous glassy 

phase on the particle surface48,69 thus making the particles sticky. The solid-gas reaction between 

quartz and alkali vapors is one probable initiating route. Zevenhoven-Onderwater et al.70 suggested 

that the interaction of K from easily soluble (reactive) components in the fuel with the silica-rich 

bed material was the first and critical step in the build-up of a layer on the bed material, which can 

then capture other small ash particles to form a sticky layer. They also suggested that the layer 

formation process is then followed by the diffusion of Ca into the layer. Thy et al.71 also concluded 

Reaction Comments
SO3 2SO4(l,g)+H2O(g) fast reaction, product molten or not

2O(g) fast reaction, product not stable 
SiO2 2SiO3(l) + H2O(g) medium fast reaction, product stable and molten 
CO2 2CO3(l,g) + H2O(g) fast reaction, product not stable 
SO3 4(s,l) medium fast reaction, product (not) stable and solid 

2(g,l) + H2O(g) medium fast reaction, product not stable 
SiO2 3(s) slow reaction, product stable and solid 
CO2 3(s) medium fast reaction, product not stable 
K2SiO3 Ca silicate(l) rather slow reaction, product stable and molten 
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that initial interaction between bed particles and potassium compounds, likely carried by the flue 

gas or aerosols, results in a continuous surface reaction zone around bed particles without 

enlargement of the particles.

Only a few studies could be found on bed particle layer build-up and composition as a function of 

time. Brus et al.48 found decreasing layer growth rate and an accumulated layer thickness of about 

50 μm on 30 day old bed material from industrial scale bubbling fluidized bed combustion. Visser 

et al.45 found increasing average layer thicknesses with increasing particle age and ash content of the 

fuel.

Crack layers beneath the Ca-rich bed particle layer formed in the aged quartz bed particles have 

been suggested to play an important role in the formation of sticky alkali-silicate-rich fragments.  

Brus et al.47 suggested that the alkali-silicate-rich layer found in the core of the quartz particle 

results from the diffusion of gaseous potassium in small existing cracks, which allows for higher 

diffusion rates of additional potassium, leading to continuous widening of the alkali-silicate-rich 

layer.

There are also not many studies where the layer formation on quartz particles has been studied 

under gasification conditions. Öhman et al.27 compared the layer characteristics on quartz particles

and no major differences were found between gasification and combustion using wood fuels, which 

suggests that no major difference in layer formation processes exists between combustion and 

gasification conditions.

2.3 Layer formation on olivine bed particles in wood FBC/FBG                        
On olivine bed particles, layers consisting of an inner- and outer layer were found during 

combustion of woody biomass.59,72 The layers were mainly composed of Mg, Si, and Ca, where the 

concentration of Ca in the outer layer is higher compared to the inner layer.72 Based on the low 

concentration of K found in the layers, a mechanism for layer formation different to that involved in 

quartz was proposed by Kirnbauer and Hofbauer.59 They suggested that the layer build-up leads

primarily to the formation of Ca-Mg-silicates rather than K-silicates.59 Chemical equilibrium 

calculations carried out by Grimm et al.72 showed a low chemical driving force for K to react and be 

retained by the olivine bed particles, which was in accordance to the experimental findings. They 

therefore suggested that Ca was more likely than K to be involved in the initial layer formation. In 

addition, Davidsson et al.65 found that K can be captured by olivine bed material, but it does not 

react with the olivine particles. Similar results were also reported by Zintl et al.73 who found that 
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olivine can withstand alkali-attack rather well, and the main agglomeration mechanism was believed

to be collision with melted fuel ash particles (i.e. the melt-induced route). In agreement with 

previous results, Marinkovic et al.74 observed that K exists in the melted layer between the particles 

and within the cracks in the particles. Kirnbauer et al.59 found that the elemental composition at the 

surface of the used olivine particles and crystal structures do not change significantly between a 

gasification and combustion atmosphere.

2.4 Layer formation on K-feldspar bed particles in wood FBC/FBG
De Geyter et al.53 found a multiple layer consisting of an inner- and outer layer on K-feldspars 

particle during BFB wood combustion. The inner layer was mainly composed of Si, Al, and K 

(excluding O), whereas lower concentrations of Si, Al, and K and higher Mg were found in the 

outer layer.53 In comparison to quartz, a thinner layer thickness on K-feldspar was observed during 

combustion of bark for 40 h, indicating lower layer formation rate on K-feldspar particles.53 De 

Geyter et al.53 therefore suggested that the molten K-silicates from surrounding ash may adhere to 

the bed particle surface and the melt formed will probably be in equilibrium with the feldspar 

together with solid K-silicates. They also suggested that agglomeration was resultant from the direct

adhesion by partly molten ash-derived K-silicates.53 Berguerand et al.67,75 found that the use of K-

feldspar as the bed material in DFB gasification of wood displayed no signs of agglomeration and a

quite thin layer was already observed after a duration of 2.5 h. However, Ca in the layer, present to 

an observable extent, was detected after 4 days. Furthermore, an increasing Ca concentration in the 

layer with increasing bed particle age was observed.75 The higher affinity of K for pure quartz 

particles compared to K-feldspar was also found.75

2.5 Concluding remarks on the literature 
Natural sand is still the dominating bed material used today in fluidized bed combustion/gasification. 

Besides quartz, K-feldspar is the other major component in natural sand. Even though much work 

has been carried out focusing on quartz, very few investigations were found about layer formation 

on K-feldspar particles. 

Olivine exhibits low agglomeration tendency and high catalytic activity in DFB gasification, but the 

disposal of hazardous metals increases the operational cost. Since the layer plays an important role 

on agglomeration and catalytic activity, it is therefore essential to first obtain sufficient knowledge 

of the layer formation process on olivine to be able to find proper alternative bed materials.

However, very few studies focusing on the layer formation on olivine bed particles could be found.
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A layer consisting of an inner- and outer layer has been found on quartz, K-feldspar and olivine. 

However, the dominating elemental compositions of the layers are different between the bed 

materials, indicating both different melting behavior and layer formation process. In most cases only 

matured or young bed particle has been sampled and characterized. The layer build-up needs time, 

since chemical reaction and mass transfer take place between bed material and the ash-forming 

matter in the wood fuel. However, very few studies focusing on the layer characteristics as a 

function of time have been found, and thus detailed knowledge of the layer formation process is still 

unexplored.
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3 Materials and Methods
The materials and methods used in the present study include the following: (1) bed material 

sampling at different times during controlled bench-scale bubbling fluidized bed combustion test of 

softwood bark, (2) bed material sampling at different times from full bed changes during full-scale 

bubbling- and circulating fluidized bed combustion tests of wood-based fuel mixtures, (3) sampling 

of bed material, coarse ash, fine ash and fly coke from dual fluidized bed gasification using olivine 

as bed material and woody biomass as fuel, (4) scanning electron microscopy/energy-dispersive 

spectroscopy (SEM/EDS) and X-ray diffraction (XRD) analyses of collected samples to determine 

the change in morphology and chemical composition, (5) phase diagram and thermodynamic

equilibrium calculations (TECs) to estimate the melting behavior of bed particle layers and melt 

fragments in deposits, and (6) a diffusion model to interpret the layer growth process on quartz bed 

particles. 

3.1 Bed material, ash sampling, and fuels used

3.1.1 Fluidized bed combustion (FBC)

Bed Material Sampling from a Bench-Scale Bubbling Fluidized Bed 5 kW (BFB5) (Paper I and 

)

Controlled fluidized bed combustion tests described in detail elsewhere42 were performed with bark 

as fuel and using quartz sand (> 98% quartz) with a size fraction of 106-125 μm. These relatively 

small bed particle sizes were chosen to facilitate the determination of the coating/attack-layer 

thickness of the bed particles. The reactor was heated by external wall heating elements and 

preheated primary air. During heating up of the reactor, the bed material was introduced gradually 

and fluidized all the time. The pelletized fuel was introduced into the reactor after reaching the 

desirable bed temperature. A total of 540 g of bed material was used. A bed temperature of 800 ºC

and excess oxygen concentration of 6% in the flue gases were maintained throughout the 

experiment. Bed material samples were collected after different lengths of time from startup (4, 8, 

16, 24, 32 and 40 h). 
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Table 3.1 Summary of the bed material used and operational data for the different bed material 

sampling campaigns

plant abbreviation
bed 

mass 
(ton)

bed 
consumption  

(wt-% of 
bed/day)

bed 
particle 

size 
(μm)

bed 
temperature 

(ºC)
fuel

campaign 
duration 
(days)

paper

BFB 5 
kW BFB5 0.0005 0 106-125 800 bark 1.7

paper 
I and 

BFB 
30

MWth

BFB30 20 < 3 700
(average) 800-880

10% bark, 30% 
logging residues, 
and 40% wood 

chips

23

paper 
I-
and 
V

CFB 
122 

MWth

CFB122 20-25 50 280
(average) 840-880

40% bark and  
60% 

sawdust+logging 
residues 

6
paper 
I and 

CFB 
90

MWth

CFB90 20 10 200-500 780-850 sawdust 13

paper 

and 
V

DFB 8 
MWth

DFB8 - 0 (0-72h) 400-800

850 in 
gasifier and 

935 in 
combustor

outlet

wood chips > 16 paper 
VI

DFB 
15

MWth

DFB15 8 < 15 400-800

856 
(average) 
in gasifier 
and 884 

(average) 
in 

combustor

15% bark, 15% 
needles, and 

70% wood chips
> 50

paper 
IV 
and 

paper 

Bed Material Sampling from a Full-Scale Bubbling Fluidized Bed 30 MWth (BFB30) (Paper I-

and Paper V)

Bed material samples were collected from a 30 MWth BFB (Ahlström). The fuel consisted of a 

typical wood-based mixture. Sand material (around 80% quartz and the remainder consisting of 

feldspar and smaller shares of mica) with an average particle size of 700 m was used as bed 
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material. Bed material samples (about 1 kg) were collected under normal operation conditions at 1, 

3, 5, 13 and 23 days after a complete bed change. The excess oxygen concentration in the dry flue 

gases was approximately 4% and the primary air flow represented approximately 40% of the total 

air flow. The bed material was exchanged at the same rate as that during normal operation (see 

Table 3.1 for further details).

Bed Material Sampling from a Full-Scale Circulating Fluidized Bed 122 MWth (CFB122) (Paper 

)

Bed material samples (about 1 kg) were also collected from a 122 MWth CFB (Foster Wheeler) after 

different operation durations (3, 4 and 6 days) from completely fresh bed material. Sand material 

(around 80% quartz and the remainder consisting of feldspar and smaller shares of mica) with an 

average particle size of 280 μm was used as bed material. Wood-based fuel mixtures, with an ash 

composition relatively similar to the bark fuel used in the bench-scale experiments, were used. The 

excess oxygen concentration in the dry flue gases was approximately 4% and the primary air flow 

represented approximately 60% of the total air flow. The bed material was changed to the same 

extent as that during normal operation (see Table 3.1 for further details).

Bed Material Sampling from a Full-Scale Circulating Fluidized Bed 90 MWth (CFB90) (Paper 

)

Bed material samples (about 1 kg) were also collected from a 90 MWth CFB (Foster Wheeler), after 

different operation times (1, 5, 11 and 13 days) from complete bed change at startup. Sand material 

(around 80% quartz and the remainder consisting of feldspar and smaller shares of mica) with a 

particle size of 200-500 μm was used as bed material. The excess oxygen concentration was 3-4% 

in the dry flue gases and the primary air flow represented 50-60% of the total air flow. The bed 

material was changed to the same extent as that during normal operation (see Table 3.1 for further 

details).

Fuel sampling and fuel analysis

The same type of fuel was used for the entire sampling campaign in each full-scale combustion 

plant and the operating conditions were kept as normal and constant as possible. This was verified 

by logged operation data, as well as semi-continuously determined fuel ash contents (according to 

SS-187171) and moisture data for fuel samples taken every day during the experiment. The fuel 

samples were further compiled to a general sample where the levels of the main ash-forming 

elements were determined. The main ash forming elements (except S and Cl were analyzed by 

inductively coupled plasma-atomic emission spectroscopy (ICP-AES) where a representative fuel 
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sample was ashed at 550 ºC, then digested in LiBO2 and dissolved in HNO3 prior to elemental 

analysis. S and Cl were characterized with the methods SS-187177 and SS-187185, respectively. 

The fuel characteristics for all used fuels are shown in Table 3.2. The fuel ash composition is similar 

for all the fuels used in the different fluidized beds. The fuel ashes are dominated by Ca, Si, K, Mg

and P.

Table 3.2 Fuel characteristics fuel ash composition and ash content

n.a. = not analyzed

3.1.2 Dual fluidized bed gasification (DFBG)

Bed material sampling from a Dual Fluidized Bed 8 MWth (DFB8) (Paper VI) 

A simplified flow sheet of the biomass gasification plant in Oberwart, Austria is illustrated in Figure 

3.1. Fresh olivine was used as bed material for the start-up of the power plant. Following the heat-

up phase, in which natural gas was burned by the gas burners but before biomass was transported 

into the system, CaO powder was inserted into the gasifier as an additive for 7 h. This was done to 

increase the catalytic activity of the bed in the start-up phase. When starting up with fresh olivine, 

the catalytic activity of the bed material is significantly lower than that of used olivine.37 Therefore, 

CaO is added during start-up to control tar amounts in the product gas. Woody biomass in the form 

of wood chips was then added and the operation of the gasification process started. In the 

gasification reactor, steam is used as the fluidization agent and the air is used in the combustion 

reactor. Bed material and char are transported from the gasifier to the combustion reactor via a chute 

and then transported upward. After leaving the combustion reactor, bed material is brought back to 

the gasifier via a siphon. Gasification was performed at fairly constant temperatures of 850 ºC,

whereas the temperature at the outlet of the combustor reached 935 ºC.

BFB5 BFB30 CFB122 CFB90 DFB8 DFB15

Ash content (wt % of dry substance)
3.0 1.8±0.51 3.1±0.47 0.8±0.15 n.a. n.a.

Fuel ash composition (mol % of main ash-forming elements)
K 11.6 10.9 11.7 13.7 14.6 14.8
Na < 3.7 1.8 1.8 0.2 2.5 1.4
Ca 48.9 44.3 49.1 52.7 35.3 54.8
Mg 6.3 6.6 6.5 9.3 14.0 6.9
Fe < 3.5 9.0 1.5 1.4 1.1 0.5
Al 3.1 2.8 3.9 4.1 5.3 3.6
Si 17.2 17.1 18.7 9.2 18.4 12.3
P 2.9 3.5 3.5 4.3 5.8 3.7
S 2.2 2.9 2.7 3.0 3.1 2.0
Cl < 0.7 < 1.1 0.7 < 2.0 n.a. n.a.
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Sampling was carried out by collecting coarse ash before it was returned to the combustion reactor. 

The sampling position was chosen since sampling from the bottom of the reactor was not possible at 

the power plant. Bed material and ash leaving the combustion reactor are separated after the post-

combustion chamber, and the larger particles referred to as coarse ash are transported back to the 

combustion chamber. Therefore, the coarse ash fraction contains mainly bed particles rather than 

fine ash. In the analysis with SEM, only bed particles were investigated and taken into account for 

statistical evaluation. Thus, investigating bed material by sampling coarse ash has been assumed to 

be representative. A sample of fresh olivine was taken before it was introduced into the DFB reactor. 

Used olivine was collected at different times following the start of operation, which was taken at the

point at which the biomass feedstock was introduced to the gasifier. The sampling times were after 

4, 8, 16, 24, 32, 48 and 72 h of operation at full capacity. During this time no fresh bed material was 

added into the system, so no dilution of the bed material took place. 

Two samples, one after 180 h and the other after around 400 h of operation, were also collected to 

assess the long-term effects in the layer formation process. These samples were diluted with fresh 

bed material, which was periodically added to the system to compensate for bed material losses due 

to abrasion in the fluidized bed. However, aged bed material was clearly distinguishable from 

younger particles due to its layer thickness. Nevertheless, an exact age of bed particles cannot be 

stated with certainty for these two samples. See Table 3.1 for further details.

Figure 3.1 Simplified flow sheet of the combined heat and power plant in Oberwart.
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Sampling from a Dual Fluidized Bed 15 MWth (DFB15) (Paper )

Figure 3.2 shows a simplified flow sheet of the DFB gasification process as installed in Senden, 

Germany. The set-up of the power plant is very similar to the plant in Oberwart. Olivine was used 

as bed material. Its main function is as the heat carrier between the combustion and gasification 

reactors, but it also acts as a catalyst in reducing the tars. Logging residues, including cut-off root 

ends, tops, and branches, were used as feedstock. Steam is the gasifying agent in the gasification 

reactor. CaO was used as an additive to enhance the catalytic activity of olivine. The bubbling bed 

was kept at a temperature of around 850 ºC. In the combustor, air was used for fluidization and 

nearly full oxidation was achieved. As a result, bed material particles were heated up and 

temperatures over 1000 ºC were reached. Used olivine was periodically replaced by fresh olivine to 

make up for bed material losses owed to attrition. Therefore, used olivine was taken out of the 

combustion reactor at the bottom and fresh olivine entered together with coarse ash and fly coke. 

Samples of bed material, fly ash, fly coke, coarse ash, and fine ash were taken during steady state 

operation of the power plant at two different days. Figure 3.2 shows the sampling locations in the 

power plant. On both occasions the power plant was continuously operated for around 1200 h 

without cooling off. Deposition samples were taken out of the post-combustion chamber on two 

different dates during the shutdown of the power plant after the operation periods. On each of the 

dates, samples from three different positions were collected. From each position, two samples were 

investigated. Thus, a total of 12 deposition samples were analyzed. To obtain representative values, 

samples of bed material, coarse ash, fine ash, fly coke and feedstock from two different days during 

steady-state operation were collected. Biomass feedstock was collected from every delivery at the 

power plant in one day. In total, eight trucks delivered the logging residues to the plant each day.

Zones at the outlet of the combustion reactor, the cyclone and the post-combustion chamber are 

most likely to be critical regarding the thermal stability of bed particle layers and deposit build-up.

Average measured temperatures in those zones were 884, 1018 and 922 ºC, respectively. It has to be 

stated here that the measured temperatures were gas temperatures at the corresponding position, 

thus, the temperatures were displayed here only as guide values for the tendency toward 

agglomeration and deposit build-up. The temperature in the gasifier bed was 856 ºC (on average),

which showed the significant temperature difference that was characteristic for the DFB system. See 

Table 3.1 for further details.
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Figure 3.2 Simplified flow sheet of the power plant in Senden.

Fuel sampling and fuel analysis

Numerous feedstock samples in each plant were taken and mixed together to get a homogenized 

feedstock sample. This homogenized feedstock samples were transformed into ash according to 

DIN CEN/TS 14775. Wood samples were heated up to a temperature of 250 ºC. This temperature 

was maintained for 60 min. The temperature was then increased to 550 ºC and maintained until 

transformation of the biomass into ash was completed. The ash produced from the feedstock was 

then subjected to X-ray fluorescence (XRF) analysis. The ash samples were melted in a Merck 

Spectromelt at 1050 ºC and placed on a stainless steel plate at a temperature of 400 ºC. Fuel 

compositions of the CHP power plants in Senden and Oberwart are shown in Table 3.2. It can be 

seen that the dominating ash forming main elements in the woody biomass (fuel) ash are Ca, Si, K, 

Mg and P. Also significant amounts of Al and S are present in the fuel ash. The ash compositions of 

the fuels used in the DFBG campaigns have similar compositions compared to the fuels used in the 

FBC campaigns.
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3.2 SEM/EDS analysis ( - )
Bed particles from BFB30, CFB122, and CFB90 with a particle sieving size of 500-850, 200-355,

and 200-500 μm, respectively, were collected after gentle sieving. Bed samples from BFB5 were 

not sieved due to the uniform bed material used. The collected bed particles were mounted in epoxy 

resin and then the blocks of epoxy resin were dry polished to obtain cross sections of the bed 

material grains. The bed particles were thereafter analyzed with SEM/EDS. To minimize the effects 

of non-central cross sections, and the varying “particle age” due to the continuous bed changes in 

the full-scale plants, only the largest cross sections with the thickest layers were analyzed. All the 

SEM images that are shown in this thesis were carried out with the backscattered electron (BSE) 

detector to visualize the compositional contrasts in the samples.

For bed samples from BFB5, BFB30 and CFB122, more than 10 typical quartz particles were 

analyzed for each sample and 4 evenly distributed spots on the bed particle’s periphery were chosen 

for estimation of layer thickness. Inner layers and outer layers were discerned visually on the SEM 

image of the cross sections and spots for elemental analysis were chosen in the middle of each layer. 

To determine average elemental composition of the formed layers, 2-3 evenly distributed EDS-spot 

analyses for each layer were chosen. Where the layers were thin, influence of the bed material on 

the analysis results cannot be totally excluded due to the limited spatial resolution of quantification 

with SEM/EDS (a few micrometers). 

A total of 15-25 quartz bed particles from each BFB30 and CFB90 sample were subjected to 

analysis of crack layers to have typical morphology (Figure 3.3c). To determine the average 

elemental composition of the crack layer in the core of the bed particle, more than five particles 

with typical crack layers were chosen for each sample. Crack layers were discerned visually on the

SEM image of the cross section and 1-2 spots for elemental analysis were chosen in the middle of

each crack layer. To minimize the effects of bed material and layer, the spot analyses were carried 

out in the wide crack layer far from the inner bed particle layer and the original bed particle core.

The relative grayscale differences in back-scattered electron SEM imaging were used to assess the 

impact of bed particle aging on crack layer growth. The Ca-rich inner and outer quartz particle 

layers are brighter compared to the unreacted quartz bed particle, and the relative brightness of 

alkali-silicate rich crack layer is between that of inner layer and unreacted bed material. Three 

regions, including unreacted bed material, inner bed layer and crack layer, were distinguished by 

limiting the intensity threshold using image analysis software ImageJ,76 as shown in Figure 3.3.

However, for older quartz bed particles, the amount of crack layers is overestimated due to the 
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similar brightness of outer layers and crack layers. For younger bed particles, the effect of outer 

layer on estimation of area percentage is limited due to quite thin outer layer formation. In addition, 

an alkali-silicate rich layer, so-called inner-inner quartz bed particle layer, can usually be found in 

the CFB samples where relatively thin inner quartz bed particle layers or cracks are formed.34 As 

these inner-inner layers have similar grey-scale (composition) as the crack layers, their effect cannot 

be totally excluded in this image analysis. Despite these overlaps in image analysis, the method does 

provide a useful description of how the various regions develop with increasing bed particle age. 

Since the brightness of the picture can change slightly depending on the settings of SEM, the exact 

threshold settings were adjusted to suit each bed particle image.

 

Figure 3.3 Three regions in the quartz bed particle from BFB30 with age of 23 days distinguished
by image analysis coloured in red (a) unreacted bed material, (b) inner layer on bed particles, and (c) 
crack layer.

More than 10 typical K-feldspar bed particles from each BFB30 and CFB90 sample were also 

subjected to analysis of layer thickness and composition on K-feldspar. 3-4 EDS line analysis 

evenly distributed over the bed particle’s periphery were chosen to determine the element 

composition along the layer. Inner layers and outer layers were discerned visually on the SEM 

image of the cross-sections and element compositions in the middle of the layers were chosen to 

determine average composition in the layers. 3-4 spots evenly distributed over the bed particles 

were chosen to estimate the layer thickness. 

Samples collected from DFB15 were also mounted in epoxy, cross sectioned and dry polished. 

Elemental compositions of different parts of the 12 deposits were determined by spot analysis of 

different fragments in the cross sections. Each fragment was analyzed at three or four different 

points (EDS spot analysis) and numerous fragments from each sample were analyzed (more than 10 

per sample). The collected data was then statistically evaluated. Corresponding bed material and 

coarse ash samples from the same operational time were analyzed in a similar manner.
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Olivine bed materials from DFB8 were also mounted in epoxy and dry polished to determine the 

chemical composition and morphology of the samples. Elemental composition was determined by 

spot analysis in different regions of the layers. For each sample investigated, 20-30 spot analyses 

were conducted for each particle investigated.

3.3 XRD analysis ( )
The bed materials sampled after 3, 5, 13 and 23 days from BFB30 and 6 days from CFB122 were 

analyzed without grinding by X-ray diffraction (XRD) with a D8 Advance (Bruker AXS, Karlsruhe, 

Germany). -1 detector were used. The samples were measured by 

continuous scan mode between 10- plus EVA77 with the PDF-2 database78 was used 
plus TOPAS79

using Rietveld refinement techniques with reference data from ICSD80 to make a semi-quantitative 

analysis of the crystalline matter in these samples. The X-ray penetration depth can be determined 

using known absorption coefficients and mass densities of the materials.81 Three deposit samples 

and two samples each of fly coke, fine ash, coarse ash, and bed material taken from DFB 15 were 

ground and analyzed.

3.4 Phase diagram ( )
In order to estimate the melting behavior based on the time-dependent composition of the inner 

quartz bed particle layer obtained experimentally, the K2O-CaO-SiO2 phase diagram was used to 

estimate the melting behavior in this work (Figure 3.4).82 The solidus temperatures were determined 

by extracting data from the phase diagram.
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Figure 3.4 The K2O-CaO-SiO2 phase diagram from Morey et al.82

3.5 Thermodynamic equilibrium calculations ( , Paper VI 

)
Thermodynamic equilibrium calculation routines have been implemented into the commercialized 

software FactSage 6.3, which makes it feasible to perform TECs for systems with multi-phases.

To estimate the melting behavior of the formed quartz bed particle layer during the FBC campaigns,

the databases FTsalt, FToxid and FACT53 were chosen. The solution models and elements used for 

calculation are listed in Table 3.3. Considering the operational conditions of the fluidized beds in 

this work, the temperature and pressure were set to be 850 ºC and 1 atm, respectively, in the 

calculations. The ash-forming elements included in the model were K, O, Ca and Si since these 

elements constitute more than 70 mol% of the inner layer on an oxide basis for all bed samples. 

Elements C, H, O and N were used to simulate the combustion atmosphere at an air-to-fuel ratio of 

1.2. The results of the elemental compositions obtained from the SEM/EDS analysis for the inner 

layer collected from bench- and full-scale fluidized quartz bed with ages from 4 h to 23 days were 

used as input for calculations ( ).
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Table 3.3 Elements and solution models used in the thermochemical equilibrium model calculations
to estimate the melting behavior of the formed quartz bed particle layer during the FBC campaigns
( )

In the TECs performed to estimate the melting behavior of the inner layers on bed particles and melt 

fragments in the depositions from DFB15 and to interpret the layer formation on olivine particle 

collected from DFB8, the elements and solution models shown in Table 3.4 were used. For samples 

collected from DFB15 the calculations were performed based on the average elemental 

compositions gained from EDS analysis of the samples at different temperatures with an access air 

ratio of 1.2. TECs were performed for different K/olivine- as well as Ca/K molar ratios at 800 ºC

using an access air ratio of 1.2 to interpret experimental findings regarding layer formation 

processes on olivine particles from DFB8.

Table 3.4 Elements and solution models used in the thermochemical equilibrium model calculations
for estimation of melting behavior of bed particles and deposits (DFB15) and interpretation of layer 
formation processes on olivine bed particles (DFB8) (Paper IV and Paper VI- )

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

Solution models

slag: SLAGA (MgO, SiO2, CaO, K2O, Fe2O3, FeO, Al2O3)

olivine (Mg, Fe, Ca//SiO3)

MulF (mullite Al6Si2O13, Fe6Si2O13)

Mel (melilite Ca2MgSi2O7, Ca2Al2SiO7, Ca2FeSi2O7,

Ca2Fe2SiO7)

salt melt: MELTA (K, Na//CO3, OH salt melt)

LCSO (K, Ca//CO3 melt)

SCSO (K, Ca//CO3 solid solution)

3.6 Diffusion model ( )
CaO from the outer quartz bed particle layer dissociates at the inner layer surface, which then allows 

the diffusion of Ca and O ions to occur. It is unlikely that transport of Ca from the inner layer to the 

quartz particle involves molecules of CaO. But the transport of Ca in the inner layer towards the 

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

Solution models

slag melt: SLAGA ( K2O, SiO2, CaO, liq)

SALTA (KOH, CaO, K2O, Ca(OH)2, liq)

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

SCSO (K, [Ca]//CO3, SO4, ss)
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quartz particle is described in terms of an effective flux of CaO by assuming that when the diffusion 

of Ca2+ occurs, the oxygen anions re-distribute rapidly to maintain electroneutrality. Upon 

nucleation and growth of Ca-silicate on the surface of the quartz particle, the layer near the quartz 

becomes depleted in Ca2+ and additional Ca2+ must diffuse from the outer layer to enable their 

further growth. The continuous inner layer growth is resultant from the reaction at the interface 

between bed particle and inner layer formed. Meanwhile, the amount of Ca2+ at interface, diffusing 

across the inner layer, determines the reaction rate. In this work, the diffusion model as illustrated in 

Figure 3.5 was used to represent the inner layer growth. For an isothermal solid-state reaction, the 

diffusion of reactants proceeds at a slower rate than the rate of reaction in most cases, i.e. a 

diffusion-controlled process.83

Figure 3.5 Schematic representation of diffusion-controlled model in the inner quartz bed particle 
layer growth process.

For the process of a diffusion-controlled solid-state reaction in sphere, the equation can be 

expressed as:= (1)

where CA is the concentration of component A (i.e. Ca2+ in this work) at r, t is the time, DA is the 

diffusion coefficient of Ca2+, and r is the distance from the bed particle core.

The initial and boundary conditions are:=  , = 0 (2)= : =  (3)
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 =  : = 0 (4)

where Cb is the concentration of calcium (Ca2+) in outer layer, r0 is the radius for the fresh bed 

particle, r is unreacted bed particle radius at t, and Cs is the Ca concentration in bed particle. 

To perform the calculation, in this work, the values of r0 were set to be 350 and 55 μm, respectively, 

for full- and bench-scale bubbling fluidized bed samples since the corresponding average diameters

for the fresh bed particle were 700 and 106-125 μm. Cb was set to be 0.38 based on the 

representative calcium concentration in the outer layer detected in the experimental work. The 

calcium concentration in bed Cs was set to be 0, because pure quartz bed particle was used. The 

diffusion coefficient of calcium depends on the inner layer composition and temperature. Based on 

the XRD and SEM/EDS results in paper I, the inner layer mainly consists of CaSiO3, Ca2SiO4 and 

Ca3SiO5 after 3 days, while the bed temperatures in full- and bench- scale BFB were from 800 to 

880 ºC and 800 ºC, respectively. Therefore, in this work, the diffusion coefficients of Ca2+ in 

CaSiO3, Ca2SiO4 and Ca3SiO5 at 850 ºC were set to be 5.05×10-7, 3.81×10-5 and 3.06×10-6 μm2/s,

respectively, and the diffusion coefficients of Ca2+ in Ca2SiO4 at 800 and 900 ºC were set to be 

3.84×10-6 and 2.93×10-4 μm2/s, respectively.84
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4 Results and Discussion
This chapter presents results and discussion of the layer characteristics/formation process on/in 

quartz, K-feldspar and olivine bed particles from three different fluidized bed techniques, i.e. 

bubbling fluidized bed, circulating fluidized bed and dual fluidized bed wood gasification.

4.1 Layer formation on quartz bed particles ( and VII)

4.1.1 Quartz bed particles from BFB combustion

Morphology

Typical cross sections of layers on quartz particles with ages 4-40 h collected from bench-scale BFB 

experiments are illustrated in Figure 4.1. From the back-scattered electron images, a layer can be 

distinguished as a lighter periphery surrounding the darker bed particles. Only one layer was found

for all these bed samples and only limited parts of the particle surfaces are covered by the layer for 

particles with ages of 4 and 8 h (panel (a) and (b) of Figure 4.1).

Figure 4.1 SEM images of typical cross sections of layers on quartz bed particles collected from 
BFB5 with ages of (a) 4 h, (b) 8 h, (c) 16 h, (d) 24 h, (e) 32 h and (f) 40 h.

All quartz particles taken from BFB30, with different ages from 1 day to 23 days, were found to be 

surrounded by layers (Figure 4.2). Only one layer was observed for particles with an age of 1 day 

(panel (a) of Figure 4.2). On the other hand, for particles with ages of 3, 5, 13 and 23 days, the 

accumulated material surrounding the bed particles was found to consist of an inner layer and an 
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outer layer (panels (b-e) of Figure 4.2). The inner layers are more homogeneous, whereas the outer 

layers are more heterogeneous and particle-rich, in agreement with previous results from the full-

scale combustion of woody biomass.47 It is clear that the total layer thickness increases with 

increasing particle age.

Figure 4.2 SEM images of typical cross sections of layers on quartz bed particles collected from 
BFB30 with ages of (a) 1 day, (b) 3 days, (c) 5 days, (d) 13 days and (e) 23 days.

Elemental & phase composition

The results in Figure 4.3 show that the layers on the quartz bed particles from BFB5 with different 

ages mainly consist of Ca (on a O- and Si-free basis). Relatively high K and low Ca contents can be 

found for particles with ages of 4 and 8 h compared to older particles. It seems that the layer 

composition is similar for particles with ages of 16, 24, 32 and 40 h (panel (b) of Figure 4.3).
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Figure 4.3 Average elemental compositions with standard deviations on a C-, O- and Si-free basis 
of the layers formed on quartz bed particles in BFB5 with ages of (a) 4 and 8 h and (b) 16, 24, 32, 
and 40 h.
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For samples from the full-scale BFB30, the results in Figure 4.4 show that the inner layers on the 

particles mainly consist of Ca and Si (O excluded) while the outer layers are dominated by Ca, Si

and Mg (O excluded), which seems to resemble more the fuel ash composition. The Ca content in 

the inner layers increases with particle age, but nevertheless no major difference in the elemental 

composition for the outer layers could be distinguished between particles with different ages (panel 

(b) of Figure 4.4).
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Figure 4.4 Average element composition with standard deviations on a C- and O-free basis of the (a) 
inner layer and (b) outer layer formed on quartz bed particles in BFB30 with different ages.

For samples collected after 4 and 8 h from BFB5, the K/Ca molar ratio is quite high but 

significantly reduced to a lower and similar level for samples collected after 16, 24, 32 and 40 h of 

operational time. For the BFB30 samples, K/Ca molar ratio decreased with increasing time until the 

5 days sample and after that, it remained close to a constant over time. It should be noted that the

BFB5 and BFB30 samples with similar sampling times of around 1 day have similar K/Ca molar 

ratios. 

The collected bed samples taken after 3, 5, 13 and 23 days from BFB30 were analyzed with XRD to 

identify crystalline phases (Table 4.1). A number of phases were observed: quartz and feldspars 

reflecting the original bed particles, leucite and Ca- and Ca-Mg-silicates probably reflecting the 

composition of the inner layer, and oxides, calcite, anhydrite, apatite, and Ca-manganate, probably 

reflecting the content of the outer layer. Ca2SiO4 comprises the highest percentage of crystalline 

phases in the assumed inner layer composition according to XRD results for all the samples tested.

Meanwhile, more CaSiO3 was found for younger bed particles and Ca-rich silicate phases (Ca2SiO4

and Ca3SiO5) for bed particles older than 13 days.
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Table 4.1 Crystalline phases in weight percentage identified with XRD for BFB30 with sampling 

time 3, 5, 13, and 23 days, respectively

Phases BFB 30-
3 day

BFB 30-
5 day

BFB 30-
13 day

BFB 30-
23 day

SiO2 40 48 25 25
CaSiO3 5 3 3 3

Ca2MgSi2O7 1
Ca3Mg(SiO4)2 3 6 10 11

Ca2SiO4 6 7 12 14
Ca2SiO4 6 4 9 3

Ca3SiO5 7 7 3 6
CaO 1 2
MgO 2 3 6 7

CaSO4
CaCO3 3 3

Ca5(PO4)3(OH) 3 4 10 14
CaMnO3 2 1 2 11

NaAlSi3O8 8 5 3 2
KAlSi3O8 15 8 9 2
KAlSi2O6 2 4 3 2

Layer thickness

The layer thickness measured for particles from the BFB experiments with different ages is

displayed in Figure 4.5. The layer thickness of bed particles with ages of 4 and 8 h was not 

measured due to discontinuous and excessively thin bed particle surface layers. The layer thickness 

increased from 1 to 5 μm between 16 h and 40 h from startup, giving a layer growth rate of 4 μm

per day during this period (panel (a) of Figure 4.5). As illustrated in panel (b) of Figure 4.5, the 

measured average total layer thickness is 2, 11, 13, 29 and 35 μm for particles from BFB30 with 

ages of 1, 3, 5, 13 and 23 days, respectively. The initial layer growth rate is relatively high, with a 

few micrometers per day, but decreasing with time to an accumulated total thickness of 35 μm after 

23 days. 
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Figure 4.5 Average values of the measured layer thickness as a function of age for quartz particles 
collected from (a) BFB5 and (b) BFB30.
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Melting behavior

A quasi-ternary phase diagram with solidus temperatures was generated via thermodynamic

equilibrium calculations to describe the melting behavior of the inner layer as shown in Figure 4.6. 

The solidus temperatures are 740, 770 and 1020 ºC, depending on the composition. Based on this 

new phase diagram, a melt exists for bed particles younger than 32 h as the bed temperature is 

higher than 800 ºC. The result also suggests that no melt exists in the inner layers for particles older 

than 40 h. 

Figure 4.6 Normalized composition distribution of the inner quartz bed particle layer in the K2O-
CaO-SiO2 phase diagram with solidus temperatures according to the results from the 
thermodynamic calculations for bed particles from bench- and full-scale BFBs with different ages. 
The components are indicated as follows: K2O (100), CaO (010), SiO2 (001).

Diffusion of Ca in inner layer

The diffusion of calcium depends on both the amount of melt and the diffusion layer thickness. 

Using the diffusion model, the inner layer growth can be estimated from the diffusion coefficient of 

Ca2+ in Ca-silicates and the calcium concentration in the outer layer. The diffusion coefficients are 

temperature-dependent and related to the diffusion medium. Since the bed temperature was 800-880 

ºC during the full-scale bed sampling, 850 ºC was chosen to investigate the effect of diffusion of 

calcium in three different Ca-silicate crystalline phases (CaSiO3, Ca2SiO4, and Ca3SiO5) upon inner 

layer growth. The estimated layer thicknesses in three pure Ca-silicates were compared with the 

experimental results from full-scale samples as shown in Figure 4.7. The comparison shows that the 
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estimated layer thickness has the highest value using the diffusion coefficient of Ca2+ in Ca2SiO4

and the lowest value for Ca2+ in CaSiO3. The estimated layer thickness for the case of Ca2+ in 

Ca2SiO4 agree with the experimental results, which could indicate the crystalline phases in the layer 

are mainly composed of Ca2SiO4. This observation agrees with the XRD results in Table 4.1, i.e. 

that Ca2SiO4 is the most abundant crystalline phase for all the samples.
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Figure 4.7 Predicted inner bed layer thickness using the diffusion model with diffusivity 
coefficients of Ca2+ at 850 ºC in solid phase Ca2SiO4 , Ca3SiO5 and CaSiO3

compared with experimental results from full-scale quartz bed particles with ages of 1, 3, 5, 13 and 
23 days.

Compared to the estimated results with diffusion coefficient in Ca2SiO4, the layer thickness 

measured experimentally is lower at the beginning and then becomes higher. This could be resultant

from the higher content of CaSiO3 in the layer of younger bed particles and of Ca3SiO5 for bed 

particles older than 13 days, since the diffusion coefficient of Ca2+ in CaSiO3 is lower compared 

with Ca3SiO5. This is also consistent with XRD results. The overall inner layer growth rate 

decreases over time as shown in Figure 4.7. The diffusivity of Ca2+ in the layer decreases over time 

due to the increasing amount of Ca3SiO5 in the inner layer since the diffusion coefficient of Ca2+ in 

Ca3SiO5 is lower compared to Ca2SiO4, leading to decreasing layer growth rate. In addition, with 

increasing layer thickness, the diffusion distance for Ca2+ increases, which could also decrease the 

layer growth rate. 

The estimated layer thickness in the case of calcium diffusion in Ca2SiO4 at 800 ºC was compared 

with the experimental results from bench-scale samples with a short duration as shown in Figure 4.8.

It is shown the measured average layer is much thicker compared to the estimated values for all 
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samples. This means that due to the fast diffusion of Ca2+ in the inner layer with melt, the process 

cannot be assumed as a diffusion-controlled one. Specifically, for the bed particles younger than 40 

h, melt was formed, which would accelerate the Ca2+ diffusion and lead to faster layer growth. In 

addition, the model assumed that the diffusion was in the inner layer. While in the beginning, the 

inner layer cannot be formed evenly, and the layer formation takes time. This is another reason that 

the modeling predictions do not fit the experimental results.
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Figure 4.8 Predicted inner bed layer thickness using the diffusion model with diffusivity 
coefficients of Ca2+ in Ca2SiO4 at 800 ºC and comparison with experimental results from bench-
scale quartz bed particles with ages of 16, 24, 32 and 40 h.

4.1.2 Quartz bed particles from CFB combustion

Morphology

Typical illustrations of cross sections of quartz bed particles collected from CFB122 with different 

ages are shown in Figure 4.9. An inner- and outer layer (lighter) were observed in the SEM back 

scattered images, but distribution of the layer surrounding the particle is less continuous compared 

to particles collected from BFB. In addition to the inner- and outer layer, a grey layer was also 

observed in the SEM back scattered images between the unreacted bed particle surface (darker) and 

the inner layer. This grey layer is defined in this thesis as an inner-inner layer and can usually be 

found in the vicinity of relatively thin inner layers or cracks rather than around the whole bed 

particle surface, in agreement with previous findings from others’ work.34
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Figure 4.9 SEM images of typical cross sections of quartz bed particles collected from CFB122
with ages of (a) 3 days, (b) 4 days and (c) 6 days.

The outer layer is less obvious for particles with age of 3 days (panel (a) of Figure 4.10). For bed 

particles with ages of 4 and 6 days, the outer layer can be found but their thicknesses are much 

thinner compared to the inner layers as well as inner-inner layers (panels (b) and (c) of Figure 4.10).

Figure 4.10 SEM images of typical cross sections of layers on quartz bed particles collected from 
CFB122 with ages of (a) 3 days, (b) 4 days and (c) 6 days.

Elemental & phase composition

The elemental compositions of the inner-inner and inner layers for particles taken from the CFB122 

with different ages are illustrated in Figure 4.11. The results show that the inner-inner layers are 

dominated by Si, K and Ca (O excluded). The K and Ca contents of the inner-inner layers slightly 

increase with bed particle age, while the Si content remained almost constant (panel (a) of Figure 

4.11). The inner layers mainly consist of Ca and Si (O excluded). The concentrations of elements

other than Ca, Si and K in the inner layers decrease with particle age.
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Figure 4.11 Average elemental compositions on a C- and O-free basis and standard deviation of the 
(a) inner-inner layer and (b) inner layer formed on quartz bed particles collected from CFB122 with 
different ages.

The collected bed samples taken after 6 days from CFB122 were analyzed with XRD to identify 

crystalline phases. A number of phases similar to bed samples collected from BFB30 were detected,

CaSO4 (2 wt%), CaCO3 (1 wt%), MgO (4 wt%), Ca5(PO4)3(OH) (1 wt%), SiO2 (35 wt%),

NaAlSi3O8 (8 wt%), KAlSi3O8 (8 wt%), KAlSi2O6 (11 wt%), CaSiO3 (10 wt%), Ca3Mg(SiO4)2 (3 

wt%), Ca2MgSi2O7 (4 wt%), Ca2SiO4 (6 wt%), Ca2SiO4 (3 wt%), and Ca3SiO5 (5 wt%). A

large share of the sample comprises of Ca-silicates.

Layer thickness

Figure 4.12 shows the measured average total layer thickness as a function of bed particle age for 

bed samples collected from CFB122 (excluding inner-inner layer thickness). The layer thickness 

excluding inner-inner layer thickness was 5 μm after 3 days and increased to 13 μm after 6 days. 
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Figure 4.12 Average values of the measured total layer thickness as a function of age for quartz bed 
particles taken from CFB122 (excluding inner-inner layer thickness).
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Melting behavior 

According to the thermodynamic equilibrium calculations, the estimated melt mole fraction in the 

inner-inner layer is higher than 35 % at 850 ºC, while no melt was estimated in the inner layer.

4.1.3 Quartz bed particles from DFB gasification

Morphology

Two layers on the quartz particles can be distinguished in Figure 4.13. According to the findings 

and definition of different layers for particles from BFB and CFB, the inner- and outer layers could 

bed distinguished as a bright periphery on the particle in the SEM back scattered images, while the 

inner-inner layer could be distinguished as a grey area between the unreacted dark bed particle and 

the brighter inner layer. The outer more-heterogeneous and particle-rich layer is the outermost layer. 

For the analyzed quartz bed particles collected from DFB, a particle-rich outer layer could not be 

observed and only an inner-inner and an inner layer were found, as shown in Figure 4.13. The inner-

inner layer is significantly thicker than the inner layer and only part of the particle surface is 

covered by an inner layer. Since the layer is consisted of two layers, the layers were named as inner-

and outer layer (instead) in paper IV and VII.

Figure 4.13 SEM images of typical cross sections of the layers on the surface of quartz particles
sampled from DFB15.

Elemental composition

Both the inner-inner layer and inner layer are dominated by Si, K and Ca (excluding O). The inner-

inner layer is characterized by higher amounts of K and Si, whereas the inner layer contains higher 

amounts of Ca, as shown in Figure 4.14.
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Figure 4.14 Average elemental compositions on a C- and O-free basis of the inner-inner- and inner 
layer formed on quartz particles collected from DFB 15.

Melting behavior

The thermodynamic equilibrium calculations for the K-silicate-rich inner-inner layer predict a mass 

fraction for the melt of between 67% and 71% in the temperature range of 700-1100 ºC. The melt 

fraction of 67% was calculated for temperature of 700 ºC showing a high tendency toward melting 

of the layer. The estimated melt fraction in the inner layer is 15% at 850 ºC.

4.1.4 Comparison of layer characteristics layers on quartz particles collected from the 

different fluidized beds

An inner layer was found for quartz particles collected from all the studied fluidized bed techniques.

The composition of the inner layers was dominated by Si and Ca (excluding O) but show varying 

Ca/K ratios for particles with different ages. An outer layer was found for quartz particles taken 

from BFB and CFB, but the outer layer for particles from CFB was much thinner. The outer layers, 

rich in Ca, Si and Mg, seem to resemble the wood fuel ash composition. The outer layer was not 

found for particles collected from the DFB. A K-rich inner-inner layer was observed on the particles 

from DFB and CFB, and their elemental compositions are quite similar, dominated by Si, K and Ca

(excluding O). The absence of/thin outer layer for these techniques could have resulted from more 

significant attrition among the particles in CFB and DFB compared to BFB. In that case, less 

available Ca will be involved in the inner layer formation and the risk of breakage of the inner layer 

from the particle is high. As a well-developed Ca-rich inner layer will protect the quartz surface 

from alkali-attack, the absence of a developed inner layer will enhance the formation of a K-rich 

inner-inner layer. The inner-inner layer compositions show high shares of melt in the operational 

temperatures of CFB and DFB compared to the inner layer compositions. This suggests that the 
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older quartz particles found in the CFB and DBG have higher bed agglomeration tendencies than 

those found in BFB. The summary of layer characteristics on quartz bed particles from different 

fluidized beds are illustrated in Table 4.2.

Table 4.2 Comparison of layer characteristics layers on quartz bed particles collected from the
different fluidized beds using woody biomass fuels

Fluidized 
bed 

technology

Layer morphology 
(particles older than 

approx. 3 days)

Dominating elements in layers 
except O (particles older than 

approx. 3 days)

Melting behavior at 
operational 
temperature 

estimated by TECs

BFB5/30 -
combustion

Thick inner layer;
Thick outer layer

Inner layer: Si and Ca
Outer layer: Ca, Si and Mg

Low fraction of 
melt in inner layer 

at 850 ºC for young 
particles (< around 
1 day). Absence of 
melt in inner layer 
for older particles.

CFB122 -
combustion

Thick inner-inner layer;
Relatively thin inner 

layer; Thin outer layer

Inner-inner layer: Si, K and Ca      
Inner layer: Si and Ca

High share of melt 
in inner-inner layer
at 850 ºC. Absence 

of melt in inner 
layer for older 

particles at 850 ºC.

DFB15 -
gasification

Thick inner-inner layer;
Thin inner layer;

Absence of outer layer

Inner-inner layer: Si, K and Ca
Inner layer: Si and Ca

High share of melt 
in inner-inner layer 
at 700-1100 ºC and 
low fraction of melt 
in inner layer at 850

ºC.

4.1.5 Proposed mechanism of layer formation process on quartz bed particles

For BFB samples with short durations (< around 1 day), vaporized potassium compounds react with 

quartz to form a melt accompanied by the incorporation of Ca. The slower rate of chemical reaction 

or diffusion governs the layer formation rate and diffusion of reactants proceeds at a slower rate 

than the rate of reaction in most solid-phase reaction. The presence of melt enhances the diffusion of 

Ca2+ and the layer growth rate in the initial stage possibly depends on the rate of chemical reaction 

and diffusion. With increasing Ca concentration in the melt, the solid phase Ca-silicates form upon 

saturation, accompanied with diminishing amount of melt whereby the layer growth process 
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gradually becomes diffusion-controlled. For bed particles with ages of around 1 day to two weeks, 

significant amounts of CaO provided from the outer layer diffuse in the inner layer and more solid 

phases form within the inner layer, mainly consisting of Ca2SiO4, and to a lesser extent CaSiO3. For 

bed particles with ages of around two weeks to three weeks, the inner layer continues to grow via 

solid-phase diffusion of Ca2+ from the outer ash layer to the bed particle surface. The inner layer 

mainly consists of Ca2SiO4 at this stage, but Ca3SiO5 can also exist at lower levels due to the 

continuous addition of CaO into the layer. The layer growth rate then becomes quite low due to high

diffusion resistance. The layer becomes more CaO-rich with time, which decreases the 

agglomeration risk caused by sticky bed particle layers.

The mechanism was analyzed based on the results for particles from BFB. The diffusion model used 

was under the conditions that enough available Ca2+ was involved in the inner layer formation and 

the inner layer was mainly consisted of Ca-silicates. The inner layer growth on particles from CFB 

most likely has a similar mechanism of layer formation, since similar characteristics as the layers 

for particles from BFB were found, i.e. a visible outer layer and an inner layer mainly composed of 

Ca-silicates. However, the layer growth rate of the inner layer is significantly lower due to the less 

available Ca2+ from the outer layer, i.e. thin or absence of outer layers. The absence of a well-

developed Ca-rich inner layer in the CFB and DFB results in more available potassium for reaction 

with the quartz particle leading to well-developed inner-inner layers.  

4.2 Crack layer formation in quartz bed particles (Paper III and IV)

4.2.1 Quartz bed particles from BFB combustion

Morphology

A typical cross section of an aged quartz bed particle and quartz bed particle layer collected from 

BFB30 after 23 days is shown in Figure 4.15. An outer layer and an unreacted quartz core are 

readily seen in this back-scattered SEM micrograph. A brighter more discontinuous inner layer 

containing cracks is also easily identified. Grey lines and areas crossing deep into the quartz bed 

particle core were also observed in panel (a) of Figure 4.15. These grey lines and areas are called

crack layers in this thesis. An irregular interface between the inner layer and the core of quartz bed 

particle could also be observed, see panel (b) of Figure 4.15, as described by Brus et al. 47
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Figure 4.15 SEM images of typical cross section of aged quartz bed particle (a) and quartz bed 
particle layer (b) found in bed samples taken from BFB30 after 23 days from completed bed change 
at startup. 

More examples of typical cross sectional surfaces of used quartz bed particles collected from 

BFB30 with different ages are shown in Figure 4.16. The layer thickness increases obviously with 

bed particle age. Obviously, more crack layers are observed with increasing bed particle age. Some 

crack layers were observed to penetrate through the quartz particle, and some were found to end in

the core of the bed particle.

 

 

Figure 4.16 SEM images of typical cross sections of quartz bed particles taken from BFB30 with 
ages of (a) 1 day, (b) 3 days, (c) 5 days, (d) 13 days and (e) 23 days.

The fraction of analyzed quartz bed particles collected from BFB30 that have a crack layer is shown 

in Figure 4.17. For bed particles with age of 1 day, only 5% of the quartz particles have a crack 

layer. Around 70% of the quartz bed particles with an age of 3 or 5 days have a crack layer. 

 
46



Results and Discussion

 
Distinguished crack layers can be found almost for every quartz bed particle (> 90%) with an age 

older than 13 days. All quartz bed particles with an age of 23 days were found to have a crack layer.

0 3 6 9 12 15 18 21 24

0,0

0,2

0,4

0,6

0,8

1,0

1,2

Fr
ac

tio
n 

of
 q

ua
rtz

 b
ed

 
pa

rti
cle

 w
ith

 c
ra

ck
 la

ye
r 

 Quartz bed particle age/days
 

Figure 4.17 Fraction of analyzed quartz bed particles collected from BFB30 that have a crack layer.

Typical crack layers formed in quartz bed particles with ages of 3, 5, 13 and 23 days taken from 

BFB30 are shown in Figure 4.18. An irregular interface between the inner layer and the core of 

quartz bed particle was observed, more frequently so with increasing bed particle age. A crack in 

the inner layer could often be found in connection to this irregular interface. A reaction front was 

often found close to the crack in the bed layer. In connection to the crack found in the inner layer a 

crack layer in the quartz particle core could be found. It seems that the width of the crack layer 

increases with increasing width of the crack found in the quartz bed particle layer

 

 

Figure 4.18 SEM images of typical crack layers in quartz bed particles taken from BFB30 with ages 
of (a) 3 day, (b) 5 days, (c) 13 days and (d) 23 days.
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For quartz bed particles with ages of 3, 5, 13 and 23 days from BFB30, the estimated area 

percentage of cross sections that consists of crack layers is shown in Figure 4.19. The area 

percentage of crack layer was found to increase marginally between 3 and 13 days, but after that a 

substantial increase up to 16% for quartz particle with an age of 23 days was observed. Meanwhile, 

a high deviation was observed for bed particles with an age of 23 days.  
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Figure 4.19 Estimated area percentage of analyzed quartz particle cross section consisting of crack 
layer for bed particle with ages of 3, 5, 13 and 23 days for samples from BFB30.

Elemental composition

The average elemental composition of crack layers found in quartz bed particles with ages of 3, 5, 

13 and 23 days are shown in Figure 4.20. Their compositions are similar, mainly consisting of Si, K, 

Ca, and Na (excluding O). Considerably higher concentrations of K and Si were found in the crack 

layers in comparison to the inner quartz bed particle layers that are dominated by Ca and Si 

(excluding O). 
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Figure 4.20 Average elemental compositions (on an O-free basis) of crack layers found in quartz 
bed particles with ages of 3, 5, 13 and 23 days from BFB30.
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4.2.2 Quartz bed particles from CFB combustion

Morphology

Typical illustrations of cross sections of the bed particle surfaces from different bed samples taken 

from CFB90 after 1, 5, 11 and 13 days are shown in Figure 4.21. Crack layers were not visibly 

observed in quartz bed particles with an age of 1 day, whereas it was found in each analyzed quartz 

bed particles older than 5 days. A brighter inner layer surrounding the particle surface can be seen 

and the layer thickness obviously increases with bed particle age. Crack layers were also observed

for these quartz bed particles. From the analysis it is clear that more and wider crack layers could be 

found in older bed particles.

 

 

Figure 4.21 SEM images of typical cross sections of bed particles taken from CFB90 with ages of 
(a) 1 day, (b) 5 days, (c) 11 days and (d) 13 days.

Typical morphologies of crack layers formed in quartz bed particles with ages of 5, 11, and 13 days 

taken from CFB90 are shown in Figure 4.22. Compared to the bed particles from BFB30 the outer 

layer is thinner for bed particles from CFB90. The irregular interface between inner layer and the 

core of quartz bed particle was also observed for the CFB samples. The crack layers were found to 

connect with cracks in the inner layer, i.e. in similarity to the findings for bed particles from BFB30.
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Figure 4.22 SEM images of typical crack layers in quartz bed particles taken from CFB90 with ages 
of (a) 5 days, (b) 11 days and (c) 13 days.

The estimated average area percentages of quartz particle cross sections consisting of crack layers

are 6, 12, and 16% for bed particles from CFB90 with ages of 5, 11, and 13 days, respectively 

(Figure 4.23). 
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Figure 4.23 Area percentage of analyzed quartz particle cross section consisting of crack layer for 
bed particle with ages of 5, 11 and 13 days for samples from CFB90.

Elemental composition

The average elemental compositions of the crack layers found in quartz bed particles with ages of 5, 

11 and 13 days from CFB are shown in Figure 4.24. Compositions dominated by Si, K, Ca and Na 

(excluding O) were observed for bed particles with different ages, i.e. in similarity to bed particles

taken from BFB30. The K content increases slightly with bed particle age, and Na drops as much as 

K increases, possibly indicating a substitution reaction. For the elements Ca and Si, the 

concentration is almost constant with increasing age.
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Figure 4.24 Average elemental compositions (on an O-free basis) of crack layers found in quartz 
bed particles with ages of 5, 11 and 13 days from CFB90.

4.2.3 Quartz bed particles from DFB gasification

Morphology

In quartz particles from DFB15, crack layers in analyzed particles were also observed, as seen in 

Figure 4.25. The brighter areas along the cracks are referred to as crack layers. These crack layers 

were only found in older particles with relatively thick inner-inner layers.

Figure 4.25 SEM images of typical cross sections of quartz particle from DFB15.

Elemental composition

Figure 4.26 shows the crack layer composition of older quartz particles. In similarity to CFB- and 

BFB combustion, they are also dominated by Si, K and Ca (excluding O). The crack layers show 

strong similarities in composition with the inner-inner layers of quartz particles from DFB15, but 

have slightly lower concentrations of K and Ca and higher concentrations of Si. 
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Figure 4.26 Average elemental compositions (on an O-free basis) of crack layers found in quartz 
particles from DFB15.

4.2.4 Comparison of crack layer characteristics layers in quartz particles collected from 

different fluidized beds

The concentrations of the dominating elements in the crack layers (i.e. Si, K and Ca except O) are 

similar regardless of the particle age and studied fluidized bed technique. According to the TECs, 

the existence of a quite high share of melt is expected at the operational temperatures. The 

connections between crack layers and cracks in the Ca-rich inner layers were observed for particles 

from BFB and CFB. Crack layers along the crack formed in the quartz particle were found for bed 

samples sampled from DFB. The layer characteristics in quartz bed particles from different 

fluidized beds are summarized in Table 4.3.
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Table 4.3 Comparison of crack layer characteristics layers in quartz bed particles from the

different fluidized beds using woody biomass fuels

Fluidized bed 
technology

Layer morphology (particles older than 
approx. 3 days)

Dominating 
elements in 
crack layer 
(except O)

Melting behavior 
at operational
temperature 
estimated by 

TECs

BFB30 -
combustion

Some crack layers penetrate through the 
quartz particle, and some end in the core 
of the bed particle; Crack layers connect to 
the cracks in the inner layer; Bridges 
between crack layers forms in older bed 
particles

Si, K, Ca and 
Na

High share of 
melt at 850 ºC

CFB90 -
combustion

Similar findings as in BFB
Si, K, Ca and 

Na
High share of 
melt at 850 ºC

DFB15 -
gasification

Crack layers found along cracks in the 
particles

Si, K and Ca
High share of 

melt at 700-1100
ºC

4.2.5 Proposed mechanism of crack layer formation process in quartz particles

For quartz particles with different ages collected from BFB and CFB, the results from the analyses 

of the crack layers strongly suggest that the crack formed in the inner bed particle layer plays an 

important role in the crack layer formation process. Hence, here a crack layer formation scheme 

based upon the observations from this study is proposed. The proposed scheme of crack layer 

formation for particles from BFB and CFB is schematically shown in Figure 4.27. After fresh quartz 

bed particles are fed into the fluidized bed, typically three phases can be distinguished in the period 

under consideration. During phase 1 (quartz particles with an age less than around 1 day), a quite 

thin inner layer forms around the quartz particle surface. In phase 2 (quartz particles with an age of 

some days), a crack in the inner layer forms and initiate tension-induced cracks in the quartz particle. 

The gaseous K compounds thereafter diffuse through the existing cracks in the inner layer and the 

initiated cracks on the quartz particles surface. Subsequently, the gaseous K compounds react with 

the original quartz particle, accompanied with small amount of Ca, leading to the formation of an 

alkali-silicate-rich crack layer. Additional K will thereafter diffuse towards the core of the bed 

particle, leading to inward propagation. During phase 3 (quartz particles older than a week), the 

crack layers continuously propagate, widen and connect with each other transforming a large part of 

the quartz particle to an alkali silicate-rich melt, and fragmentation of the whole bed particle may 
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occur. In addition, the widened cracks in the inner layer enhance the formation of silicate melts due 

to the additional diffusion of K into the core of the bed particle. Part of the inner layer may break off 

from the bed particle leading to the formation of a bed particle with a large amount of exposed crack 

layers.

 

Figure 4.27 Proposed scheme of crack layer formation for quartz particles from BFB and CFB.

The very thin inner layer and its part coverage of particle surface in DFB indicate that the proposed 

crack layer formation process for particles from BFB and CFB could be less significant for particles 

from DFB. 

4.3 Layer formation on K-feldspar bed particles (Paper IV and V)

4.3.1 K-feldspar bed particles from BFB combustion

Morphology

For all K-feldspar bed particles, a layer can be distinguished as a lighter periphery surrounding the 

darker core of bed particles. It is clear that the layer thickness increases with the increasing bed 

particle age. Typical layer morphology and compositional profiles along the layers on the K-

feldspar bed particles with ages from 1 day to 23 days are illustrated in Figure 4.28. For bed 

particles taken from BFB30 with different ages from 1 day to 23 days, all bed particles were found 

to be surrounded by layers. Only one layer was observed for particles with an age of 1 day. For bed 

particles with ages of 3, 5, 13 and 23 days, on the other hand, the accumulated material surrounding 

the bed particles was found to consist of an inner layer and an outer layer. The inner layers are more 
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homogeneous, whereas the outer layers are more heterogeneous and particle-rich, similar with the 

results found in quartz bed particles. In addition, cracks in the layer were found for bed particles 

older than 3 days.

 

Figure 4.28 SEM images of cross sections of typical layers on K-feldspar bed particle taken from 
BFB30 with ages of (a) 1 day, (b) 3 days, (c) 5 days, (d) 13 days and (e) 23 days.

Elemental composition

The average molar composition in the middle of inner and outer layers for bed particles with ages of 

1, 3, 5, 13 and 23 days are shown in Figure 4.29. The inner layer is dominated by Ca, Si and Al 

(excluding O), while the outer layer is rich in Ca, Si and Mg (excluding O). Increasing Ca content in 

the inner layer is observed with bed particle age. 
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Figure 4.29 Average molar composition on a C- and O free basis in the middle of (a) inner layer 
and (b) outer layer on typical K-feldspar bed particles with ages of 1, 3, 5, 13 and 23 days from 
BFB30.
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Elemental composition profiles along the layers for bed particles taken from BFB30 with different 

ages are shown in Figure 4.30 (see marked lines in Figure 4.28). For all bed particles with different 

ages, the molar ratio of K/Al decreases at the layer formation boundary, as indicated by increasing 

Ca, whereas Si/Al molar ratio is about 3 independent of particle age and spatial location. The Ca 

concentration increases sharply outwards towards the outer layer.

Figure 4.30 Corresponding elemental composition profiles of Si, K, Al, Ca and 
Mg along the layers (marked in figure 4.28) on a C- and O- free basis found in K-feldspar bed 

particles taken from BFB30 with ages of (a) 1 day, (b) 3 days, (c) 5 days, (d) 13 days and (e) 23 
days.
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In addition to the typical feldspar particle layers, around 15% of the bed particles with an age of 13 

days and around 30% of the bed particles with an age of 23 days were found to have slightly 

different layer morphologies and compositions, as illustrated in Figure 4.31. Compared to the 

typical bed particle layers in Figure 4.28, the interface between layer and the core of the unreacted 

bed particle is not as clearly distinguished, and the concentration change of Ca and Si at the 

interface is reduced. Cracks in the inner layers cannot be observed as frequently as in more typically

feldspar particle layers.

  

Figure 4.31 (a) SEM image of cross section of layer on K-feldspar bed particle with age of 23 days
and (b) composition profile of Si, K, Al, Ca and Mg in the particle layer on 
a C- and O- free basis.

Layer thickness

The average layer thickness on the typical K-feldspar bed particles from BFB30 with different ages 

is displayed in Figure 4.32. The measured average total layer thickness is 4, 12, 18, 33 and 38 μm

for bed particle with ages from 1 day to 23 days, respectively. The corresponding inner layer 

thickness after 3 days is 6, 8, 13 and 16 μm. It is obvious that the initial layer growth rate, both for

inner and outer layers, is relatively high, with a few micrometers per day, but decreases over time to 

an accumulated total thickness of about 38 μm.
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 Figure 4.32 Average layer thickness on typical K-feldspar bed particles with ages of 1, 3, 5, 13 and 
23 days collected from BFB30. 

4.3.2 K-feldspar bed particles from CFB combustion

Morphology

A lighter layer surrounding the darker core of bed particle was found for all the particles. The layer 

thickness obviously increases with bed particle age. Only quite thin layers were found for bed 

particle with an age of 1 day (panel (a) of Figure 4.33). For bed particle with ages of 5 and 11 days, 

an inner layer containing cracks and an outer layer were found (panels (b) and (c) of Figure 4.33).

The outer layer was quite thin compared to the inner layer.

Figure 4.33 Scanning electron microscopy (SEM) images of typical cross sections of layers on K-
feldspar bed particles taken from the CFB90 with ages of (a) 1 days, (b) 5 days and (c) 11 days.

Elemental composition

Due to the quite thin layer on the particles with an age of 1 day, no EDS analysis was carried out on 

these layers. The average elemental compositions in the middle of the layer for bed particles with 

ages of 5 and 11 days are shown in Figure 4.34. The result shows that the inner layer mainly 

consists of Ca, Si and Al (excluding O) and the outer layer mainly consists of Ca, Si, Al and Mg 
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(excluding O). Compared to bed particles with an age of 5 days, the concentration of Ca in the inner 

layer is higher for bed particles with an age of 11 days. 
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Figure 4.34 Average molar compositions on a C- and O free basis in the middle of the inner- and 
outer layer for bed particles with age of 5 and 11 days from CFB90.

Element composition profiles along the layers found in particles with ages of 5 and 11 days taken 
from CFB90 are shown in Figure 4.35 (see marked lines in Figure 4.33). Similar to the findings 
from BFB particles, the Ca concentration in the inner layer increases towards the outer layer, 
whereas the concentration of Si, K and Al decreases. The constant Si/Al ratio in the inner layers 
independent on particle age and spatial location and decreased K/Al ratio towards outer layer were 
also observed.

Figure 4.35 Elemental composition profiles of Si, K, Al, Ca and Mg along 
the layer on a C- and O- free basis on K-feldspar bed particles with ages of (a) 5 days and (b) 11 
days taken from the CFB90.
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Layer thickness

Average layer thicknesses for bed particles with different ages from CFB90 are shown in Figure 

4.36. The bed particle with an age of 1 day was not measured because the layer was too thin. The 

average total layer thickness is 16 μm after 5 days and increases to 18 μm after 11 days,

corresponding to inner layer thicknesses of 7 and 9 μm, respectively. Compared to the bed particles 

from BFB with similar ages, the layers are thinner for bed particles from CFB, especially the outer 

layer.
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Figure 4.36 Average layer thickness for K-feldspar bed particles with ages of 5 and 11 days 
collected from CFB90. 

4.3.3 K-feldspar bed particles from DFB gasification

Morphology

K-feldspars showed a homogenous brighter layer surrounding the slightly darker particle as shown 

in Figure 4.37. The visible layer around feldspar particles does not show any significant crack, i.e. 

different from typical layer morphology for particles from BFB and CFB. 

Figure 4.37 SEM images of typical cross sections of (a) K-feldspar bed particle and (b) layer on K-
feldspar particle from DFB15.
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Elemental composition

For K-feldspars, the formation of clearly separated particle layers could not be detected when 

investigating the elemental composition using EDS analysis. Therefore, a “line mapping” approach 

was used across the layer surface (x2-x9) as illustrated in in Figure 4.38. Figure 4.38(right) shows 

the composition (average values) for the individual spots. The main components for K-feldspar are 

displayed in Figure 4.38, where the gradual reduction of Si, K and Al and the simultaneous increase 

of Ca can be seen. 
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Figure 4.38 SEM image of line mapping along a typical cross section of a K-feldspar layer from 
DFB 15 (to the left) and main components in K-feldspar layers molar compositions on C- and O-
free basis (to the right).

Melting behavior

Since no clearly distinguishable inner layer could be observed, thermochemical equilibrium 

calculations were carried out for compositions around the middle of the sampled areas, namely x4 

and x5 (refer to Figure 4.38). Calculations using the composition x4 resulted in mass fractions of 

melt between 13.1 and 14.8 wt%, whereas those using the composition x5 showed an even lower 

tendency toward melting with melt fractions between 5.3 and 8.4 wt%, depending on the 

temperature. It was found that increasing the operational temperature in the TECs, even up to 1100 

ºC, did not increase the mass fraction of melt significantly.

4.3.4 Comparison of layer characteristics layers on K-feldspar particles collected from 

different fluidized beds

For K-feldspar bed particles from BFB and CFB, the layers consist of both an inner layer containing 

cracks and an outer layer. In the feldspar particles from DFB no cracks in the inner layer could be 

found. The inner layer is dominated by Ca, Si and Al for older particles from all the fluidized bed

technologies. The outer layers are quite thin in CFB and DFB. The results from the TECs show very 
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low fractions of melt in the layers at the operational temperatures. These results therefore suggest 

that K-feldspar shows low agglomeration tendencies in wood combustion/gasification. The layer 

characteristics are summarized in Table 4.4.

Table 4.4 Comparison of layer characteristics layers on K-feldspar bed particles from the different 
fluidized beds using woody biomass fuels

Fluidized bed 
technology

Layer morphology (particles older than 
approx. 3 days)

Dominating elements in 
layers (except O)

BFB30 -
combustion

Inner layer containing cracks; Thick outer 
layer; No crack layer

Inner layer: Ca, Si and Al
Outer layer: Ca, Si and Mg

CFB90 -
combustion

Inner layer containing cracks; Thin outer layer;
No crack layer

Inner layer: Ca, Si and Al
Outer layer: Ca, Si and Mg

DFB15 -
gasification Inner layer; Thin outer layer; No crack layer Inner layer: Ca, Si and Al

Outer layer: Ca, Si and Mg

4.3.5 Proposed mechanism of layer formation on K-feldspar bed particle

During combustion of woody fuels, the main elements in the K-feldspar bed particle layers are Ca

and Si with small amount of Al, K and Mg. Experimental results were used to discuss the layer 

formation process. On the basis of that, the layer formation process could be divided into three 

phases (Figure 4.39). Melted K-silicate from surrounding ash may adhere to the feldspar particles.

This melt will probably be in equilibrium with the feldspar together with solid K-silicates. This 

molten phase will probably initiate the layer formation on K-feldspar particles. Ash particles, e.g. 

Ca-compounds, Mg-compounds from surrounding individual ash particles, may thereafter be 

trapped by the melt. At phase 1, a thin layer rich in Ca, Si and Al is formed. Ca-compounds attached 

on the melt diffuse into the melt, leading to the initial layer formation. The presence of melt 

enhances the layer formation. At phase 2, with more Ca2+ diffusing into the layer, the molten phase 

disappears and diffusion resistance increases. Less Ca2+ will thereby be involved in the layer 

formation, leading to the outer layer formation. This typically takes place for bed particles with ages

older than 3 days. At the last phase, typically for bed particles older than 2 weeks, much less 

Ca2+ can reach the bed particle/inner layer interface due to quite long diffusion distances. Therefore, 

quite slow layer growth rate will be observed at this stage.
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Figure 4.39 Proposed scheme of layer formation process on K-feldspar particles in FBC of woody 
biomass fuels.

Since the inner layer on K-feldspar particle is mainly consisting of Ca and Si, and increasing Ca in 

the inner layer with age was found, the crack in the inner layer could have resulted from the 

structural stain induced by formation of different phases of Ca- and Ca-Al-silicates, i.e. similar to 

the crack formation process for inner quartz particle layers from BFB and CFB. No crack layers 

could be found in the K feldspar layers from the DFB. The layers on the particles from DFB also

seem to be more homogenized, probably via a sintering process because of higher process 

temperatures.

4.4 Layer formation on olivine bed particles (Paper IV and VI)

4.4.1 Olivine bed particles from DFB

Morphology

Images from SEM analysis of typical layers from samples taken at different times are shown in 

Figures 4.40 and 4.41. The morphology of the layers on bed particles was observed to change with 

bed particle age. For bed particles with ages of 4 and 8 h a thin and brighter layer surrounding the 

original olivine particle was seen. However, only limited parts of the particles’ surfaces are covered 

by the layer. In comparison, particles with ages older than 16 h showed higher layer coverage. The 
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layers themselves, however, had not visibly changed much in appearance from the earlier samples. 

Two layers could be observed after 24 h, as described in detail by Kirnbauer and Hofbauer.57 An

increase in the outer layer thickness for samples taken after longer periods of operation was found,

as shown in the samples from 48 and 72 h of operation. During this period, the thickness of the 

inner layer did not change notably. A separation of the inner layer into two distinguishable zones

was found for samples collected after 180 h of operation. The inner zone is a bright band 

surrounding the olivine particle, whereas the outer zone is visible as a darker, thin band on the 

borderline between the inner and outer layers. Over the same time scale the cracks start to form 

parallel to the particle surface (i.e., circumferential).

Figure 4.40 SEM images of typical cross sections of olivine bed particle layers taken from DFB8 
after (a) 4 h, (b) 8 h, (c) 16 h and (d) 24 h of operation.
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Figure 4.41 SEM images of typical cross sections of olivine bed particle layers taken from DFB8 
after (a) 32 h, (b) 48 h, (c) 72 h and (d) 180 h of operation.

Figure 4.42 shows the layers of an aged olivine particle collected after an operation time of about 

400 h. The separation of the inner layer into two distinguishable zones is clearly visible. After long 

dwell times in the DFB reactor, olivine particle layers exhibit two different kinds of cracks. These 

cracks are either perpendicular or parallel to the particle surface. Cracks parallel to the surface were 

observed on the borderline between the outer zone of the inner layer and the outer layer. They 

appear to be continuous throughout the particle layer. Where cracks perpendicular to the surface 

occur, an intrusion of a brighter area into the particle can be observed.

Figure 4.42 SEM image of a typical cross section of the olivine bed particle layer taken from DFB8 
after about 400 h showing distinguishable zones of the inner particle layer.
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Elemental composition

The composition of the initial layers on the olivine surface after 4 8 h of operation is shown in 

Figure 4.43. The composition is compared to that of the original olivine particle. The thin surface 

layers showed higher contents of Ca in comparison to the original olivine particle. It is noteworthy 

that no significant amounts of K could be detected in this initial layer.
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Figure 4.43 Comparison of the composition (on a C- and O free basis) of the original olivine 
particle and the initial layer formed after 4-8 h of operation.

Figure 4.44 gives the composition of the inner and an outer zone of the inner layer of an aged (400 h) 

particle as seen in Figure 4.42. The inner zone is richer in Ca, while the outer zone shows higher 

amounts of Mg. This difference in composition was also observable in the composition of intrusions 

into the particle surface when cracks perpendicular to the surface were observed. These intrusions 

were characterized by increased amounts of Ca, whereas Mg enrichment was detected along the 

cracks, as seen in Figure 4.42.
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Figure 4.44 Comparison of the compositions (on a C- and O free basis) in the inner and outer zone 
of the inner olivine bed particle layer and at the intrusion into the surface and along the cracks 
(sampled after 400 h of operation).

 
66

 



Results and Discussion

 
Melting behavior

The thermochemical equilibrium calculations for the inner layer on olivine showed a low tendency 

toward melting in the operational temperature range (700 ºC-1100 ºC) with the mass fraction of the 

melt in layer varying between 0.5 and 3.7 wt%. It is noteworthy that increasing the temperature did 

not significantly increase the predicted mass fraction of melt. Even at 1100 ºC the calculation results 

predict minor melting of the layer.

4.4.2 Comparison of layer characteristics layers on olivine particles collected from different 

fluidized beds 

Grimm et al.72 investigated the layer characteristics on olivine bed particles collected after 8 hours 

of controlled BFB combustion in bench-scale (5 kW) using logging residue as feedstock. These 

published results were used to compare the layer characteristics on olivine particles between BFB 

combustion and different fluidized techniques and the major differences are illustrated in Table 4.5. 

Two layers can be distinguished for the bed particles from BFB and DFB. For bed particles from 

DFB with older ages (> 180 h), a separation of the inner layer into different zones, and cracks 

parallel and perpendicular to the particle surface can be observed. Significant amounts of Mg, Si 

and Ca can be found in the inner layer for particles from BFB and DFB after 8 h of operation. But 

for bed particles collected after 4 and 8 h, significant Fe instead of Ca can be found. The layer 

thickness is several micrometers for particles with ages younger than 16 h, and increases to 50 μm 

after operation of 180 h. Low melt formation tendency in the layers for particles from BFB and 

DFB was found according to the thermodynamic equilibrium calculations thereby suggesting low 

bed agglomeration tendency in fluidized olivine bed wood combustion/gasification.

Table 4.5 Comparison of layer characteristics layers on olivine bed particles from different 
fluidized beds using woody biomass fuels

Fluidized 
bed 

technology

Layer 
morphology 

(particles 
older than  

8 h)

Dominating 
elements in layers

(except O)
Layer thickness

Melting behavior 
estimated by TECs

BFB5 -
combustion72

Inner layer 
and outer 

layer

Inner layer: Mg, Si 
and Ca

outer layer: Ca, Si 
and Mg

Several 
micrometers 

after 8 h

Small amount of a K-rich 
silicate melt in the layer 

at 800 and 900 ºC

DFB8 -
gasification

Inner layer 
containing 
cracks and 
outer layer

Inner layer: Mg, Si 
and Fe (< 8 h);

Mg, Si and Ca (> 8 
h)

Several 
micrometer after 

16 h, up to 50 
μm after 180 h

Low mass fraction of 
melt in the layer at 

operational temperature
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4.4.3 Proposed mechanism of layer formation on olivine bed particles

Thermodynamic equilibrium calculations

Since a low mass fraction of melt in the layer was predicted, only crystalline material quantities are 

shown in Figure 4.45. The Ca levels are expressed in terms of the Ca/K molar ratio. The baseline is 

the composition before the addition of Ca, i.e., for a Ca/K ratio of zero. When the fraction of Ca is 

increased, CaMgSiO4 and MgO are formed. As more calcium is added, the amount of CaMgSiO4

reduces and an increase in the mass fraction of Ca3MgSi2O8 occurs. As the total mass fraction of 

Ca-Mg-silicates approaches zero, the amount of Ca-silicates, such as Ca2SiO4, increases. At this 

stage, Mg is present only in the form of MgO. With further increases in the amount of Ca in the 

system, CaO becomes the dominant phase. It is notable that the fraction of Fe compounds, such as 

Fe2O3, decreases significantly with rising amounts of Ca.

Figure 4.45 Mass fraction of solid phases present at varying Ca/K molar ratios at a K to bed 
(olivine) molar ratio of 1/200 according to TECs.

Transformation of crystal structure

The crystal structures in Figure 4.46 are taken from reference structures85,86 using Mercury 3.887 and 

show the changes in the crystal structure as the olivine bed material changes from olivine85 to 

calcium silicate.86 The yellow sphere in the middle of the structures represents a Si atom. The red 

spheres are O atoms. The calcium magnesium silicate monticellite (MgCaSiO4) is shown in Figure 
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4.46. Moreover, two other phases, merwinite [Ca3Mg(SiO4)2] and bredigite [Ca7Mg(SiO4)4] are also 

stable intermediates. 

 

Figure 4.46 Crystal structure of: (a) olivine, Mg1.8Fe0.2SiO4, (b) CaMgSiO4 and (c) -dicalcium 
silicate.

An ion substitution of a Mg2+ or Fe2+ in the crystal structure by a Ca2+ ion is expected. Fe2+ is more 

likely to be replaced than Mg, as described by Smyth,88 and is thus statistically replaced first, before 

Mg is substituted. Fe is therefore not present in the panel (b) and (c) of Figure 4.46 at rising Ca 

amounts. Besides, it should be noted here that the oxidation of Fe2+, when exposed to air at elevated 

temperatures, is also likely to take place. Fe diffused from the olivine structure (and was found in 

the ash attached to olivine particles), while Ca was incorporated by forming a particle surface layer. 

These findings are further supported by the thermodynamic equilibrium calculations, which show 

that Fe levels quickly fall to nearly zero once Ca is added. With further incorporation of Ca into the 

originally Mg-rich olivine structure, CaMgSiO4, and thereafter Ca3MgSi2O8, form. Meanwhile, Mg 

is expelled from the crystal structure and exists probably in the form of MgO, leading to the 

formation of a Mg-rich zone in the inner layer and thereafter formation cracks parallel to the surface 

of the particles.

The substitution of Ca into the olivine has a dramatic effect on the unit cell volume per formula unit. 

The unit cell axis changes significantly with substitution of Ca, creating a strain in the structure that 
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may promote crack formation perpendicular to the surface of the particles. The crack formation will 

be further exacerbated by physical conditions, such as temperature changes and abrasion.

4.5 Comparison of layer formation on quartz, K-feldspar and olivine bed 

particles (Paper I-VII)
The dominating elements found in the layers on each type of bed particle are similar for particles 

from BFB, CFB, and DFB, indicating limited effects of the studied techniques on the layer 

composition. However, the experimental results and calculations indicate that the layer 

characteristics and layer formation processes on different bed materials vary significantly. The 

general results from the different fluidized bed techniques are used to compare the layer formations

on different bed particles in terms of the layer characteristics and layer formation process.

4.5.1 Layer characteristics morphology, composition and melting behavior

The typical layer characteristics in each stage were presented for comparison between different

types of bed particle, as shown in Figure 4.47. Initially, i.e. all particles with an age of less than 

typically 1 day have only one layer. After several days, the layer consisted of an inner- and outer 

layer for quartz- (except from DFB), K-feldspar- (except from DFB) and olivine particles. Quartz-

and feldspar particles show thin outer layers for samples from CFB and an absence of outer layers

for samples from DFB. In addition to the inner and outer layers, the quartz particles from CFB and 

DFB have an inner-inner layer. Cracks in the inner layer are formed in the quartz and K-feldspar 

particles from BFB and CFB, and in the inner layer of olivine particles. The thickness of inner layer

increases with bed particle age, but the growth rate decreases. Similar growth rates for feldspar and 

quartz bed particles in the same studied fluidized bed technology were found. Crack layers were 

only found in quartz particles. The cracks in the layer become wider with particle age and bridges 

between crack layers are formed in old quartz particles.

The dominating elements in the initial layer on quartz are Si, Ca and K (excluding O). The inner and 

outer layer are mainly composed of Ca and Si, and significant amounts of K exist in the inner-inner 

layer and crack layer. The initial layer on K-feldspar is dominated by Si, Ca, Al and K, and the inner

layer on older particles is rich in Ca, Si and Al. The initial layer on olivine is mainly consisted of 

Mg, Si and Fe, and the inner layer is dominated by Ca, Mg and Si for older particles. 

The existence of a melt in the initial layer for the different bed particle layers is predicted from the 

TECs. According to the TECs, melts also exist in the inner-inner layer and crack layer of the quartz 

particles. The crack layers found in quartz particles could result in the fragmentation of the whole 
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bed particle and subsequent deposit build-up in the cyclone or return legs. Since K-rich inner-inner 

layer on the quartz particle surface was found, the agglomeration risk is potentially higher in CFBs

and DFBs compared to BFBs when quartz is used as bed material. The high concentration of Ca and 

Mg in the inner layer for feldspar and olivine bed particles could counteract the stickiness of the 

particle, and hence lower the agglomeration tendency compared to quartz during thermal conversion 

of woody biomass in CFB and DFB techniques. The cracks parallel to the particle surface on olivine 

bed particles could indicate high tendency of fragmentation of the layer.  

Figure 4.47 Comparison of layer characteristics on different bed particles during BFB-, CFB 
combustion and DFB gasification of woody biomass fuels.

4.5.2 Layer formation processes

During combustion/gasification of biomass, ash particles and gaseous alkali may attach, deposit and 

react on/with the bed particle surface. For quartz bed material, the initialization of layer formation is 
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the formation of low-melting K-rich silicates due to the reaction of gaseous potassium compounds 

with quartz bed particles. However, for K-feldspar and olivine, the potassium present in K-silicates 

from surrounding ash may adhere to the particles, forming melt in equilibrium with the 

feldspar/olivine together with K-rich silicates. After the initial formation of melt on bed particle 

surfaces, other species, mainly Ca compounds will attach on this sticky layer, subsequently dissolve 

into and react with the silicate melts. The diffusion of Ca2+ into the molten phase and the gradual 

precipitation of Ca-rich silicates result in the inner layer formation and then its growth over time. 

The formation of melt and the diffusion of Ca2+ are crucial factors during the inner layer growth.

For quartz particles, upon further supply of calcium, the outer layer forms and with continuous 

transfer of Ca2+ from outer layer into the inner layer, more CaO-rich silicates, such as Ca2SiO4 and 

thereafter Ca3SiO5, are formed. For K-feldspar particle, in addition to Ca-silicates, the diffusion of 

Ca2+ also probably leads to the formation of Ca-Al-silicates. Therefore, the layer thickness on quartz 

and K-feldspar particles with similar ages is quite comparable. For olivine particles, the diffusion of 

Ca2+ causes the formation of Ca-Mg-silicates, accompanied with the expulsion of MgO. For aged 

bed particles, the Ca2+ has to travel a long distance to react with the original bed material due to the 

thick layer, resulting in low growth rate. The different volumes between Ca-rich silicates and the 

crystal structure change of the original bed particle leads to the formation of cracks perpendicular to 

the particle surface in all three bed materials investigated.

Once the crack in the inner layer forms, the original bed particle surface becomes exposed and 

further interaction between biomass ash and bed material is possible. Gaseous K compounds can 

diffuse through the cracks existing and reach the original particle surface, followed by fast reaction

in the case of quartz to form K-silicate melt. Due to the slow incorporation rate of Ca into the melt,

gaseous K compounds can go deep into the quartz particle, resulting in formation of crack layers in 

the quartz particle core. For K-feldspar and olivine particles, the formation rate of melt is slower 

and the amount of melt is lower. Meanwhile, the continuous incorporation of Ca counteracts further 

melt formation and causes the formation of Ca-rich silicates, which protects the original bed particle 

from further interaction with K. Therefore, it is unlikely that crack layers are formed in the K-

feldspar and olivine particle cores.
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5 Conclusions

The layer formation on/in quartz, K-feldspar, and olivine particles during bubbling fluidized bed 

combustion, circulating fluidized bed combustion, and dual fluidized bed gasification of woody 

biomass have been studied by characterization of layers on bed particles, thermodynamic

equilibrium calculations, and diffusion model analyses. Based on the experimental results and 

analyses, the following conclusions are drawn:

For quartz bed particles taken from BFB, the younger particles (< around 1 day) had only one thin 

layer, but for particles old than 3 days, the layer consisted of an inner and outer layer. In addition to 

the inner and outer layers, a K-rich inner-inner layer was found for bed particles taken from CFB

and DFB. No outer layers were found for quartz bed particles taken from DFB. The thin/absence of 

an outer layer could have resulted from the more significant attrition between particles in CFB and 

DFB. Less availability of Ca and a risk of layer breakage from the particle lead to the formation of 

the inner-inner layer. Similar layer elemental compositions of quartz bed particles taken from the 

different fluid bed techniques were found. The inner-inner layers are dominated by Si, K and Ca

(excluding O) while the outer layers are rich in Ca, Si and Mg, which resemble more the fuel ash 

composition. The inner layers, mainly consisting of Si and Ca, were found to have higher 

concentration of Ca for older particles. The layer thickness increases with particle age, but the 

growth rate decreases. Melt was estimated to exist in the inner layer for younger particles (< around 

1 day) and in the inner-inner layer. The existence of partially melted inner-inner layers, in particles 

from CFB and DFB, points towards higher risk of bed agglomeration in these techniques compared 

to BFB. Based on the experimental results, thermodynamic equilibrium calculations, and diffusion 

model analyses, a layer formation process on quartz bed particle was suggested: the layer formation 

is initiated by reaction of gaseous K compounds with quartz to form K-rich silicate melt, which 

prompts the diffusion of Ca2+. The gradual incorporation of Ca into the melt followed by the 

precipitation of Ca-silicates, i.e. Ca2SiO4, will result in the continuous inner layer growth. However, 

because of increasing concentration of Ca and release of K from the inner layer, the melt disappears 

in the inner layer and the layer formation process gradually becomes Ca diffusion controlled. The 

diffusion resistance increases with increasing thickness and increasing Ca-rich layer, resulting in a 

decreasing layer growth rate. 

Crack layers with similar compositions dominated by Si, K and Ca were observed in relatively old 

quartz bed particles. A melt is predicted to exist in the crack layer according to thermodynamic 

equilibrium calculations. The crack layers, found in quartz particles from BFB and CFB, connect 
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with the cracks in the inner layer, whereas for bed samples collected from DFB, the crack layer was 

found along existing cracks in the quartz particle. The different morphology may indicate different 

routes to form crack layers for bed particles from different fluidized bed technologies. For quartz 

particles from BFB and CFB, crack formation through the inner layer down to the interface between 

the inner layer and the core of quartz bed particle initiates the cracks in the quartz bed particle. This 

allows for diffusion of gaseous alkali compounds to react with quartz in the bed particle core, 

thereafter forming crack layers. The reaction is accelerated with bridge formation between crack 

layers. This may later lead to the breakdown of the bed particle into smaller alkali-silicate-rich 

fragments. 

For K-feldspar bed particles from BFB and CFB, only one layer was found for particles with an age 

of 1 day. For bed particles with ages older than 3 days, two layers including a homogenous inner 

layer containing cracks and a more particle-rich outer layer can be distinguished. Compared to bed 

particles from BFB with similar ages, the outer layer is thinner for bed particles from CFB. The 

inner layer is dominated by Ca, Si and Al (excluding O), whereas the outer layer is dominated by Ca, 

Si and Mg. The average concentration of Ca in the inner layer increases with bed particle age. 

Increasing layer thickness with decreasing growth rate was found, similar to that on quartz particles.

For particles from DFB, the inner layer also mainly consisted of Ca and Si, but cracks in the inner 

layer were not found. The overall inner layer growth is resultant from the gradual incorporation of 

Ca into the layer.

For olivine bed particles from DFB, the younger bed particles (< around 24 h) have only one layer, 

but after 24 h an inner layer and an outer layer appear. Furthermore, for bed particles older than 180 

h, the inner layer is separated into a distinguishable Ca-rich- and Mg-rich zone. Two kinds of cracks 

in the inner layer either perpendicular or parallel to the particle surface were observed. Compared to 

the younger bed particles, the Ca concentration in the layer of older particles is much higher. A 

detailed mechanism for layer formation on olivine particle in fluidized bed gasification (most likely 

also applicable to combustion) based on the interaction between woody biomass ash and olivine has 

been proposed. The proposed mechanism is based on a solid-solid substitution reaction. However, a 

possible enabling step in the form of Ca2+ transport via melts may occur. Ca2+ is incorporated into 

the crystal structure of olivine by replacing either Fe2+ or Mg2+. This substitution occurs via 

intermediate states where Ca-Mg silicates, such as CaMgSiO4, are formed. Mg2+ released from the 

crystal structure most likely forms MgO, which can be found in a distinguishable zone between the 

main particle layers. Due to a difference in the bond lengths of Mg/Fe and the incorporated Ca2+
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between their respective neighboring oxygen atoms, the crystal structure shifts, resulting in 

formation of cracks.

The dominating elements in the inner layers are similar for each kind of bed material from BFB, 

CFB, and DFB, indicating limited effects of atmosphere on the inner layer formation. The initiation 

of layer formation differs depending on the bed material, but increasing Ca concentration in the 

inner layer with time for all bed materials indicates that the layer growth is resultant from the 

incorporation of Ca into the layer. Compared to quartz, K-feldspar and olivine are more promising 

bed materials in wood combustion/gasification, especially in CFB and DFB techniques, from the 

perspective of mitigation of bed agglomeration and bed material deposit build-up.
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6 Practical implications

In wood fired bubbling fluidized quartz beds, a low bed material renewal rate is recommended. The 

formation of high temperature melting Ca-silicates in the inner layers of quartz particles protects the 

original particle surface from further attack of potassium, leading to reduced bed agglomeration 

tendency.

A relatively high bed material renewal rate is recommended in wood fired circulating fluidized 

quartz beds due to formation of sticky K-rich inner-inner layer and crack layers, which can result in 

bed agglomeration and bed material deposition.

Due to high bed agglomeration/bed material deposition tendencies in quartz-based CFBs, feldspar 

and olivine could be interesting alternatives because of the absence of crack layers and sticky layers 

in these bed materials during typical operation temperatures.

Quartz-based sand is not recommended to be used in DFB wood gasification due to formation of 

sticky K-rich inner-inner layers and crack layers. Olivine has shown low agglomeration behavior, 

but the existence of hazardous heavy metals hinders its use. Feldspar could be a good potential 

option in DFB gasification due to the formation of Ca-rich inner layer with high thermal stability.
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7 Proposals for future work

The following proposals for future work are suggested:

The occurrences of ash-related problems are often associated with the presence of K. The prediction 

of K behavior is therefore important. Thermodynamic calculations are a quite useful tool to predict 

products in multi-phases systems, which can be used to evaluate the risk of operational problems. 

High contents of K-silicate in the products may indicate bed agglomeration, while high contents of 

KCl may indicate deposition/corrosion problems. To carry out the calculations, it is necessary to 

know the concentration of ash element in biomass, feed rate of biomass and amount of bed material 

involved in the reaction. In a continuous process, the used bed material is continuously replaced 

with fresh material and the accumulation rate of ash on bed material differs with time due to time-

dependent layer characteristics, leading to variations in the amount of bed material involved in the 

reactions. To perform the calculations, the bed particles can be assumed to be spherical and have a 

certain diameter. When quartz is used as bed material, it is likely that the surface and part of the 

inside of the bed particle can participate in the reaction. The amount of particle reacted is time-

dependent and related to the inner layer thickness and percentage of the particle consisting of the 

crack layer. Furthermore, the age distribution of the particle in the boiler can be determined by the 

bed material renewal rate. The bed particle composition can thereby be taken into account during 

the calculations. It could be interesting to investigate the effects of bed material renewal rate and the 

ratio of bed material to biomass ash on the K behavior.

In addition to the thermodynamic calculations, understanding of the kinetics of alkali chemistry is 

essential for the transformation and sequestration of alkali compounds. A combination of 

heterogeneous chemical kinetics and multiphase equilibrium modeling is critical to estimate the 

speciation, saturation levels, and the presence of melt. However, the kinetic studies related with 

alkali compounds are quite limited.

Layer formation may be greatly influenced by the limitations of mass transfer from the gas phase to 

the bed particle surface and to the inside of the core of a bed particle. A high gas flow rate is 

unfavorable for the attachment of ash to the particle surface. It is important to investigate the 

composition of flue gas and movement of bed material in the reactor, which can affect the layer 

formation on bed particles. Fluid dynamics simulation inside the reactor could therefore be 

necessary.
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In a fluidization process, the ash in the reactor mainly exists as fly- or bottom ash. The reduction of 

one element in the fly ash will increase the ash accumulated on/in bed material. Quartz bed material 

can react with K compounds and acts like a sink of K. By replacement of the used bed material with 

fresh material, K is removed from the reactor and the ash-related problems are avoided. When 

olivine is used as bed material, K mainly exists in the fly ash, leading to an increased risk of 

deposition/fouling. Both replacement of bed material and deposit cleaning increase the operational

costs. Therefore, ash-related problems should be investigated jointly rather than separately and

assessment of the cost to maintain operation should be taken into consideration when an alternative 

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

1. INTRODUCTION

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

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

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

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

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

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

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

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

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

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

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

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

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

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

plant abbreviation
bed mass
(ton)

bed consumption
(wt % of bed/day)

average bed
particle size (μm)

bed
temperature

(°C) fuel
campaign

duration (days)

bench-scale BFB
at 5 kW

BFB5 0.0005 0 106−125 800 bark 1.7

full-scale BFB at
30 MWth

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

23

full-scale CFB at
122 MWth

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

6

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

BFB5 BFB30 CFB122

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

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

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

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

3. RESULTS

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

phases
BFB 30
3 days

BFB 30
5 days

BFB 30
13 days

BFB 30
23 days

CFB 122
6 days

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

incorporation of Ca into the melt, followed by the precipitation
of stable and high-temperature melting calcium silicates.
However, because of the increasing calcium concentration
and release of potassium from the inner layer, the diffusion and
reaction driving force for calcium decreases, resulting in a
decreasing layer growth rate. The melting propensity of the
inner layer could be an important factor on layer growth,
because the presence of a molten phase promotes diffusion of
Ca into the layer as well as reaction with the layer.
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(7) De Geyter, S.; Öhman, M.; Boström, D.; Eriksson, M.; Nordin, A.
Effects of non-quartz minerals in natural bed sand on agglomeration
characteristics during fluidized bed combustion of biomass fuels.
Energy Fuels 2007, 21 (5), 2663−2668.
(8) Davidsson, K. O.; Steenari, B. M.; Eskilsson, D. Kaolin addition
during biomass combustion in a 35 MW circulating fluidized-bed
boiler. Energy Fuels 2007, 21 (4), 1959−1966.
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ABSTRACT: Agglomeration is among one of the major problems in the operation of fluidized bed boilers. The formation of
bed particle layers is thought to play an important role on the occurrence of agglomeration in wood-fired fluidized (quartz) beds.
In spite of frequent experimental reports on the quartz bed particle layer characteristics, the underlying bed layer formation
process has not yet been presented. By combining our previously experimental results on layer characteristics for samples with
durations from 4 h to 23 days, with phase diagrams, thermochemical equilibrium calculations, and a diffusion model, a
mechanism of quartz bed particle layer formation was proposed. For younger bed particles (<around 1 day), the layer growth
process is accelerated due to a high diffusion of calcium in a K-rich silicate melt. However, with continuous addition of calcium
into the layer, the amount of melt decreases and crystalline Ca−silicates starts to form. Ca2SiO4 is the dominating crystalline
phase in the inner layer, while the formation of CaSiO3 and possibly Ca3SiO5 are favored for younger and older bed particles,
respectively. The decreasing amount of melt and formation of crystalline phases result in low diffusion rates of calcium in the
inner layer and the layer growth process becomes diffusion controlled after around 1 day.

1. INTRODUCTION

The interest in utilization of biomass fuels is increasing because
the CO2-neutral biomass is considered to be renewable and
sustainable energy sources as the alternative for fossil fuels.
Fluidized bed combustors have commonly been used for heat
and power production of biomass due to its high fuel flexibility,
low process temperature, and emission control.1 However, bed
agglomeration is a potential problem in fluidized bed
combustion (FBC) of biomass. Bed agglomeration prevents a
proper fluidization and can lead to unscheduled shutdown of
the plant in the worst case.2

Numerous studies have been performed on bed agglomer-
ation in FBC of biomass, and several different agglomeration
mechanisms have been provided.3−12 Generally, ash forming
matter is transported from burning fuel particles to bed
particles by (1) direct contact with the ash melts located on the
surface of burning char particles during collision and/or (2) a
combination of the attachment of small particles to the bed
particle surfaces, the condensation of gaseous alkali species on
bed particles, and the chemical reaction of the gaseous alkali on
the surfaces.3,10,11 The bed agglomeration process will there-
after continue through subsequent viscous flow sintering.3−5 In
the first category of the mechanism, the molten ash attached on
the bed particle is sticky at the operation temperature and acts
as glue between particles.8 In the second category of the
mechanism, due to the formation of low-melting-temperature
compounds, the sticky layers will be formed and bond the
particles together, which most probably results in the
agglomeration of bed particles once the layer reaches a critical
thickness.13,14 This is denoted coating/layer-induced bed
agglomeration. In the FBC of wood-derived fuels, this
coating/layer-induced bed agglomeration was considered to
be the dominating route.5−7 Therefore, it is important to

determine the layer/coating formation process in order to fully
understand the bed material agglomeration phenomena in
combustion of woody biomass fuels. In addition, the calcium-
rich layer at the surface of the bed material has a significant
influence on gasification properties.15,16

Multiple layers have often been observed around the bed
particles during wood combustion.3,4,12,17 The outer layer
consists of small ash particles and is relatively inhomogeneous
with a composition resembling that of the fuel ash. Previous
research has suggested that the inner layer grows inward by an
attack or a chemical reaction and is relatively homogeneous in
composition and morphology.4,12 The composition of the inner
layer depends upon both the characteristics of the fuel ash and
the composition of the bed material.4,6,12,18,19 Generally, the
natural sand mainly consisting of quartz is widely used in FBC
of wood fuels, and the bed particle inner layer analysis has been
performed extensively on quartz bed particles.7,10,20−23 It has
been suggested that the inner layer is responsible for the final
bed agglomeration process in FBC of woody fuels in quartz
bed.3 The formation of the inner layer is thought to be initiated
by the reaction of alkali released from the fuel with bed particle
and followed by diffusion of calcium.12,24,25 The inner layer
growth rate and their characteristics vary over time.14,26 For
example, Brus et al. found a decreasing layer growth rate and an
accumulated layer thickness of about 50 μm on 30 days on
quartz bed particles from industrial-scale bubbling fluidized bed
(BFB) in combustion of woody fuels.14 Visser et al. found an
increasing average layer thickness over time, and different
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compositions in the layer for the samples with different
durations were observed in the combustion of wood chips.13

In our previous work, the time-dependent quartz bed particle
layer formation was investigated systematically for samples
from full- and lab-scale BFB during combustion of wood-
derived fuels with operational duration from 4 h to 23 days and
the focus was on layer composition and thickness over time.27

On the basis of the experimental results, the following
hypothetical process was suggested for the inner layer
formation: The initialization of layer formulation is the
formation of low-melting K-rich silicates due to the reaction
of potassium species with quartz bed particles. The coarse fly
ash containing calcium will thereafter attach on this sticky layer
and subsequently dissolve into and react with the K−silicate
melt. The diffusion of calcium into the molten phase and the
gradual precipitation of calcium silicates result in the inner layer
formation and then its growth over time. Upon further supply
of calcium from the outer layer and transfer into the inner layer,
more CaO-rich silicates, such as Ca2SiO4 and thereafter
Ca3SiO5, are formed. The growth rate of the inner layer
decreases over time. The hypothesis implies that the formation
of melt and the diffusion of calcium are crucial factors for both
the growth and the time-dependent composition of the inner
quartz bed particle layer. However, in our previous work, the
formation of the melt, the corresponding amount, its variation
over time, and their effects on the inner layer growth has not
been estimated yet. The transfer rate of calcium in the inner
layer and its effect on the inner layer formation has not been
investigated.
In this work, phase diagrams and thermochemical equili-

brium calculations were used to estimate the amount of melt
over time quantitatively based on the inner layer composition
obtained from previous work. In addition, a diffusion model
was used to interpret the inner layer growth. The mechanism
for the quartz bed particle layer formation in fluidized bed
combustion of wood-derived fuels was further discussed.

2. METHODOLOGY
Thermochemical equilibrium calculations and phase diagrams are
commonly used to illustrate the formation and the amount of melt as
well as the formed solid phases in a certain system at different
temperatures. In this work, both options were used to interpret the
melting behavior based on the time-dependent composition of the
inner quartz bed particle layer measured experimentally in our
previous work.27 Previous research suggests that the ash-forming
matter (mainly potassium) reacts with the bed particle, and the
calcium subsequently transfers to the vicinity of melt and reacts with
the K-rich melt to form an inner layer. The formation of the inner
layer affects the diffusion of calcium and then the inner layer growth
rate. Therefore, the inner layer growth seems to be governed by a
combination of chemical reaction and mass transfer. In order to
interpret the inner layer growth process in this work, a diffusion model
was used to represent the process and the contribution of the reaction
was further discussed.
2.1. Time-Dependent Melting Behavior. On the basis of the

inner layer compositions measured in our previous work at different
time, the time-dependent melt fractions of the condensed phase were
determined by extracting data from the phase diagram. Since the layer
composition related to the combustion of wood fuels in quartz beds is
dominated by Ca, Si, K, and O, the K2O−CaO−SiO2 phase diagram
was used. However, it should be noted that this phase diagram is based
on a certain, but limited, amount of experimental data.28 Some newer
phase determinations have been made, and it is indicated that the
ternary compounds in the diagram are misinterpreted.29 Thus, the
K2O−CaO−SiO2 phase diagram was only used as an initial estimation.

The available thermodynamic equilibrium routines have been
implemented into the commercialized software FactSage 6.3, which
makes it feasible to perform thermochemical equilibrium calculations
for systems with solids, gases, and liquids. To estimate the melting
behavior for the formed quartz bed particle layer, the databases FTsalt,
FToxid, and FactPS were chosen.30 Considering the operational
conditions of the fluidized beds in our previous work, the temperature
and pressure were set to be 850 °C and 1 atm, respectively, in the
calculations. The ash-forming elements used in the calculations were
normalized to only include K, O, Ca, and Si since these elements
contribute more than 70 mol % of the inner layer on an oxide basis for
all bed samples. Elements C, H, O, and N were used to simulate the
combustion atmosphere at an air-to-fuel ratio of 1.2. The solution
models used for calculation are listed in Table 1. The elemental

compositions obtained from the SEM-EDS analysis for the inner layer
from the previous work were used as input for calculations. In the
Supporting Information these data, including XRD results, are given.

2.2. Diffusion Model. CaO from the outer layer dissociates at the
inner layer surface, which then allows the diffusion of Ca and O ions to
occur. It is unlikely that transport of Ca from the inner layer to the
quartz particle involves molecules of CaO. However, the transport of
Ca in the inner layer toward the quartz particle is described in terms of
an effective flux of CaO by assuming that when the diffusion of calcium
cation occurs, the oxygen anions redistribute rapidly to maintain
electroneutrality. Upon nucleation and growth of Ca−silicate on the
surface of the quartz particle, the layer near the quartz becomes
depleted in Ca and additional Ca must diffuse from the outer layer to
enable their further growth. The continuous inner layer growth results
from the reaction at the interface between the bed particle and the
inner layer formed. Meanwhile, the amount of Ca at the interface,
diffusing across the inner layer, determines the reaction rate. In this
work, the diffusion model as illustrated in Figure 1 was used to

represent the inner layer growth. For an isothermal solid-state
reaction, the diffusion of reactants proceeds at a slower rate than
reaction in most cases, i.e., a diffusion-controlled process.31

For the process of a diffusion-controlled solid-state reaction in a
sphere, the equation can be expressed as

∂
∂
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where CA is the concentration of component A (i.e., Ca2+ in this work)
at r, t is the time, DA is the diffusion coefficient of Ca2+, and r is the
distance from the bed particle core.

The initial and boundary conditions are

Table 1. Elements and Solution Models Used in the
Chemical Equilibrium Model Calculations

elements C, H, N, O, K, Si, Ca
solution models slag melt: SLAGA (K2O, SiO2, CaO, liq)

SALTA (KOH, CaO, K2O, Ca(OH)2, liq)
LCSO (liq-K, Ca//CO3, liq)
SCSO (K, [Ca]//CO3, ss)

Figure 1. Schematic representation of diffusion-controlled model in
the inner layer growth process.
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= =C C t, 0A b (2)

= =r r C C: A b0 (3)

= =∞r r C: 0A (4)

where Cb is the concentration of calcium (Ca2+) in the outer layer, r0 is
the radius for the fresh bed particle, r∞ is unreacted bed particle radius
at t, and Cs is the calcium concentration in bed particle.
To perform the calculation, in this work, r0 were set to be 350 and

55 μm, respectively, for full- and bench-scale fluidized bed samples
since the corresponding average diameters for the fresh bed particle
were 700 and 106−125 μm. Cb was set to be 0.38 based on the calcium
concentration in the outer layer detected in our previous work. The
calcium concentration in bed Cs was set to be 0, because pure quartz
bed particle was used. The diffusion coefficient of calcium is related to
the inner layer composition and temperature. On the basis of the XRD
and SEM-EDS results in our previous work, the inner layer mainly
consists of CaSiO3, Ca2SiO4, and Ca3SiO5 after 3 days, while the bed
temperatures in full- and bench-scale BFB were from 800 to 880 and
800 °C, respectively. Therefore, in this work, the diffusion coefficients
of Ca2+ in CaSiO3, Ca2SiO4, and Ca3SiO5 at 850 °C were set to be 5.05
× 10−7, 3.81 × 10−5, and 3.06 × 10−6 μm2/s, respectively, and the
diffusion coefficients of Ca2+ in Ca2SiO4 at 800 and 900 °C were set to
be 3.84 × 10−6 and 2.93 × 10−4 μm2/s, respectively.32

It should be noted though that pure Ca3SiO5 decomposes at
temperatures below 1250 °C,33−35 but it can exist in several metastable
modifications upon relative fast cooling down to ambient temper-
atures. Impurities in terms of incorporated ions, e.g., Mg2+, Al3+, and
Fe3+, have been shown to stabilize high-temperature Ca3SiO5
polymorphs at low temperatures.33−35 The present ash system is
relatively heterogeneous and contains a variety of constitutions besides
CaO and SiO2, which may influence the stability of Ca3SiO5. The
eventual formation of Ca3SiO5 may have taken place during formation
of fuel ash or in the layers of the bed particles. In the latter case the
formation of Ca3SiO5 is resultant from solid-state reactions or related
to a molten multicomponent silicate phase. The identification of
Ca3SiO5 by XRD in the present samples is not unambiguous but based
on a best-fitting model for all samples. Thus, the existence of Ca3SiO5
in the present samples should be considered as tentative.

3. RESULTS AND DISCUSSION
3.1. Time-Dependent Composition Distribution of the

Inner Layer. On the basis of the elemental composition
characterized in our previous work, the normalized elemental
compositions of K−Ca−Si were illustrated in a ternary
compositional diagram in the form of oxides as shown in
Figure 2. It should be noted that for bed particles with ages of 4
and 8 h, the lines from the SiO2 corner with the ratio of Ca to K
obtained in our previous work were used instead of a specific

point in order to avoid overestimating Si content due to the
quite thin layer (a few micrometers) and limited spatial
resolution for the quantification with SEM/EDS. As shown in
Figure 2, the composition distributions of the inner layer are
mainly restricted to the SiO2−CaO-rich region. Obviously, over
time, the composition moves to the CaO-rich corner, and the
compositions are located in almost the same position with
slightly increasing Ca content for the bed particles with ages
from 13 to 23 days. This indicates that calcium gradually
incorporates into the inner layer over time but with a more and
more slow rate, especially after 13 days.

3.2. Time-Dependent Melting Behavior of Inner
Layer. The solidus temperatures and compositions of the
inner layers with different durations are shown in the K2O−
CaO−SiO2 ternary diagram extracted from Morey et al.28 in
Figure 3. As mentioned above, the bed temperature is higher

than 800 °C; therefore, melt still exists after 4 h but not after 8
h. In addition, crystalline phases of the layer can be evaluated
from the phase diagram K2O−CaO−SiO2 based on the layer
composition. The crystalline phases in the inner layer are SiO2
and K2O·2CaO·9SiO2 for the bed particles with an age of 4 h,
and SiO2, CaSiO3, and K2O·2CaO·9SiO2 are the crystalline
phases in the inner layer for the bed particles with an age from
8 to 32 h. For older bed particles (>40 h), the corresponding
crystalline phase is composed of CaSiO3 and Ca2SiO4.
The melting behavior was also estimated with thermochem-

ical equilibrium calculations in this work. The calculation
results of the amount of melt are depicted in Figure 4.
According to the results from thermochemical equilibrium
calculations, a molten phase exists for the bed particles with an
age younger than 32 h; however, for particles with the age older
than 40 h, no melt fraction exists. In addition, for the bed
particles with ages of 4 and 8 h, the fraction of melt increases
with decreasing content of Si for a fixed Ca/K molar ratio. On
the basis of the knowledge illustrated in Figure 4, the fraction of
melt decreases over time and no melt exists after 40 h.
The problems regarding the phase diagram used in this work

have been mentioned above. In addition, the K−Ca−Si ternary
solidus compounds shown in Figure 3 have not unambiguously
been identified in our previous combustion experiments (>20
years’ experience of biomass combustion in fluidized beds and
grates). Therefore, these ternary solidus compounds should be

Figure 2. Normalized composition distribution of the inner layer in a
K2O−CaO−SiO2 triangle for the bed particles with different ages.

Figure 3. Normalized composition distribution of the inner layer in
the K2O−CaO−SiO2 phase diagram with solidus temperatures (units
of °C, extracted from Morey et al.26) for bed particles from bench- and
full-scale BFBs with different ages. Components are indicated as
follows: K2O (100), CaO (010), SiO2 (001).
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dismissed. A new quasi-ternary phase diagram with solidus
temperatures was generated via thermochemical equilibrium
calculations to describe the melting behavior of the inner layer
as shown in Figure 5. Although the system K2O−CaO−SiO2 is

not optimized in FactSage, ternary phases are missing and the
system is not thermodynamically consistent; the solidus
temperatures predicted using the inner layer compositions are
good. The solidus temperatures are either 740, 770, and 1020
°C depending on the composition. On the basis of this new
phase diagram, the melt exists for bed particles younger than 40
h as the bed temperature is higher than 800 °C. Considering
the relatively rapid concentration variation as shown in Figure 2
as well as the corresponding rapid layer growth rate up to 40 h,
the estimation results from thermochemical equilibrium
calculations seem to be more reliable.
3.3. Diffusion of Calcium in the Inner Layer. The

diffusion of calcium depends on both the amount of melt and
the diffusion layer thickness. Using the diffusion-controlled
model, the inner layer growth can be estimated from the
diffusion coefficient of Ca2+ in Ca−silicates and the calcium
content in the outer layer. The diffusion coefficients are
temperature dependent and related to the diffusion medium.

Since the bed temperature was between 800 and 880 °C during
the full-scale bed sampling,27 850 °C was chosen to investigate
the effect of diffusion of calcium in three different Ca−silicate
crystalline phases (CaSiO3, Ca2SiO4, and Ca3SiO5) upon inner
layer growth. The estimated layer thicknesses were compared
with the experimental results from full-scale samples as shown
in Figure 6. The comparison shows that the estimated layer

thickness has the highest value using the diffusion coefficient of
Ca2+ in Ca2SiO4 and the lowest value for Ca2+ in CaSiO3. The
estimated layer thickness for the case of Ca2+ in Ca2SiO4 agrees
with the experimental results, which could indicate the
crystalline phase in the layer is mainly composed of Ca2SiO4.
This observation agrees with the XRD results that Ca2SiO4 is
the most abundant crystalline phase for all samples.
Compared to the estimated results with the diffusion

coefficient in Ca2SiO4, the layer thickness measured exper-
imentally is lower at the beginning and then becomes higher.
This could be resultant from the higher content of CaSiO3 in
the layer of younger bed particles and Ca3SiO5 for bed particles
older than 13 days, since the diffusion coefficient of calcium in
CaSiO3 is lower compared with Ca3SiO5. This is also consistent
with XRD results. The overall inner layer growth rate decreases
over time as shown in Figure 7. One possible reason is that the

increasing amount of Ca3SiO5 in the inner layer over time leads
to the decreasing diffusivity of calcium since the diffusion
coefficient of calcium in Ca3SiO5 is lower compared to
Ca2SiO4. In addition, with increasing layer thickness, the
diffusion distance for calcium increases, which could also
decrease the layer growth rate.

Figure 4. Estimated melt fraction (mol % of condensed phases) in the
inner quartz bed particle layer for samples from bench- and full-scale
BFBs with different ages according to the results from the
thermochemical calculations.

Figure 5. Normalized composition distribution of the inner layer in
the K2O−CaO−SiO2 phase diagram with solidus temperatures
according to the results from the thermochemical calculations for
bed particles from bench- and full-scale BFBs with different ages.
Components are indicated as follows: K2O (100), CaO (010), SiO2
(001).

Figure 6. Predicted inner bed layer thickness using the diffusion model
with diffusivity coefficients of Ca2+ at 850 °C in solid phase Ca2SiO4
(red), Ca3SiO5 (green), and CaSiO3 (blue) compared with
experimental results for bed particles with ages of 1, 3, 5, 13, and 23
days.

Figure 7. Predicted inner bed layer thickness using the diffusion model
with diffusivity coefficient of Ca2+ in Ca2SiO4 at temperatures of 800,
850, and 900 °C and comparison with experimental results.
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The effect of temperature on the inner layer growth was
further investigated with the diffusion coefficient of Ca2+ in
Ca2SiO4 as it is the main crystalline phases for all samples.
Considering the operational bed temperature in experiments,
three temperatures of 800, 850, and 900 °C were studied. Using
the diffusion coefficient of Ca2+ in Ca2SiO4 the estimated layer
thickness at these three temperatures is illustrated in Figure 7.
The effect of temperature on the layer thickness is significant,
with the higher temperature favoring the diffusion of Ca2+ in
the inner layer. The predicted layer thickness at 850 °C is most
consistent with the experimental results.
The estimated layer thickness in the case of calcium diffusion

in Ca2SiO4 at 800 °C was compared with the experimental
results from bench-scale samples with a short duration as
shown in Figure 8. It is shown that the measured average layer

is much thicker compared to the estimated values for all
samples. This means that due to the fast diffusion of Ca in the
inner layer with melt, the process cannot be assumed as a
diffusion-controlled one. This observation agrees well with the
results in section 3.2. Specifically, for bed particles younger than
40 h, melt was formed, which would accelerate the Ca diffusion
and lead to faster layer growth. In addition, the model assumed
that the diffusion was in the inner layer, while in the beginning
the inner layer cannot be formed evenly and the layer
formation takes time. This is another reason that the modeling
predictions do not fit the experimental results.
3.4. Mechanism. Three stages of the layer formation

process have previously been preliminarily suggested based on
the experimental measurements in our previous paper.27 In this
work, combined with the previously experimental results, we
analyzed the composition, the amount of the melt, the
distribution of crystalline phases, and the diffusion of calcium
in the inner layer over time to discuss the mechanism of bed
particle layer formation. On this basis the possible mechanism
of bed particle layer formation was summarized as listed in
Table 2. For samples with short duration (less than around 1
day), potassium reacts with quartz to form melt accompanied
by the diffusion of calcium. Since the diffusion of calcium is
enhanced in the presence of melt, the layer formation rate
depends on both chemical reaction and diffusion. With
increasing calcium concentration in the melt, the solid phase
Ca−silicates form upon saturation accompanied by diminishing
amount of melt whereby the layer growth process gradually
becomes diffusion controlled. For bed particles with an age of
around 1 day to 2 weeks, significant amounts of calcium
provided from the outer layer diffuse in the inner layer and
more solid phases form in the inner layer, mainly consisting of

Ca2SiO4 and to a less extent CaSiO3. For bed particles with
ages of around 2−3 weeks, the inner layer continues to grow via
solid phase diffusion of calcium from the outer ash layer to the
bed particle surface. The inner layer mainly consists of Ca2SiO4
at this stage, but Ca3SiO5 could also exist at lower levels due to
continuous addition of calcium into the layer. The layer growth
rate then becomes quite low due to high diffusion resistance.
The layer becomes more CaO rich over time, which decreases
the agglomeration risk caused by sticky bed particle layers.

4. CONCLUSIONS
The inner layer growth process has been well analyzed and
described by use of phase diagrams, thermochemical equili-
brium calculations, and a diffusion model. For younger bed
particles (less than around 1 day), the layer growth process is
accelerated due to the presence of K-rich silicate melt, which
prompts the diffusion of calcium. However, with continuous
addition of calcium into the inner layer, the amount of melt
decreases and the layer formation process becomes diffusion
controlled after around 1 day. For middle-aged bed particles (1
day to 2 weeks), no melt exists in the bed layer. Ca2SiO4 is the
dominating crystalline phase in the inner layer, while we also
found possible formation of CaSiO3. For old particles (>2
weeks), the rather low inner layer growth rate is resultant from
the high diffusion resistance of calcium due to a quite thick and
dense layer.
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Figure 8. Predicted inner bed layer thickness using the diffusion model
with diffusivity coefficient of Ca2+ in Ca2SiO4 at 800 °C and
comparison with experimental results for bed particles with ages of 16,
24, 32, and 40 h.

Table 2. Possible Mechanism of Bed Particle Layer
Formation

phase
controlled
process

main
crystalline
phases layer growth rate

1 (<1 day) reaction only K-rich
silicate melt

fast in the presence of
enough available calcium

2 (from ∼1 day
to 2 weeks)

diffusion CaSiO3,
Ca2SiO4

medium

3 (from ∼>2
weeks)

diffusion Ca2SiO4,
Ca3SiO5

quite low
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(3) Öhman, M.; Nordin, A. Bed agglomeration characteristics during
fluidized bed combustion of biomass fuels. Energy Fuels 2000, 14 (1),
169−178.
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ABSTRACT: Bed agglomeration during combustion and gasification of woody biomass fuels in quartz beds has been frequently
studied, and chemical mechanisms responsible for bed agglomeration have been suggested. However, few studies have focused on
the bed material deposition on walls, in cyclones, and return legs in fluidized bed combustion. Part of these bed material
depositions originates from sticky fragments of alkali-rich silicates formed after crack formation in older quartz bed particles. The
crack layer formation in quartz bed particles in fluidized bed combustion of woody biomass was therefore investigated by
collecting bed material samples of different ages from full-scale bubbling and circulating fluidized bed facilities. Scanning electron
microscopy/energy-dispersive spectroscopy was used to analyze the crack morphology and composition of the layer surrounding
the cracks. For quartz bed particles with an age of some days, a crack in the quartz bed particle was observed in connection to the
irregular interface between the inner layer and the core of the bed particle. The crack layer composition is similar for quartz
particles with different ages and for samples taken from different fluidized bed techniques. Their composition is dominated by Si,
K, Ca, and Na (except O). These crack layers become deeper, wider, and more common as bed particle age increases. The crack
layers eventually connect with each other, and the whole quartz particle is transformed into smaller quartz cores surrounded by
crack layers, which were observed in particles older than 1 week. From the characterization work, a crack formation process
including three phases is proposed on the basis of the presumption that the initial crack layer formation resulted from the
presence of induced cracks in the inner quartz bed particle layer. Fragmentation after the third phase is likely responsible for the
formation of sticky alkali silicate deposit formation, and a weekly complete exchange of the bed is therefore recommended to
avoid problematic deposits in combustion of woody-type biomass in fluidized bed combustion.

1. INTRODUCTION

Biomass, thought as a potentially CO2-neutral and renewable
energy resource, has attracted much attention worldwide in
recent years. In the past decade, many combined heat and
power (CHP) plants have been designed for using biomass.
Among these technologies, fluidized bed combustion (FBC) is
an important process for utility-scale biomass CHP plants as a
result of its advantages, including flexibility toward the fuel,
high combustion efficiency, and low environmental impact.1,2

However, problems experienced in the FBC of woody fuels are
often related to agglomeration of bed particles resulting in bed
defluidization as well as bed material deposition on furnace
walls, in cyclones, and return legs.3−6 To solve these problems
in combustion of woody biomass, a deeper understanding of
the formation mechanisms of these ash-related problems is of
essential importance.
Many researchers have studied the formation mechanisms of

the adhesive material in FBC using different types of biomass
fuels.7−16 Ash-derived compounds with low melting temper-
atures, such as alkali silicates, have been reported to be
responsible for bed agglomerate formation.17−20 For woody
biomass, the onset of bed agglomeration is attributed to ash
deposition, which interacts with bed material by a combination
of (i) attachment of small particles, (ii) condensation of
gaseous alkali species (KCl and KOH), and (iii) chemical
reaction of gaseous alkali on the surfaces.7 By subsequent
sintering, the inner layer of the coating is probably

homogenized and strengthened and the melting behavior of
this silicate layer seems to control the adhesive forces.7 If the
adhesive force is larger than the separation force between bed
particles, agglomerates form.14 Therefore, one basic idea behind
remedies to agglomeration is to minimize the presence of
compounds with low melting temperature. The layer formation
on a quartz bed particle has been extensively studied for FBC
using woody biomass. It has been shown that an inner layer is
primarily responsible for bed agglomeration in combustion of
woody biomass fuels.8,9,16

The use of quartz bed materials in the operation of FBC may
be accompanied by bed agglomeration problems and may also
contribute to the formation of bed material deposition.4−6

Although bed agglomeration has been reported in scientific
literature during combustion and gasification of woody biomass
fuels and the responsible chemical bed agglomeration
mechanisms have been elucidated, only very limited studies
have previously focused on the bed material deposition.
Previous work suggests that entrained alkali-silicate-rich
fragments from old quartz bed particles are responsible for
bed material deposition in cyclones and return legs in
circulating fluidized bed (CFB) combustion of woody biomass
fuels.4
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Crack layers beneath the Ca-rich bed particle layer formed in
the aged quartz bed particles have been suggested to play an
important role in the formation of sticky alkali-silicate-rich
fragments. Tranvik et al. found that the crack layer is alkali-
silicate-rich and suggested that this layer in the core of quartz
bed particles makes the bed particles less resistant against
fragmentation.4 Brus et al. suggested that the alkali-silicate-rich
layer found in the core of the quartz particle results from the
diffusion of gaseous potassium in small existing cracks, which
allows for higher diffusion rates of additional potassium, leading
to continuous widening of the alkali-silicate-rich layer.8 Similar
alkali-silicate-rich layers were also identified close to the
relatively thin inner layers or cracks in previous work by He
et al.21 However, a precise and quantitative description of the
quartz bed particle crack/layer formation processes during FBC
of wood-derived fuels has not yet been presented.
Therefore, the objective of the present work was to

determine the crack layer formation processes in quartz bed
particles during fluidized bed wood combustion. To achieve
this aim, bed material samples were collected after different
times in wood-fueled full-scale fluidized bed experiments in a
bubbling fluidized bed (BFB) at 30 MWth and a CFB at 90
MWth. The morphology and composition of bed particle layers
and crack layers were analyzed with scanning electron
microscopy/energy-dispersive spectroscopy (SEM/EDS).

2. MATERIALS AND METHODS
The methodologies used in the present study included the following:
(1) bed material sampling at different times from full bed change
during full-scale combustion tests of wood-based fuel mixtures and (2)
SEM/EDS analyses of collected bed material samples to observe the
change of crack layer characteristics as a function of time.
2.1. Bed Material Sampling from a Full-Scale BFB. Bed

material samples were collected from a 30 MWth BFB. The fuel
consisted of a typical softwood-based mixture. Sand (80% quartz with
the remainder mainly consisting of feldspars microcline and albite with
small amounts of mica) with an average particle size of 700 μm was
used as the bed material. The bed material was completely replaced at
the beginning of the measurement campaign. Bed material samples
(about 1 kg) were collected under normal operation conditions at 1, 3,
5, 13, and 23 days after the complete bed change. The excess oxygen
concentration in the dry flue gases was approximately 4%, and the
primary air flow represented approximately 40% of the total air flow.
The bed material was exchanged at the same rate as that during normal
operation (see Table 1 for further details).
2.2. Bed Material Sampling from a Full-Scale CFB. Bed

material samples were collected under normal operation conditions
from a 90 MWth CFB at operation times of 1, 5, 11, and 13 days after a
complete bed change at startup. Sand (>80% quartz and the remainder
consisting of feldspar and smaller shares of mica) with a particle size of
200−500 μm was used as the bed material, and softwood sawdust was
used as fuel in CFB90, with an ash composition similar to the fuel
mixtures used in the BFB30. The excess oxygen concentration was 3−
4% in the dry flue gases, and the primary air flow represented 50−60%
of the total air flow. The bed material was changed to the same extent
as that during normal operation (see Table 1 for further details).

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

2.3. SEM/EDS Analysis. Bed particles from BFB30 and CFB90
with a particle sieving size of 500−850 and 200−500 μm, respectively,
were collected after gentle sieving. The collected bed particles were
encased in epoxy resin, dry polished, and analyzed using SEM/EDS.
Analyses of crack layers with regard to morphology and chemical
composition were carried out. A total of 15−25 of the largest quartz
bed particle cross sections with the thickest inner layers were subjected
to analysis of crack layers to have typical morphology. To determine
the average elemental composition of the crack layer in the core of the
bed particle, more than five particles with typical crack layers were
chosen for each sample. Crack layers were discerned visually on the
SEM image of the cross section, and one to two spots for elemental
analysis were chosen in the middle of each crack layer. To minimize
the effects of bed material and layer, the spot analyses were carried out
in the wide crack layer far from the inner bed particle layer and the
original bed particle core.

The relative grayscale differences in backscattered electron SEM
imaging were used to assess the impact of bed particle aging on crack
layer growth. The calcium-rich inner and outer quartz particle layers
are brighter compared to the unreacted quartz bed particle, and the
relative brightness of the alkali-silicate-rich crack layer is between that
of the inner layer and unreacted bed material. Three regions, including
unreacted bed material, inner bed layer, and crack layer, were
distinguished by limiting the intensity threshold using image analysis
software ImageJ,22 as shown in Figure 1. However, for older quartz bed
particles, the amount of crack layers is overestimated as a result of the
similar brightness of outer layers and crack layers. For younger bed
particles, the effect of the outer layer on estimation of area percentage
is limited as a result of quite thin outer layer formation. In addition, an
alkali-silicate-rich layer, so-called inner−inner quartz bed particle layer,
can usually be found in the CFB samples where relatively thin inner
quartz bed particle layers or cracks are formed.21 Because these inner−
inner layers have similar grayscale (composition) as the crack layers,

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

plant abbreviation
bed mass
(ton)

bed consumption
(wt % of bed/day)

bed particle
size (μm)

bed
temperature

(°C) fuel
campaign

duration (days)

BFB at
30 MWth

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

23

CFB at
90 MWth

CFB90 20 10 200−500 780−850 100% sawdust 13

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

BFB30 CFB90

Ash Content (wt % Dry Substance)
1.8 ± 0.51 0.8 ± 0.15

Ash-Forming Elements (wt % Dry Substance)
K 0.11 0.076
Na 0.010 0.001
Ca 0.44 0.293
Mg 0.040 0.032
Fe 0.12 0.011
Al 0.019 0.015
Si 0.12 0.036
P 0.027 0.019
S 0.023 0.013
Cl <0.010 <0.010
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their effect cannot be totally excluded in this image analysis. Despite
these overlaps in image analysis, the method does provide a useful
description of how the various regions develop with increasing bed
particle age. Because the brightness of the picture can change slightly
depending upon the settings of SEM, the exact threshold settings were
adjusted to suit each bed particle image.

3. RESULTS
3.1. SEM/EDS Analysis of Samples from BFB30. A

typical cross section of an aged quartz bed particle and quartz
bed particle layer collected from BFB30 after 23 days is shown
in Figure 2. An outer layer and unreacted quartz core are

readily seen in this micrograph. A brighter, more discontinuous
inner layer containing cracks is also easily identified. Gray lines
and areas crossing deep into the quartz bed particle core were
also observed in panel a of Figure 2. These gray lines and areas
are called crack layers. An irregular interface between the inner
layer and the core of the quartz bed particle was observed, as
shown in panel b of Figure 2.
Examples of typical cross-sectional surfaces of used quartz

bed particles collected from BFB30 after different days are
shown in Figure 3. The quartz particle layer thickness increases
obviously with bed particle age. Obviously, more crack layers
are observed with increasing bed particle age. Some crack layers
were observed to penetrate through the quartz particle, and
some were found to end in the core of the bed particle.
The fraction of analyzed quartz bed particles collected from

BFB30 that has a crack layer is shown in Figure 4. For bed
particles with age of 1 day, only 5% of the quartz particles have
a crack layer. Around 70% of the quartz bed particles with an
age of 3 or 5 days have a crack layer. Distinguished crack layers
can be found almost for every quartz bed particle (>90%) with
an age older than 13 days. All quartz bed particles with an age
of 23 days were found to have a crack layer.
The typical crack layers formed in quartz bed particles with

ages of 3, 5, 13, and 23 days taken from BFB30 in higher
magnifications are shown in Figure 5. An irregular interface
between the inner layer and the core of the quartz bed particle
was observed, more frequently so with increasing bed particle

age. A crack in the inner layer could usually be found in
connection to this irregular interface. A reaction front was
usually found close to the crack in the bed layer. In connection
to the crack found in the inner layer, a crack layer in the quartz
particle core could be found. In addition, it seems that the
width of the crack layer increases with increasing width of the
crack found in the quartz bed particle layer.
The average elemental composition of crack layers found in

quartz bed particles with ages of 3, 5, 13, and 23 days are shown
in Figure 6. Their compositions are similar, mainly consisting of
Si, K, Ca, and Na (except O). Much higher concentrations of K
and Si were found in the crack layers in comparison to the
inner quartz bed particle layers that are dominated by Ca and Si
(except O).23

Figure 1. Three regions in the quartz bed particle from BFB30 with
age of 23 days distinguished by image analysis colored in red: (a)
unreacted bed material, (b) inner layer on bed particles, and (c) crack
layer.

Figure 2. SEM images of (a) typical cross section of aged quartz bed
particle and (b) quartz bed particle layer found in bed samples taken
from BFB30 after 23 days from completed bed change at startup.

Figure 3. SEM images of typical cross sections of quartz bed particles
found in bed samples taken from BFB at 30 MWth after operation
times of (a) 1 day, (b) 3 days, (c) 5 days, (d) 13 days, and (e) 23 days
from completed bed change at startup.

Figure 4. Fraction of analyzed quartz bed particles collected from
BFB30 that has a crack layer.

Figure 5. SEM images of typical crack layers in quartz bed particles
taken from BFB30 with ages of (a) 3 day, (b) 5 days, (c) 13 days, and
(d) 23 days.
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For quartz bed particles with ages of 3, 5, 13, and 23 days
from BFB30, the estimated area percentage of cross sections
that consists of crack layers is shown in Figure 7. The area

percentage of the crack layer was found to increase slightly
between 3 and 13 days, but after that, a significant increase up
to 16% for quartz particle with an age of 23 days was observed.
Meanwhile, a high deviation was observed for bed particles with
age of 23 days.
3.2. SEM/EDS Analysis of Samples from CFB90. Typical

illustrations of cross sections of the bed particle surfaces from
different bed samples taken from CFB90 after 1, 5, 11, and 13
days are shown in Figure 8. Crack layers were not found in
quartz bed particles with an age of 1 day, while it was found in
almost all analyzed quartz bed particles older than 5 days. A
brighter inner quartz bed particle layer can be seen around the

bed particle surface, and the layer thickness increases with bed
particle age. Crack layers were also for these samples observed
in the quartz bed particles. From the analysis, it is clear that
more and wider crack layers could be found in older bed
particles.
Typical morphologies of crack layers formed in quartz bed

particles with ages of 5, 11, and 13 days taken from CFB90 are
shown in Figure 9. In comparison to the bed particles from

BFB30, the outer layer is thinner for bed particles from CFB90.
The irregular interface between the inner layer and the quartz
bed particle core was also observed for the CFB samples. The
crack layers were found to connect with cracks in the inner
layer, i.e., in similarity to the findings for bed particles from
BFB30.
The average compositions of the crack layers found in quartz

bed particles with ages of 5, 11, and 13 days from CFB are
shown in Figure 10. Compositions dominated by Si, K, Ca, and

Na (except O) were observed for the bed particle with different
ages, i.e., in similarity to the bed particle from BFB30. The K
content increases slightly with bed particle age, and Na drops as
much as K increases, possibly indicating a substitution reaction.
For the other main elements Ca and Si, the content is almost
constant with increasing age.
The estimated average area percentage of analyzed quartz

particle cross sections consisting of the crack layer is 6, 12, and
16% for the bed particle from CFB90 with ages of 5, 11, and 13
days, respectively (Figure 11).

4. DISCUSSION
Investigating the formation of crack layers in quartz bed
particles using SEM/EDS analysis provided crucial information
for understanding the formation of bed material deposition in
fluidized bed wood combustion. The key phenomena
responsible for crack layer formation are the buildup of an
inner quartz bed particle layer together with crack formation in
this inner layer. This may lead to formation of a reaction front

Figure 6. Average elemental composition (on an O-free basis) of crack
layers found in quartz bed particles with ages of 3, 5, 13, and 23 days
from BFB30.

Figure 7. Estimated area percentage of the analyzed quartz particle
cross section consisting of the crack layer for the bed particle with ages
of 3, 5, 13, and 23 days for samples from BFB30.

Figure 8. SEM images of typical cross sections of bed particles found
in bed samples taken from CFB90 versus operation times of (a) 1 day,
(b) 5 days, (c) 11 days, and (d) 13 days from completed bed change at
startup.

Figure 9. SEM images of typical crack layers in quartz bed particles
taken from CFB90 with ages of (a) 5 days, (b) 11 days, and (c) 13
days.

Figure 10. Average elemental composition (on an O-free basis) of
crack layers found in quartz bed particles with ages of 5, 11, and 13
days from CFB90.
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into the quartz particle core, which allows further penetration
of gaseous alkali compounds, which may initiate or deepen
cracks.
The buildup of an inner layer together with crack formation

in this inner layer was observed for both BFB and CFB. The
inner layer growth resulted from the continuous diffusion of Ca
into the inner layer, which becomes more Ca-silicate-rich with
bed particle age and mainly consists of three crystalline Ca
silicate phases (CaSiO3, Ca2SiO4, and Ca3SiO5).

21,23 Mean-
while, the crack could appear during the inner layer growth as a
result of microstructural stress created in the Ca silicate inner
layer resulted from the different molar volumes of Ca silicates.24

Reaction fronts into the quartz bed particle in connection to
the crack in the inner layer were observed for bed particles with
an age older than 3 days for samples from both CFB and BFB.
This observation suggests that cracks in the inner layer
probably initiate tension-induced cracks in the core of the
quartz bed particle. Gaseous potassium compounds may diffuse
through the existing cracks and react with the core of the quartz
bed particle, possibly forming a K-rich melt. The inner layer
growth could thereafter be enhanced, leading to the irregular
interface between the inner bed particle and quartz. However, if
less Ca is available, the K-rich crack layer could form, instead of
the inward reaction front.
More crack layers are formed and penetrate into the quartz

bed particle with bed particle age. After formation of the crack
layer rich in K silicate compounds, additional diffusion/reaction
of K toward the core of the bed particle will occur, which could
lead to fast inward propagation and enhanced formation of
silicate melts. In addition, the crack in the inner layer becomes
wider and deeper as a result of the growth of the inner layer,
providing more access for K to diffuse into the bed particle.
Bridges between crack layers were observed for many particles
with ages of 11 and 13 days but to less of an extent for particles
with age of 5 days. With continuous inward propagation and
more crack layer formation, the connection between crack
layers could thereafter occur after around 1 week. Although
different morphologies of the crack layer in the bed particles
with different ages have been presented, similar crack layer
composition dominated by Si, K, Ca, and Na (except O)
indicates the similar formation process of the crack layer.
The analyses of the crack layers in the bed particle with

different ages strongly suggest that the crack formed in the
inner layer plays an important role in the crack layer formation.
Hence, here a crack layer formation scheme based on the
observations from this study is proposed. The proposed scheme
of crack layer formation is schematically shown in Figure 12.
After fresh quartz bed particles are fed into the fluidized bed,

typically, three phases can be distinguished in the period under
consideration. During phase 1 (quartz particles with an age less
than around 1 day), a quite thin inner layer forms around the
quartz particle surface. In phase 2 (quartz particles with an age
of some days), a crack in the inner layer forms and initiates
tension-induced cracks in the quartz particle. The gaseous K
species thereafter diffuse through the existing cracks in the
inner layer, and the initiated cracks on the quartz particle
surface react with the quartz particle to form K2O·4SiO2,
followed by diffusion/reaction of Ca, leading to the formation
of an alkali-silicate-rich crack layer. During phase 3 (quartz
particles older than 1 week), the crack in the inner layer
becomes wider and deeper. The outer layer and part of the
inner layer may break off from the bed particle, leading to the
formation of a bed particle with a large amount of exposed
crack layers. Additional potassium will thereafter diffuse toward
the core of the bed particle, leading to inward propagation and
enhanced formation of silicate melts. The crack layers
continuously propagate, widen, and connect with each other,
transforming a large part of the quartz particle to an alkali-
silicate-rich melt, and fragmentation of the whole bed particle
may occur.
The reaction scheme suggested above describes the pathway

to the formation of small quartz bed particle fragments. These
fragments are predominantly comprised of alkali silicates with
low melting temperatures after the fragments have detached
from the original quartz bed particle with crack layers. Phase 3
in the reaction scheme may be reached in bed grains older than
1 week, as shown in this study, enabling the formation of sticky
fragments via crack layer formation as a result of exposure of
quartz bed particles to ash from wood-type biomass more than
1 week after a complete bed exchange. The suggested
mechanism takes place even though the layers on the quartz
bed particle formed in combustion of woody-type fuels
normally do not present an issue with regard to direct bed
agglomeration as a result of the formation of non-sticky Ca-rich
silicate layers.23 The formed fragments may cause problematic
deposits in cyclone and cyclone return legs as a result of
continuous buildup of sticky alkali-silicate-rich fragments, in
which ordinary bed particles are trapped.4 It is therefore
important not only to have frequent bed changes but also to
ensure complete replacement of old quartz bed material that
may have reached phase 3, as described above, to avoid
problematic bed material deposition as a result of fragmentation
of old quartz bed particles in combustion of woody-type
biomass.

Figure 11. Area percentage of the analyzed quartz particle cross
section consisting of the crack layer for the bed particle with ages of 5,
11, and 13 days for samples from CFB90.

Figure 12. Proposed scheme of crack layer formation.
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5. CONCLUSION
A crack formation process with three phases for quartz bed
particles in FBC of woody-type fuels is proposed on the basis of
SEM analysis of quartz bed particles of different age from BFB
and CFB. The crack layer composition was similar for quartz
particles with different ages and for samples taken from
different fluidized bed techniques and is dominated by Si, K,
Ca, and Na (except O).
Phase 1 is the formation of a thin inner layer surrounding the

quartz bed particle, typically enriched in Ca. This was observed
in very young quartz bed particles.
Phase 2 involves crack formation through the inner layer

down to the interface between the inner layer and the quartz
bed particle core initiating cracks in the quartz bed particle.
This allows for diffusion of gaseous alkali compounds to react
with quartz in the bed particle core, forming crack layers. This
was observed in quartz bed particles with an age of a few days.
Phase 3 is seen in quartz bed particles older than 1 week,

where the reaction of gaseous alkali compounds with quartz in
the bed particle core is accelerated with bridge formation
between crack layers. This may later lead to the breakdown of
the bed particle into smaller alkali-silicate-rich fragments.
The work conducted shows that the alkali-silicate-rich

fragments formed from old quartz bed particles, previously
shown to be responsible for bed material deposition in cyclones
and return legs in circulating FBC of woody biomass fuels, may
form once the quartz bed particle reaches phase 3. Therefore, a
weekly complete bed replacement of quartz-based bed material
is recommended to avoid bed material deposition issues,
thereby increasing the operation time for FBC facilities firing
woody-type biomass.
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ABSTRACT: The use of biomass as feedstock for gasification is a promising way of producing not only electricity and heat but
also fuels for transportation and synthetic chemicals. Dual fluid bed steam gasification has proven to be suitable for this purpose.
Olivine is currently the most commonly used bed material in this process due to its good agglomeration performance and its
catalytic effectiveness in the reduction of biomass tars. However, as olivine contains heavy metals such as nickel and chromium,
no further usage of the nutrient-rich ash is possible, and additional operational costs arise due to necessary disposal of the ash
fractions. This paper investigates possible alternative bed materials and their suitability for dual fluid bed gasification systems
focusing on the behavior of the naturally occurring minerals olivine, quartz, and K-feldspar in terms of agglomeration and
fracturing at typical temperatures. To this end, samples of bed materials with layer formation on their particles were collected at
the industrial biomass combined heat and power (CHP) plant in Senden, Germany, which uses olivine as the bed material and
woody biomass as feedstock. The low cost logging residue feedstock contains mineral impurities such as quartz and K-feldspar,
which become mixed into the fluidized bed during operation. Using experimental and thermochemical analysis, it was found that
the layers on olivine and K-feldspar showed a significantly lower agglomeration tendency than quartz. Significant fracturing of
particles or their layers could be detected for olivine and quartz, whereas K-feldspar layers were characterized by a higher stability.
High catalytic activity is predicted for all three minerals once Ca-rich particle layers are fully developed. However, quartz may be
less active during the buildup of the layers due to lower amounts of Ca in the initial layer formation.

1. INTRODUCTION

The substitution of fossil fuels with renewable energy carriers is
being driven by rising greenhouse gas concentrations in the
atmosphere which have reached levels unprecedented in at least
the last 800 000 years. Rising concentrations of gases such as
carbon dioxide and methane are likely to be the main cause of
global warming.1 Awareness of the consequences of climate
change is leading to the development of technologies using
renewable sources to cover the global demand of energy.
Biomass is the only renewable carbon-based fuel and as such is
CO2-neutral.

2 Reducing CO2, a long-lived climate pollutant, has
been set as a major goal in the definition of the 2 °C goal,
which was set by the Kyoto Protocol.3 In 2015, at the 21st
session of the Conference of the Parties held in Paris, France, a
new agreement was reached, where the limit of the temperature
increase was set to 1.5 °C.4 Biomass needs to play a role in
achieving this goal. It is suitable for use in pyrolysis,
combustion, and gasification processes. Gasification is a key
technology, since it transforms solid feedstock into a gaseous
secondary energy carrier, also referred to as product or
synthesis gas.2

A dual fluid bed gasification system was developed at the TU
Wien, Austria. Separation of endothermic gasification from
exothermic combustion is the main principle underlying this
technology. Separation is achieved using two separate reactors
connected by a circulating bed material which acts as both heat

carrier and catalyst in the process. Combustion provides the
heat necessary for gasification.5 Syngas obtained from gasifying
solid feedstock can be further used for the generation of
electricity, district heat, or the production of hydrogen,6−9

methane,10,11 Fischer−Tropsch diesel,12,13 or mixed alcohols.14

As a result of the flexibility of the process, it can quickly react to
a fast changing energy market.5

Olivine, a naturally occurring magnesium−iron−silicate, is
currently the most commonly used bed material. It has good
agglomeration performance15 and catalytic effectiveness in the
reduction of tars.16−18 However, olivine contains heavy metals
such as chromium and nickel which transfer to the ash due to
abrasion of the olivine particles in the fluidized bed during long-
term operation in industrial power plants. As a result, the
biomass ash requires special disposal arrangements, and this
leads to increased costs for the plant operator. In addition, the
use of certain ash fractions is yet impossible. As a result,
replacing olivine with a heavy-metal free bed material would be
desirable as it would make possible the further use of some of
the ash fractions, e.g., as fertilizer. Furthermore, it would reduce
operational costs by avoiding special deposition of the ash,
which is removed from the system. Therefore, alternative bed
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materials have to be considered. For this reason considerable
research effort has gone into understanding the interactions
between biomass ash and bed materials.
It has been found that biomass ash and bed materials interact

at temperatures above 750 °C, leading to the formation of
layers on the bed particles.19,20 Bed material layers were first
found on quartz particles and have been identified as playing a
major role in agglomeration. This prompted the search for
alternative bed materials for combustion of problematic
fuels.21−24 A comparison of the influence of different naturally
occurring minerals used as bed materials on agglomeration
during combustion was made by De Geyter et al.25 It was
shown that the tendency toward agglomeration cannot be
solely attributed to bed materials but rather to the interaction
between the bed materials and the ash components from the
biomass feedstock. Depending on the biomass used, agglom-
eration, which leads to defluidization, varies significantly.26−29

Agglomeration in the combustion of woody biomass in quartz
beds occurs mainly as a result of bed particle coatings and is
therefore referred to as coating-induced.30−34

Understanding the behavior of the main ash forming
compounds is essential. An overview of important ash
transformation chemistry related to this area of research was
given by Boström et al.35 Previous investigations have also
demonstrated that fracturing due to layer fragmentation leads
to deposit build-up.36 Bed material thermal attrition in different
combustion and gasification conditions have been investigated
by Scala et al.37,38 In particular the influence of temperature on
limestone attrition was investigated, finding a particle
weakening effect when the operating temperature was increased
from 850 to 900 °C. This led to a higher attrition rate.39

Layers on olivine in dual fluid bed biomass gasification plants
were investigated by Kirnbauer and Hofbauer.40 Calcium-rich
layers around olivine particles had a positive effect on their
catalytic activity in tar decomposition. This has been
demonstrated in the industrial scale power plant in Güssing,

Austria,41,42 and in laboratory scale tests.43 Similar results were
observed in experiments conducted at the Chalmer’s gasifier.44

A laboratory scale test rig was also used to investigate the
increase of the catalytic activity of quartz when layered from
long-term operation in a biomass combustion plant. It was
found that calcium-rich layers led to a significant increase of the
activity for both olivine and quartz.45 So the interaction with
biomass ash during the process seems to be able to develop Ca-
rich layers in other materials with similar catalytic effects as
those in olivine. Any catalytic activity of the original particle will
be substituted once a Ca-rich layer has developed.
Interactions between inorganic compounds in biomass ash

and bed particles have been investigated for different possible
bed materials, such as bauxite or ilmenite, and the different
paths of ash-bed particle interaction explained in detail.46,47 In
dual fluidized bed (DFB) gasification of biomass, layers formed
on the bed material have to bestow on it three important
characteristics: a low tendency toward coating-induced
agglomeration, resistance against fracturing, and sufficient
catalytic effectiveness in regarding the reduction of tars.
Feldspar has also been investigated by Berguerand et al.48

with a view to its use in gasification, using a reactor chamber
downstream of the gasifier.
The influence of temperature in the combustion and

postcombustion zone in DFB systems on alternative bed
materials also needs to be understood to determine whether the
layers are able to resist agglomeration and fracturing in various
conditions. This paper therefore explores the thermal stability
of the layers on bed particles of naturally occurring minerals by
predicting the melting behavior of the bed particle layer
material. We also investigate the resistance against fracturing by
characterizing the corresponding bed particle layer morphology.
The bed particles originate from long-term interaction with

biomass ash in dual fluid bed gasification. Samples were
collected at the industrial scale combined heat and power
(CHP) gasification plant in Senden, near Ulm, Germany, where

Figure 1. Simplified flow sheet of the power plant in Senden.
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olivine is used as bed material. The CHP plant uses logging
residues as feedstock, which contains mineral impurities, such
as quartz and feldspars. During operation, they become mixed
into the fluidized bed when transported into the gasifier
together with the feedstock. Thus, olivine will be compared to
quartz and K-feldspar, both widely available heavy-metal free
minerals, which could be used as possible alternative bed
materials. Feldspar has been investigated regarding its
applicability in gasification by Berguerand et al.,48 however, in
a reactor chamber downstream of the gasifier. Investigations of
different samples from an industrial scale DFB gasification plant
have not been performed so far. Deriving information about the
thermal stability under industrial scale conditions is an
important basis for further research of alternative bed materials
for DFB gasification. In this work, layer formation on those
particles will be investigated regarding their compositions and
predicted melting behavior as well as regarding their
morphology and resistance against fracturing under process
conditions typical for DFB systems. This approach is based on
previous work regarding the enhancement of the catalytic
activity once Ca-rich layers are developed, as described above.
Resistance against fracturing is discussed on the basis of the bed
particle/layer morphology. In addition, insights into the
mechanism of layer formation of K-feldspars in gasification
are given. A comparison of the findings to layer formation on
olivine and quartz will be provided. Investigating impurities
found in the olivine bed only shows tendencies of the layer
formation and its characteristics and might differ from findings
performed on pure quartz or pure K-feldspar beds. Thus,
results presented in this work have to be considered first
insights into the thermal stability of alternative bed materials
when interacting with biomass ash in industrial scale DFB
gasification of biomass.
Conclusions will be drawn regarding the suitability of the

investigated minerals for DFB gasification of biomass.

2. MATERIALS AND METHODS
2.1. Description of Dual Fluid Bed Steam Gasification of

Biomass. Figure 1 shows a simplified flow sheet of the DFB
gasification process as installed in Senden, Germany. The feedstock
enters directly into the bubbling fluidized bed of the gasifier via a screw
conveyer. Gases released from biomass particles come immediately
into contact with the catalytically active bed particles. Olivine is
currently used as the bed material in all industrial scale power plants.
Its main function is as the heat carrier between the combustion and
gasification reactors, but it also acts as a catalyst in reducing the heavier
hydrocarbons (tars). Steam is the gasifying agent in the bubbling
fluidized bed. Calcium oxide is used as an additive to enhance the
catalytic activity of olivine.
Part of the char from the solid biomass is transported, together with

the bed material from the gasifier, to the combustion reactor via a
chute. Combustion occurs in a fast fluidized bed using air as the
fluidizing agent. After passing through the combustion reactor, bed
particles are separated from the flue gas stream in a cyclone and
transported back to the gasifier. Flue gas passes through a
postcombustion chamber to ensure complete oxidation of the
combustible compounds before being cooled in heat exchangers.
Fine ash is separated from the gas stream by a flue gas filter and
removed from the system. The resultant gas is passed through a
scrubber unit filled with rapeseed methyl ester (RME) where
impurities such as tars, ammonia, and sulfur components are captured
and water is condensed out. The clean synthesis gas can then be used
for various purposes. In Senden, the gas is delivered to gas engines to
generate electricity and district heat. It is also used in this way in
Güssing and Oberwart in Austria.

Figure 2 shows a more detailed illustration of the DFB reactors. The
zones which are most likely to be critical regarding the thermal stability

of bed particle layers are highlighted. Critically high temperatures of up
to 1100 °C and consequently high potentials for deposit build-up and
slagging occur in the combustion path, as has been observed and
described in previous work.36 Temperature profiles in these zones will
be discussed later on in the context of long-term steady state operation
of the power plant. Data used for the evaluation of these temperature
profiles was provided by the CHP plant in Senden.

2.2. Sampling at the CHP Plant in Senden, Germany.
Feedstock and bed material samples were collected at the industrial
scale CHP plant in Senden. This plant has a fuel power of 15 MWth. It
generates electricity of about 5.1 MWel in two gas engines and an
organic Rankine cycle (ORC) and provides about 6.4 MWth of district
heating. Logging residues, including cutoff root ends, branches, and
tops, are used as feedstock. This fuel comprises on average 15%
needles and 15% bark. More information about the feedstock used is
given by Kuba et al.36 As part of this feedstock, particles of impurities
such as quartz and feldspar are transported into the gasifier and are
mixed in with the olivine bed material. These particles behave,
alongside olivine, as bed material and indeed are found to a certain
extent in bed material samples as described in previous work.36 Bed
material samples were taken from the bottom of the combustion
reactor as well as from coarse ash before its return to the combustion
reactor during steady state operation of the power plant. The sampling
positions are also shown in Figure 1. At the sampling time, the CHP
plant had been in operation for around 1200 h without cooling down.

The quartz and K-feldspar samples are therefore not commercial
materials. However, since the investigations in this work concentrate
on the basic interactions of these materials with biomass ash, results
derived from the sampled particles give a good insight into the basic
suitability of the materials. Layer formation in a pure quartz or pure K-
feldspar bed have to be addressed separately, as some components
might behave slightly different without the presence of other materials.
However, the samples show important information about the
interaction tendency of inorganic components with the different
materials.

2.3. Ashing and XRF Analysis of Feedstock. Feedstock samples
were transformed into ash according to DIN CEN/TS 14775. Wood
samples were heated up to a temperature of 250 °C. This temperature
was maintained for 60 min. Then, the temperature was increased to
550 °C and maintained until transformation of the biomass into ash
was completed. The ash produced from the feedstock was then
subjected to X-ray fluorescence (XRF) analysis.

Figure 2. Zones with critically high temperatures: (1) upper part of
the combustion reactor, (2) cyclone, (3) postcombustion chamber.
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To do this, the ash samples were melted in a Merck Spectromelt at
1050 °C and placed on a stainless steel plate at a temperature of 400
°C. Using the Spectromelt ensured that no evaporation of, e.g., sodium
or potassium took place. The XRF analysis was then carried out by a
PANalytical Axios Advanced analyzer. This analyzer works in a vacuum
with a rhodium anode, an excitation voltage of 50 kV, and a tube
current of 50 mA. Results of XRF analysis indicated the elemental
composition of the total sample, all of which is present as oxides.
Unprocessed feedstock samples were also analyzed using XRF.
The composition of the feedstock ash is presented in Table 1. The

composition listed is that of the woody biomass and not the mineral

impurities, such as quartz or feldspar particles, which are present in the
feedstock. Mineral impurities are not present in every feedstock batch
brought to the power plant, and levels vary significantly from batch to
batch. Therefore, fuel ash analysis is confined to biomass ash
components relevant for the interaction with bed material. Only the
main elements are displayed, and the mathematical remainder (called
“others”) includes the components SnO, MoO3, Nb2O5, ZrO2, PbO,
As2O3, ZnO, CuO, Co3O4, V2O5, TiO2, and Cl. They are of no further
interest regarding the investigation of layer formation and are therefore
not included in further results of this paper. As the power plant uses
woody biomass as feedstock, components such as SO3, Fe2O3, or
Na2O are present in a limited amount.
2.4. ESEM/EDS analysis. Bed material samples were mounted in

epoxy, cross-sectioned and polished. Determination of the chemical
composition and morphology of the samples was achieved using an
environmental scanning electron microscope (ESEM) combined with
energy dispersive X-ray spectroscopy (EDS). Elemental composition
was determined by spot analysis in the cross-section of the particles
and the corresponding layers. Spot analyses were performed for both
inner and outer particle layers. For each particle investigated, between
five and 10 spot analyses were conducted, and more than 30 particles
of the different bed materials were investigated in every sample. The
results obtained from these analyses were statistically evaluated.
2.5. Thermochemical Equilibrium Calculations. Thermochem-

ical equilibrium calculations were carried out using FactSage 6.3 used
to predict the melting behavior of the inner layers of the bed particles
in DFB gasification conditions and thus gain a deeper understanding of
the tendency toward agglomeration during layer formation. Agglom-
eration during initial layer formation has to be especially considered as
once an outer layer is formed its high Ca levels typically protect the
particle surface from further agglomeration.49 Those calculations were
based on results gained from EDS analysis of the samples. For the
composition of the layers, average values which were gained from
analyses were used.
FactSage 6.3 is based on the uses of the minimization of the total

Gibbs free energy of a chemical system. The thermodynamic data
required were taken from the Fact-database of gaseous compounds,
stoichiometric condensed phases, and nonideal solutions. Table 2
shows the data used in FactSage 6.3. Calculations were performed for

temperatures between 700 and 1100 °C in 50 °C steps with an access
air ratio of 1.2.

3. RESULTS
3.1. Temperatures in Industrial Scale DFB Gas-

ification. This subsection will give an overview of temperature
levels during steady state operation of the CHP plant in
Senden. Data from 3 weeks of continuous operation were
evaluated. After filtering the raw data so that only operation at
full capacity was considered, a total of 25 655 data points for
each temperature level were included for further evaluation.
Table 3 shows the main average temperatures, which are

relevant to our analysis. The average bed temperature in the
gasifier is around 856 °C, whereas 884 °C is the average in the
upper part of the combustion reactor. The highest temper-
atures, averaging 1018 °C, are reached at the cyclone outlet,
where the bed material has been separated from the flue gas
stream.
However, to assess the thermal stability of bed particle layers

in real process conditions, the temperature peaks have to be
considered as well as the averages. Thus, a histogram of the
frequency distribution of temperatures measured at the cyclone
outlet is presented in Figure 3. This shows that temperature

Table 1. Elemental Fuel Ash Composition (Expressed As
Oxides) Identified with XRF Analysis

feedstock ash mass fraction

Fe2O3 0.7
MnO 0.0
CaO 55.6
K2O 12.6
SO3 2.9
P2O5 4.8
SiO2 13.4
Al2O3 3.3
MgO 5.0
Na2O 0.8
Others 0.8

Table 2. Elements and Solution Models Used in the
Thermochemical Equilibrium Calculations

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

solution models slag: SLAGA (MgO, SiO2, CaO, K2O, Fe2O3, FeO, Al2O3)
olivine (Mg, Fe, Ca//SiO3)
MulF (mullite Al6Si2O13, Fe6Si2O13)
Mel (melilite Ca2MgSi2O7,Ca2Al2SiO7, Ca2FeSi2O7,
Ca2Fe2SiO7)

salt melt: MELTA (K, Na//CO3, OH salt melt)
LCSO (K, Ca//CO3 melt)
SCSO (K, Ca//CO3 solid solution)

Table 3. Average Temperatures in the Gasifier and
Combustion Reactor

gasifier
bed, °C

upper part of the
combustion
chamber, °C

cyclone
outlet,
°C

outlet of the
postcombustion
chamber, °C

average 856 884 1018 922
standard
deviation
(± 1σ)

5.6 5.9 26.8 37.5

Figure 3. Frequency distribution of the cyclone temperature.
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fluctuations give rise to a spread in measurements of around
200 °C. We see that temperatures of up to 1100 °C are reached
during steady state operation. The significance of temperature
peaks is considered further below.
3.2. Morphology of Particles and Layers. This

subsection focuses on the morphology of particle layers. The
tendency toward cracking of the particles themselves and their
layers will be addressed. As mentioned above and described in
previous wor,k40 the olivine particles which have been used in a
fluidized bed are characterized by the formation of an inner and
an outer layer which show up in ESEM images as brighter
peripheries around the darker particle. Circumferential cracks
spread through the particle layers, and for numerous particles
breakage of the layers can be observed, as seen in Figure 4
(right). Parts of particle layers which have broken off were
found as fragments in the samples.

Quartz particles with two layers differing significantly in size
from each other are shown in Figure 5 (left). The inner layer is
significantly thicker than the outer layer, which is visible as a
lighter periphery surrounding the darker inner layer. Quartz
particles also displayed cracking, along which the formation of
brighter areas could also be observed as seen in Figure 5
(right). The brighter areas along the cracks are referred to as
crack layers. These crack layers have only been found in aged
particles with relatively thick layers.
K-feldspars showed a more uniform morphology with a

brighter area surrounding the slightly darker particle as shown
in Figure 6 (left). No separate inner and outer layers could be
distinguished as for olivine and quartz particles. In addition, the
visible layer around feldspar particles does not show any
significant signs of crack development or layer breakage as seen
in the close-up image in Figure 6 (right).

Figure 4. ESEM images of typical cross sections of olivine particles showing layers (left) and layer breakage (right).

Figure 5. ESEM images of typical cross sections of the inner and outer layers on the surface of quartz particles (left) and particle crack layers (right).

Figure 6. ESEM images of typical cross sections of feldspar layer (left) and as close-up (right).
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3.3. Bed Particle Layer Compositions and Predicted
Melting Behavior. In this subsection, we focus on the inner
layers of bed particles of olivine, quartz, and K-feldspar. Their
elemental compositions are presented and discussed, and the
melting behavior of the layers for temperatures typical in DFB
gasification is predicted using thermochemical equilibrium
calculations.
Two layers formed on olivine particles, as shown in Figure 4

and the compositions of the inner and outer layers are listed in
Table 4. From this, we see that the outer layer has a

significantly higher content of Ca than the inner layer. Only
limited amounts of potassium could be detected in the particle
layers of olivine. The exact mechanism underpinning the layer
formation has been investigated in parallel investigations.50 The
thermochemical equilibrium calculations for the inner particle
layer showed a low tendency toward melting in the operational
temperature range with the mass fraction of the melt in the
layer varying between 0.5% and 3.7%. It is noteworthy that
increasing the temperature did not significantly increase the
predicted mass fraction of the melt. Even at 1100 °C, the
calculation results predict minor melting of the layer.
Quartz particles also have two layers: an inner and an outer

layer. The inner layer is characterized by high amounts of K and
Si, whereas the outer layer contains higher amounts of Ca, as
shown in Table 5. The Ca-rich outer layer was significantly
thinner than the inner layer for the samples investigated.
Crack layers showed strong similarities with the inner particle

layer but with slightly lower amounts of K and Ca and higher
amounts of Si. The amount of Mg in crack layers is significantly
lower than in the inner quartz particle layer. Figure 5 (right)
shows an aged quartz particle with crack layers with increased
amounts of K and Si, most likely present in the form of
potassium silicate. Moreover, a graduation was visible along the
crack formation for aged quartz particles.
The thermochemical equilibrium calculations for the inner

potassium-silicate-rich particle layer predict a mass fraction for
the melt of between 67.3% and 70.7%, depending on the
temperature. The melt fraction of 67.3% was calculated for a
temperature of 700 °C showing an already high tendency
toward melting of the layer.
For K-feldspars, typically KAlSi3O8, the formation of clearly

separated particle layers could not be detected when
investigating the elemental composition using EDS analysis.
Therefore, a “mapping” approach was used as illustrated in

Figure 7. Starting from within the bulk of the particle itself (x1),
numerous spot analyses were taken along a line going outward

toward the layer surface (x2−x9). This was carried out for
numerous K-feldspar particles. Table 6 shows the composition
(average values) for the individual spots. The main components
for K-feldspar are displayed in Figure 8, where the gradual
reduction of silicon, potassium, and aluminum and the
simultaneous increase of calcium can be seen. Especially the
increase of calcium inside the particle, where no distinguishable
layer can be detected in the SEM images, is noteworthy here.
The issue of gradually increasing Ca contents without the
establishment of clearly distinguishable particle layers will be
addressed in further detail in the discussion.
This increase inside the particle (with rising amounts toward

the surface) was observable for all K-feldspars, which had
already developed a particle layer. Thus, K-feldspars differed
significantly from olivine and quartz particles due to the
makeup of the layer. All particles had a significant increase of
Ca on the particle surface in common.
Since no clearly distinguishable inner layer could be

observed, thermochemical equilibrium calculations were carried
out for compositions around the middle of the sampled areas,
namely x4 and x5. Calculations using the composition x4
resulted in mass fractions of the melt between 13.1% and

Table 4. Average Elemental Composition on a C- an O Free
Basis of Olivine Particle Layers

olivine particle inner layer outer layer

mass fraction (%)
Na 2.1 (± 0.1) 1.2 (± 0.1) 0.6 (± 0.2)
Mg 42.4 (± 1.6) 20.9 (± 0.4) 10.3 (± 1.2)
Al 1.0 (± 0.1) 0.8 (± 0.1) 1.1 (± 0.3)
Si 36.2 (± 1.7) 22.0 (± 1.1) 7.8 (± 1.2)
P 0.3 (± 0.1) 0.7 (± 0.1) 2.2 (± 0.2)
S 0.1 (± 0.1) 0.2 (± 0.1) 0.1 (± 0.0)
Cl 0.3 (± 0.1) 0.2 (± 0.0) 0.2 (± 0.1)
K 1.3 (± 0.3) 0.6 (± 0.1) 0.7 (± 0.2)
Ca 4.6 (± 0.9) 47.2 (± 1.6) 71.4 (± 3.2)
Cr 0.2 (± 0.1) 0.4 (± 0.1) 0.4 (± 0.1)
Mn 0.5 (± 0.1) 0.5 (± 0.2) 1.5 (± 0.2)
Fe 11.0 (±1.1) 5.3 (± 0.5) 3.7 (± 0.4)

Table 5. Average Elemental Composition on a C- and O-
Free Basis of Quartz Particle Layers (ESEM Measurements)

quartz particle inner layer outer layer crack layers

mass fraction
Na 0.7 (± 0.1) 1.5 (± 0.4) 0.7 (± 0.2) 1.9 (± 0.3)
Mg 3.9 (± 0.4) 4.7 (± 0.5) 3.7 (± 1.1) 1.7 (± 0.2)
Al 1.9 (± 0.1) 1.8 (± 0.2) 3.5 (± 1.0) 2.6 (± 0.2)
Si 85.1 (± 2.1) 55.4 (± 1.7) 42.1 (± 3.1) 63.4 (± 2.7)
P 0.3 (± 0.1) 0.3 (± 0.1) 0.7 (± 0.1) 0.5 (± 0.1)
S 0.3 (± 0.1) 0.1 (± 0.1) 0.3 (± 0.0) 0.1 (± 0.1)
Cl 0.5 (± 0.1) 0.1 (± 0.1) 0.5 (± 0.1) 0.2 (± 0.1)
K 2.7 (± 0.4) 23.5 (±1.1) 6.7 (± 1.1) 19.7 (±1.3)
Ca 2.4 (± 0.3) 10.5 (± 1.6) 39.4 (± 2.1) 8.9 (± 1.1)
Cr 0.3 (± 0.1) 0.3 (± 0.1) 0.2 (± 0.0) 0.3 (± 0.1)
Mn 0.3 (± 0.1) 0.3 (± 0.1) 0.4 (± 0.1) 0.4 (± 0.2)
Fe 1.6 (± 0.3) 1.5 (± 0.3) 1.8 (± 0.6) 0.3 (± 0.1)

Figure 7. ESEM image of mapping along a typical cross-section of a K-
feldspar layer.
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14.8%, whereas those using the composition x5 showed an even
lower tendency toward melting with melt fractions between
5.3% and 8.4%, depending on the temperature. It was found
that increasing the operational temperature in the modeling
runs, even up to 1100 °C, did not increase the mass fraction of
the melt significantly.

4. DISCUSSION
In this section, the findings described above will be explained in
detail and critically evaluated. The layers formed on the surface
and cracks of bed particles as a result of interaction between
bed material and fuel ash will be reviewed in terms of their
thermal stability at temperatures which are typical in industrial
scale DFB gasification plants.
The results from ESEM and EDS analysis showed strong

differences in the layer characteristics of the three naturally
occurring materials investigated: olivine, quartz, and feldspar.
Thermochemical equilibrium calculations showed a low

tendency toward coating-induced agglomeration for the inner
layers of olivine particles due to high melting temperatures.
This is due to the fact that only low amounts of alkalis such as
potassium or sodium are found in olivine layers. The melting of
olivine particle layers leading to agglomeration does not seem
to be a major problem, even at temperatures up to 1100 °C.
The formation of particle layers on quartz occurs due to

reaction between potassium and quartz, resulting in the
formation of potassium silicates. Potassium levels of up to 25
wt % were observed in the inner layer. The thermochemical
equilibrium calculations predict that this will lead to a melt
fraction of more than 67% at 750 °C, which rises still further
with increasing temperature. While no outer calcium-rich layer
has yet formed, the melting of the potassium silicate layer leads

to a sticky particle surface resulting in agglomeration of the bed
and deposit buildup in the combustion reactor, cyclone, and
postcombustion chamber.
These sticky layers are a critical factor in agglomeration and,

as a result, defluidization of beds. We have seen that in the
upper part of the combustion zone of the dual fluid bed,
process temperatures of around 883 °C are typical, but
temperature fluctuations can cause peaks up to 1100 °C in the
cyclone. Furthermore, smaller particles which are not separated
from the flue gas stream by the cyclone pass through the
postcombustion chamber, where the flue gas stream is
redirected by 180°, as shown in Figure 2. Particles with sticky
surfaces have a high probability of building up deposits through
collision with the wall. Some of these particles are recirculated
back to the combustion reactor after leaving the postcombus-
tion chamber, where temperatures are still around 920 °C, and
so stay in the system.36,51

In combustion systems, counter-measures include the
dilution of critical components such as potassium in the bed
and the replacement of old bed particles by fresh ones.52

However, since the Ca-rich layers are necessary in gasification
due to their catalytic activity, such replacement can be counter-
productive in terms of tar reduction. For this reason, layer
build-up is desirable, and therefore bed particles should be kept
in the system as long as possible. Thus, using quartz sand as a
bed material or quartz polluted fuel such as logging residues for
dual fluid bed gasification is problematic as regards bed material
agglomeration, slagging, and deposit build-up.
K-feldspar particles were characterized by increasing amounts

of Ca and decreasing amounts of K toward the particle surface,
which may be caused by replacement of K and incorporation of
Ca into the crystal structure. These findings suggest that layer
formation on K-feldspars follows a substantially different
mechanism than that of quartz particles. As published recently
by Kuba et al.,53 the mechanism of layer formation can differ
significantly for the already proposed mechanism for quartz.30

Thus, the increasing amount of Ca in K-feldspars from
interaction with biomass ash in an industrial-scale gasification
plant suggest a similar substitution mechanism rather than a K-
attack toward Si, as known for quartz particles. This
substitution preserves a stable crystal structure.
Even though the exact mechanism is not yet known, the data

for melting behavior combined with the findings of the Ca
incorporation give a strong estimate about the thermal stability
of K-feldspars in gasification plants. The thermodynamic
equilibrium calculations predict that this composition should

Table 6. Average Elemental Composition on a C- and O-Free Basis across K-Feldspar Particle Layers

x1 x2 x3 x4 x5 x6 x7 x8 x9

mass fraction (%)
Na 1.4 0.0 0.8 1.2 0.6 0.9 0.8 0.7 1.1
Mg 4.8 5.3 4.5 6.4 3.7 5.4 7.5 9.7 9.8
Al 14.1 11.6 11.1 3.4 4.2 2.9 2.5 2.7 2.7
Si 32.7 34.2 33.4 40.4 35.3 24.9 8.4 10.6 11.3
P 0.3 0.2 0.6 0.6 0.5 0.9 1.8 2.6 2.5
S 0.2 0.0 0.2 0.0 0.2 0.1 0.2 0.2 0.2
Cl 0.2 0.3 0.3 0.0 0.4 0.2 0.3 0.1 0.3
K 32.5 29.3 17.8 12.3 8.8 3.7 2.9 2.6 2.8
Ca 4.6 8.8 26.5 32.5 41.9 56.8 71.5 66.3 64.6
Cr 0.1 0.4 0.3 0.3 0.2 0.0 0.3 0.3 0.4
Mn 0.4 0.7 0.5 0.3 0.3 0.3 0.9 0.7 0.5
Fe 8.9 9.5 4.2 2.7 3.9 3.9 2.8 3.5 3.7

Figure 8. Main components in K-feldspar layers on C- and O-free
basis.
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have a significantly lower tendency toward coating-induced
agglomeration than quartz, as the closer to the surface we get,
the lower the melt fraction is. Feldspars used as bed material
have been reported to decrease defluidization problems
compared to quartz in fluidized bed combustion.23,54,55 In
comparison to the inner layer of olivine, the melt fraction was
slightly higher. However, due to the increasing Ca content near
the surface, the tendency toward agglomeration is expected to
be a minor issue.
In dual fluidized bed gasification of biomass, bed materials

constantly change from a reducing atmosphere to an oxidizing
atmosphere and back. Ash chemistry can be influenced by the
changing atmospheres, as certain inorganic components form
different compounds depending on the surrounding atmos-
phere. Kaknics et al.27,56 have observed that, e.g., sulfur is
present in different forms in a reducing or oxidizing
atmosphere. Moreover, Niu et al.57 found that with the
insufficient amounts of oxygen, e.g., chlorine is more likely to
form metal-chlorides. These phenomena have to be considered
when investigating ash chemistry in DFB gasification. Here in
this work, bed material was sampled from the combustion
chamber, where part of the biomass is burned in order to
produce energy needed in gasification. The combustion part
seems to have a major influence on the layer formation. No
significant difference to studies in fluidized bed combustion has
been identified for the samples. The layer formation due to
interaction between biomass ash and bed material seems to play
an important role in the zone of the higher temperature, in the
combustion reactor. However, further research is needed to
completely understand the influence of atmosphere changes.
Due to the development of layers on bed material particles

the surface stability changes relative to the original particle.
Thermal changes of bed particles and their layers can lead to
fragmentation and as a result to an increase of undesired fines
in the system. Even though olivine particles did not show any
signs of crack formation inside, calcium-rich particle layers were
characterized by the development of cracks which led to
breakage of parts of the layer. As a result, fragments of the
layers exist loosely in the dual fluid bed system, which increases
the fines in the system.
Quartz particles showed two different characteristics related

to their stability. Cracks were observed in the particles
themselves, leading to fracturing. These could originate from
well-known temperature dependent changes in the crystal
structure.58 The quartz inversion transforms α-quartz to β-
quartz at 573 °C, where a linear expansion of 0.45% takes place.
Therefore, during the heat-up phase, irreversible cracking of the
bed material occurs. Above 870 °C, β-quartz further changes to
tridymite. Crack layer formation seems to be a consequence of
this. Those crack layers have strong similarities with the inner
particle layer, which leads to the conclusion that the formation
mechanism is the same. The presence of cracks results in
potassium silicate rich areas along the cracks in the quartz
particle, which can lead to the fracture of the quartz particles.
This, combined with the predicted partial melting discussed
above 750 °C, could lead to the production of sticky fragments
of potassium silicates.36,58

K-feldspar did not show any stability problems in DFB
gasification. Furthermore, no crack formation was observed in
K-feldspar or its layers, which should decrease fracturing of bed
material compared to quartz and fracturing of bed particle
layers compared to olivine, which mainly regard the particle
surface and the layers. Olivine differs in this regard from quartz

as quartz particles show fracturing of particles and olivine only
shows fracturing of the layers, which leads to an increase in
layer fragments in the system. K-feldspar does not show either
kind of fracturing and could therefore lead to an improvement
in controlling inorganic streams in the system. The
incorporation of Ca, which seems to be due to a similar layer
formation mechanism to that of olivine, is an important finding
regarding the suitability of the material.
Ca-rich layers are known to result in good catalytic

activity.41,45 Olivine and K-feldspar particles show promising
Ca-rich layers, whereas quartz only shows enrichment in Ca
once an outer layer has formed. This has been described in
detail by He et al.49 Promising catalytic performance of both
olivine and K-feldspars is also expected after initial formation of
particle layers since Ca is already present in the inner layers and
near-surface areas, respectively. In comparison to olivine and K-
feldspar, Ca enrichment and the development of an outer layer
on quartz particles take time.

5. CONCLUSION
To summarize, quartz and feldspar are both materials which are
already present in fluidized bed combustion systems when
using natural sand.25,59 Heavy metal concentrations are not
critical and therefore do not contaminate the ash. Thus, they
are possible candidates for alternative bed materials in dual fluid
bed gasification. Results from this study indicate that K-feldspar
is a promising alternative to olivine in dual fluid bed wood
gasification, whereas usage of quartz would raise more severe
challenges regarding agglomeration and deposit build-up. K-
feldspar used as bed material could also lead to an improvement
regarding layer fracturing as observed for olivine. However, the
exact mechanism underpinning layer growth on K-feldspar is
not yet fully understood. Therefore, the findings of this work
provide the basis for further research into alternative bed
materials for dual fluid bed gasification.
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Abstract: Despite frequent reports on layer characteristics on quartz bed particles, few studies have 

been found focusing on the layer characteristics on K-feldspar bed particles. The layer 

characteristics of K-feldspar bed particles in fluidized bed combustion of woody biomass was 

therefore investigated by collecting bed material samples of different ages from large-scale 

bubbling and circulating fluidized bed facilities. Scanning electron microscopy/energy-dispersive 

spectroscopy (SEM/EDS) was used to analyze the layer morphology and elemental composition.

For particles with an age of 1 day, a thin layer rich in Si, Ca and Al was found. For particles older 

than some days an inner more homogenous layer containing cracks and an outer more particle rich 

layer were observed. The outer layer was thinner for K-feldspar bed particles sampled from CFB,

compared to particles from BFB. The average concentration of Ca in the inner layer increases with 

bed particle age, the molar ratio of Si/Al is maintained, and the molar ratio of K/Al decreases 

compared to the K-feldspar. The layer thickness for quartz and K-feldspar bed particles collected at 

the same operation conditions was found to be similar. No crack layers, as have been observed in 

quartz particles, were found in the core of the K-feldspar bed particles. The results suggest that the 

diffusion and reaction of Ca2+ into/with the feldspar particle play an important role on the inner 

layer formation process.
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1. Introduction

Biomass is continuously gaining interest for use due to the growing environmental concerns,

increasing price of fossil fuels, and considerations regarding the security and diversification of 

energy supply. Biomass can be obtained from different sources and used for production of heat, 

power and fuels through different thermochemical conversion processes. Some biomass fuels 

contain a significant amount of ash-forming elements e.g. potassium, calcium, silicon, and chlorine.

During the thermochemical conversion process these elements will undergo different ash 

transformation reactions.1,2 The release, transformation, transportation and sintering of these

elements could lead to different ash-related operational problems during the combustion process.1-7

These ash-related operational problems reduce the efficiency of the combustion systems, may 

generate additional costs for boiler cleaning and maintenance, and impede effective utilization of 

biomass. 

Currently, fluidization bed combustion is one of the most common thermal energy conversion 

technology used in heat and power production from biomass.3,8 One of the remaining technology 

problems concerning efficient use of biomass in this technology is related to bed agglomeration 

which in the most severe cases could lead to a total bed defluidization, resulting in an unscheduled 

plant shut down.5,6,9 The formation of sticky layers on bed particles has previously been identified 

as a prerequisite for agglomeration in combustion of wood-derived fuels.10-12

Most of the studies on bed agglomeration and bed particle layer formation in fluidized wood 

combustion and gasification have focused on quartz as model bed material since quartz is a major 

component in natural sand and commonly used due to its high availability, low price, and high heat 

capacity. Sticky bed particle layers due to formation of alkali-rich silicates makes quartz bed 

particles agglomerate upon collisions and grow larger with time, eventually leading to partial or 

complete defluidization of the bed.10,12-14 Accompanying with the layer buildup, cracks in the layer 

will appear and subsequently lead to the formation of crack layers in the quartz particle core, 
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resulting in the fragmentation of old quartz particles.15,16 This could eventually lead to bed material 

deposition in cyclones and return legs15. In addition to these negative effects of layer formation, the 

formation of Ca-rich layers was also found to have a positive effect on improving the syngas quality 

by reducing tar content in fluidized bed wood gasification.17 Furthermore, the bed particle layer 

thickness and composition differs depending on quartz particle age.18-20 Compounds with low 

melting temperature on quartz bed particles were found to form at the initial stage of layer 

formation, but after continuous addition of Ca in to the layer the amount of melt decreases and the 

layer growth follows a Ca2+ diffusion controlled solid-phase reaction process.20

Natural sand is commonly consisted of K-feldspar besides quartz. The potential application of K-

feldspar as bed material in replacement of current olivine during dual fluid bed steam wood 

gasification is being considered due to its comparable catalytic activity, thermal stability, lower 

price, and the absence of hazardous impurities.21-23 The formation of bed particle layers during 

combustion/gasification of woody biomass has been observed after interaction between ash-forming 

matter in biomass and K-feldspar bed particles.21-24 However, few investigations have been carried 

out focusing on the layer characteristics on K-feldspar bed particles. De Geyter et al.24 found 

multiple layers consisting of an inner- and outer layer on K-feldspar particles during bubbling 

fluidized bed bark combustion. The inner layer was mainly composed of Si, Al and K (except O), 

whereas lower concentrations of Si, Al and K and higher concentrations of Mg were found in the 

outer layer compared to the inner layer.24 In comparison to quartz, a thinner layer thickness on K-

feldspar was observed during combustion of bark for 40 h, indicating lower layer growth rate on K-

feldspar particles.24 Because of lack of chemical driving force for K-gaseous attack/reaction with 

the feldspar particle De Geyter et al24 suggested that  molten K-silicates from surrounding ash may 

adhere to the bed particle surface and the melt formed will probably be in equilibrium with the 

feldspar together with solid K-silicates. They also suggested that agglomeration was resulted from 

the direct adhesion by partly molten ash-derived K-silicates.24 Kuba et al21 found increasing Ca 

concentration and decreasing K concentration in the layer towards the K-feldspar particle surface 
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and a substitution mechanism rather than a K-attack toward Si, as known for quartz particles, was 

suggested. Berguerand et al22,23 found use of K-feldspar as the bed material in dual fluid bed

gasification of wood displayed no signs of agglomeration. A quite thin layer was already observed 

after a duration of 2.5 h and after 4 days Ca was present in an observable extend in the layer. 

Furthermore, an increasing Ca concentration in the layer with bed particle age was observed.23 It 

was also found that gaseous K compounds had a higher reaction affinity for quartz particles 

compared to K-feldspar.23

Previous research related to layer formation on K-feldspar particles has mainly been focused on 

layer characteristics of relatively young bed particles. The objective of the work is therefore to 

determine the time-dependent layer characteristics on K-feldspar bed particles during fluidized bed 

combustion of typical wood-derived fuels, i.e. woody fuel mixtures and softwood. The bed samples 

were collected at different times from start-up with a fresh bed during large-scale boiler 

experiments. The morphologies and elemental composition of the layer on K-feldspar bed particle 

were examined by SEM-EDS to reveal the layer characteristics with bed particle age. The layer 

characteristics were further compared with quartz particles present in the same bed sample.

2. Methods and Methodology

The methodologies used in the present study include the following: (1) bed material sampling at 

different times from full bed change during full-scale combustion tests of wood-based fuel mixtures, 

(2) SEM/EDS analyses of collected bed material samples, to observe the change of layer 

morphology and composition characteristics as a function of time.

2.1. Bed Material Sampling from a Full-Scale Bubbling Fluidized Bed (BFB)

Bed material samples were collected from a 30 MWth BFB (Ahlström). The fuel consisted of a 

typical wood-based mixture. Sand consisting of around 80% quartz with the remainder consisting of 

feldspar and smaller shares of mica 

material. Bed material samples (about 1 kg) were collected under normal operation conditions at 1, 
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3, 5, 13, and 23 days after a complete bed change. The excess oxygen concentration in the dry flue 

gases was approximately 4% and the primary air flow represented approximately 40% of the total 

air flow. The bed material was exchanged at the same rate as that during normal operation (see 

Table 1 for further details).

2.2. Bed Material Sampling from a Full-Scale Circulating Fluidized Bed (CFB)

Bed material samples (about 1 kg) were also collected from a 90 MWth CFB (Foster Wheeler), 

after different operation times (1, 5, and 11 days) from completed bed change at startup. Sand 

consisting of around 80% quartz with the remainder consisting of feldspar and smaller shares of 

mica with an average particle size of 200-500 μm was used as bed material. The excess oxygen 

concentration was 3-4% in the dry flue gases and the primary air flow represented 50-60% of the 

total air flow. The bed material was changed to the same extent as that during normal operation (see 

Table 1 for further details).

The operating conditions were kept as constant as possible and the same type of fuel/fuel mixture 

was used for the entire sampling campaign in each full-scale plant. This was verified by semi-

continuously determined fuel ash and moisture data as well as logged operation data.  The fuel 

characteristics for the used fuels/fuel mixtures are shown in Table 2.

Table 1. Summary of the bed material and operational data for the sampling campaigns

Plant Abbrev-
iation

Bed 
mass 
(ton)

Bed 
consumption  

(wt-% of 
bed/day)

Bed 
particle 

size (μm)

Bed 
temp. 
(°C)

Fuel
Campaign 
duration 
(days)

Full-scale 
BFB 30 
MWth

BFB30 20 < 3 700
(average) 800-880

10% bark;     
30% logging 

residues;      
40% wood 

chips

23

Full-scale   
CFB 90
MWth

CFB90 20 10 200-500 780-850 100%  
sawdust 11
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Table 2. Fuel characteristics – main ash forming elements and ash content

Ash content
(wt % dry substance)

BFB30 CFB90
1.8±0.51 0.8±0.15

Ash forming elements (wt % dry substance)
K 0.11 0.076

Na 0.010 0.001

Ca 0.44 0.293

Mg 0.040 0.032

Fe 0.12 0.011

Al 0.019 0.015

Si 0.12 0.036

P 0.027 0.019

S 0.023 0.013

Cl < 0.010 < 0.010

2.3. SEM/EDS Analyses of Bed Material

Bed particles from BFB30 and CFB90 with a particle sieving size of 500-850 μm and 200-500 μm, 

respectively, were collected after gentle sieving. The collected bed particles were encased in epoxy 

resin, dry polished to obtain cross sections of the bed material grains and thereafter analyzed with a 

scanning electron microscopy combined with energy-dispersive spectroscopy (SEM-EDS). To 

minimize the effects of non-central cross sections and the varying “particle age” because of the 

continuous bed change in the full-scale plants, only the largest bed particle cross sections with the 

thickest layers were analyzed. More than 10 typical K-feldspar bed particles from each bed sample 

were subjected to analysis of bed particle layer thickness and composition. 3-4 EDS line analysis 

evenly distributed over the bed particle’s periphery were chosen to determine element composition 

along the layer. Inner and outer layers were discerned visually on the SEM image of the cross

sections in backscattering mode, and element compositions in the middle of the layers were chosen 

to determine average composition in the layers. 3-4 spots evenly distributed over the bed particles

were chosen to estimate the layer thickness. 
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3. Results

3.1. Layer Characteristics for K-feldspar Bed Particles from BFB30

Typical illustrations of cross sections of the bed particles collected from BFB30 with different ages

from 1 day to 23 days are shown in Figure 1. The brighter bed particles in the figures are K-feldspar 

particles, while the darker grains are quartz bed particles. From the backscattered electron images in 

panels (a)-(e) of Figure 1, a layer can be distinguished as a bright peripheral line surrounding the 

darker core of bed particles. For older particles (Figure 1d-e) both inner- and outer layer can be 

distinguished. It is evident that the layer thickness increases with increasing bed particle age.

Figure 1. Backscattered SEM images of cross sections of typical K-feldspar bed particles (lighter 

bed particles) found in bed samples taken from BFB 30 MWth after operation times of (a) 1 day, (b) 

3 days, (c) 5 days, (d) 13 days and (e) 23 days from completed bed change at startup.

The average molar composition, on a C- and O free basis, in the middle of inner and outer layers for 

bed particles with ages of 1, 3, 5, 13 and 23 days are shown in Figure 2. The inner layer is 

dominated by Ca, Si and Al (except O), while the outer layer is rich in Ca, Si and Mg (except O). 
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Increasing Ca content in the inner layer is observed with bed particle age. The outer layer 

composition is quite similar regardless of the bed particle age.
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Figure 2. Average molar composition on a C- and O free basis in the middle of (a) inner layer and 

(b) outer layer for typical K-feldspar bed particles with ages of 1, 3, 5, 13 and 23 days from BFB30.

Typical layer morphology and compositional profiles along the layers on the K-feldspar bed 

particles with ages from 1 day to 23 days are illustrated in Figure 3. For bed particles taken from 

BFB30 with different ages from 1 day to 23 days, all bed particles were found to be surrounded by 

layers. Only one layer was observed for particles with an age of 1 day. For bed particles with ages 

of 3, 5, 13 and 23 days, on the other hand, the accumulated material surrounding the bed particles 

was found to consist of an inner layer and an outer coating layer. The inner layers were more 

homogeneous, whereas the outer layers were more heterogeneous and particle-rich, similar to the 

results found for quartz bed particles19. An irregular interface between the inner layer and the core 

of the feldspar particle was also observed, more frequently so with increasing bed particle age. In 

addition, cracks in the inner layer were found for bed particles older than 3 days. For all bed 

particles with different ages, the molar ratio of K/Al decreases at the layer formation boundary, as 

indicated by increasing Ca, whereas Si/Al molar ratio is constant. The Ca concentration increases 

sharply outwards towards the outer layer. 
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Figure 3. Backscattered SEM images of typical cross sections of K-feldspar bed particle layers (to 

the left) and corresponding elemental composition profiles of Si, K, Al, Ca and 

Mg along the layers on a C- and O- free basis (to the right) found in bed samples taken from BFB 

30 MWth after operation times of (a) 1 day, (b) 3 days, (c) 5 days, (d) 13 days and (e) 23 days from 

completed bed change at startup.

All analyzed element composition profiles along the layer are shown in Figure 4. The composition 

trends for all layers are similar. Increasing concentration of Ca and decreasing concentration of Si, 

Al and K towards the outer layer were observed in the inner layer, while nearly constant 

concentration gradients were found in the outer layer. The Si/Al molar ratio in the inner layers was

about 3 independent of particle age and spatial location, i.e. corresponding to the same ratio as in 
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the original feldspar particle. Noteworthy is that the K/Al ratio in the inner layer is reduced which 

possibly indicates that Ca substitutes K in the feldspar particle.

Figure 4. Elemental composition profiles of Si, K, Al, Ca and Mg along 

typical feldspar layers on a C- and O- free basis found in bed samples taken from BFB 30 MWth 
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versus operation times of (a) 1 day, (b) 3 days, (c) 5 days, (d) 13 days and (e) 23 days from 

completed bed change at startup.

In addition to the previously shown typical bed particle layers, around 15% of the bed particles with 

age of 13 days and around 30% of the bed particles with age of 23 days were found to have 

different layer morphology and composition, as illustrated in Figure 5. Compared to the typical bed 

particle layers shown in Figure 3, the interface between layer and bed particle is not as clearly 

distinguished, and the concentration gradients of Ca and Si at the interface was reduced, i.e. a more 

homogenous particle layer characteristics were found. In addition, cracks in the inner layers cannot 

be observed as frequently as in BFB bed particle layers.

Figure 5. K-feldspar bed particle layer morphology (a) and elemental composition profiles of 

Si, K, Al, Ca and Mg along the layers on a C- and O- free basis (b) for bed particle 

with age of 23 days.

The average layer thickness on typical K-feldspar bed particles from BFB30 with different ages is 

displayed in Figure 6. The measured average total layer thickness is 4, 12, 18, 33 and 38 μm for bed 

particle with ages from 1 day to 23 days, respectively. The corresponding inner layer thickness after 

3 days is 6, 8, 13 and 16 μm. It is obvious that the initial layer growth rate, regardless of inner or 

outer layer, is relatively high, with a few micrometers per day, but decreases over time to an 

accumulated total thickness of about 38 μm.
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Figure 6. Average layer thickness for typical K-feldspar bed particles with ages of 1, 3, 5, 13 and 

23 days collected from BFB30.

3.2. Layer Characteristics for K-feldspar Bed Particles from CFB90

Typical illustrations of cross sections of the bed particles with ages of 1, 5 and 11 days taken from 

CFB90 are shown in Figure 7. A lighter K-feldspar layer surrounding the darker bed particle core 

was found for all the bed particles. For older particles (Figure 7b-c) both inner- and outer layer can 

be distinguished and the layer thickness obviously increases with increasing bed particle age.

Figure 7. Scanning electron microscopy (SEM) images of typical cross sections of bed particles 

found in bed samples taken from the CFB 90 MWth after operation times of (a) 1 days, (b) 5 days, 

and (c) 11 days from completed bed change at startup.
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The average elemental compositions in the middle of the layer for bed particles with ages of 5 and 

11 days are shown in Figure 8. The result shows that the inner layer mainly consists of Ca, Si and 

Al (except O) and the outer layer mainly consists of Ca, Si, Al and Mg (except O). Compared to bed 

particles with age of 5 days, the concentration of Ca in the inner layer is higher for bed particles

with age of 11 days.
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Figure 8. Average molar composition on a C- and O free basis in the middle of inner- and outer 

layer for K-feldspar bed particles with ages of 5 and 11 days from CFB90.

Since only quite thin layers were observed in bed particles with age of 1 day (Figure 9a), no 

elemental composition is given. For bed particle with ages of 5 and 11 days, the layer consists of an 

inner and outer layer (Figure 9b-c). Similar to the findings from BFB particles, cracks are found in 

the inner layer for bed particles older than 5 days. For all bed particles with different ages, the Si-

and Al concentration decreases close to bed particle/inner layer interface whereas the Ca 

concentration increases sharply outwards towards the outer layer. The K concentration close to bed 

particle/inner layer interface decreases.
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Figure 9. Scanning electron microscopy (SEM) images of typical cross sections of bed particle 

layers (to the left) and corresponding elemental composition profiles of Si, K, Al, 

Ca and Mg along the layers on a C- and O- free basis (to the right) found in bed samples taken 

from the CFB 90 MWth after operation times of (a) 1 days, (b) 5 days, and (c) 11 days from 

completed bed change at startup.
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All analyzed element composition profiles along the layer are shown in shown in Figure 10. The 

composition trends for all layers are similar. The increasing concentration of Ca and decreasing 

concentration of Si, Al and K towards the outer layer were observed in the inner layer, similar to the 

findings from BFB’s. The constant Si/Al ratio in the inner layers independent on particle age and

spatial location and decreased K/Al ratio towards outer layer were also observed.  

Figure 10. Elemental composition profiles of Si, K, Al, Ca and Mg along the 

layers on a C- and O- free basis for bed particle from CFB90 with age of (a) 5 days and (b) 11 days.

Average total layer thickness for bed particles with different ages from CFB90 are shown in Figure 

11. The bed particle layer with age of 1 day was not measured because of too thin layer. The 

average total layer thickness is 16 μm after 5 days and increases to 18 μm after 11 days, 

corresponding to the inner layer thickness 7 and 9 μm, respectively. Compared to the bed particles 

from BFB with similar ages, the layer is thinner for bed particles from CFB, especially the outer 

layer.
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Figure 11. Average layer thickness for bed particles with ages of 5 and 11 days collected from 

CFB90.

4. Discussion

Only thin layers were observed for K-feldspar bed particles with an age of 1 day whereas layers

consisting of an inner layer containing cracks and an outer more particle rich layer were observed 

for particles older than 3 days, i.e. similar to analyzed quartz bed particles in same bed samples.16

The dominating elements in the inner layer were Ca, Si and Al (except O), and the Ca 

concentrations in the inner layer increased with particle age. As shown for other bed particles, an 

increasing layer thickness with particle age was found. On the basis of experimental results,

processes responsible for layer formation on K-feldspar bed particle are discussed and compared 

with previous investigated quartz bed particles from same bed samples.19

The layer thickness and the growth rate of the inner K-feldspar bed particle layer are similar to that

of quartz, where the layer formation process has shown to be diffusion controlled after an age of 

about 1 day.19 For the process of a diffusion-controlled solid-state reaction in sphere, with an 

assumption of constant diffusion coefficient, the equation can be expressed as Fick’s second law.25

For a diffusion system with constant diffusion coefficient DA, the diffusion distance (layer thickness) 

can be expressed as = t . Hence, provided that a diffusion-dominated regime was 
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established in all experiments conducted, in a plot of L versus t the layer thickness should fall on a 

straight line with the slope being what will be referred to here as the layer growth rate coefficient. 

The inner layer thickness as function of t0.5 for bed particles from BFB30 are shown in Figure 12.

The inner layer thickness falls on a straight line with the slope 3.5. The linear relation between layer 

thickness and t0.5 indicates a diffusion-controlled process during layer growth. 

Figure 12. Inner bed particle layer thickness as function of t0.5 for K feldspar particles from BFB30.

During combustion of woody biomass, K could exist in the form of K-silicates and/or in gaseous 

compounds. It is unlikely that the gaseous K compounds from biomass ash react with the K-

feldspar particle because of low chemical driving forces for reaction as has been discussed 

previously in the literature.24 Instead, molten K-silicates from surrounding ash may adhere to the 

particle surface, probably leading to the formation of eutectic mixture together with K-feldspar.26

This initial melt formation on the K-feldspar particle differs from that on quartz that has been 

discussed to be caused by reaction with gaseous K compounds. Ca, possibly in the form of Ca-

silicates or CaO/CaCO3 from surrounding individual ash particles, may thereafter be trapped by the 

melt and a subsequent incorporation of Ca2+ takes place. The initial layer formation is thereby 

enhanced by the presence of a molten phase. 
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Decreasing concentration gradient of Ca in the inner layer outwards suggest that the diffusion of 

Ca2+ in the inner layer is reduced due to the layer growth. Meanwhile the deposition rate of Ca on 

the bed particle keeps constant. The Ca compounds deposited on the particle without diffusion into 

the inner layer lead to outer layer formation. The outer layer is much thinner for particles from CFB, 

i.e. in similarity with findings for quartz.19 A possible reason for the thinner outer layers could be a

more significant attrition between bed particles in CFBs compared to those in BFBs. In the former

case, less Ca compounds will be available to diffuse/react with the bed particle. 

The constant Si/Al ratio around 3, a decreasing concentration gradient of Ca, and a strongly 

reduced K/Al ratio in the inner layer suggest that the diffusion/reaction of Ca2+ in/with the bed 

particle leads to the formation of more thermodynamically favorable solid phases, Ca-silicates as 

well as Ca-Al-silicates, accompanied with expelling of K+ from the feldspar particle. It is likely that 

CaSiO3 and CaAl2Si2O8 (anorthite) are initially formed, and thereafter transformed to more Ca-rich 

silicates, e.g. Ca2SiO4 and Ca2Al2SiO7 (gehlenite) due to continuous addition of Ca2+. Cracks in the 

inner layer were found for K-feldspar bed particles older than 3 days. The structural strain induced 

by formation of different phases of Ca- and Ca-Al-silicates within the inner layer could probably be 

the process responsible for these crack formations. The results suggest that the diffusion and 

reaction of Ca2+ into/with the feldspar particle play an important role on the inner layer formation 

process.

5. Conclusions

Significant differences in layer morphology and composition were found for K-feldspar bed 

particles with different ages. For bed particles with an age of less than one day only one thin layer 

rich in Si, Ca and Al were found. For bed samples with operational duration of several days both an 

inner more homogenous layer containing cracks and an outer particle rich layer were found. The 

outer layer was thinner for K-feldspar bed particles sampled from CFB compared to particles from 

BFB. The average concentration of Ca in the inner layer increases with bed particle age, while a
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reduced K/Al- and a similar Si/Al ratio are maintained possibly indicating that K is substituted by 

Ca in the feldspar. Similar layer thicknesses for quartz and K-feldspar bed particles collected at the 

same operation conditions was found. No crack layers, as have been observed in quartz particles, 

were found in the core of the K-feldspar bed particles. The results suggest that the diffusion and 

reaction of Ca2+ into/with the feldspar particle play an important role in the inner layer formation 

process.
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ABSTRACT: Utilization of biomass as feedstock in dual fluidized bed steam gasification is a promising technology for the
substitution of fossil energy carriers. Experience from industrial-scale power plants showed an alteration of the olivine bed
material due to interaction with biomass ash components. This change results mainly in the formation of Ca-rich layers on the
bed particles. In this paper, a mechanism for layer formation is proposed and compared to the better understood mechanism for
layer formation on quartz bed particles. Olivine bed material was sampled at an industrial-scale power plant before the start of
operation and at predefined times after the operation had commenced. Therefore, time-dependent layer formation under
industrial-scale conditions could be investigated. The proposed mechanism suggests that the interaction between wood biomass
ash and olivine bed particles is based on a solid−solid substitution reaction, where Ca2+ is incorporated into the crystal structure.
As a consequence, Fe2+/3+ and Mg2+ ions are expelled as oxides. This substitution results in the formation of cracks in the particle
layer due to a volume expansion in the crystal structure once Ca2+ is incorporated. The results of this work are compared to
relevant published results, including those related to quartz bed particles.

1. INTRODUCTION

Biomass used as a renewable, CO2-neutral carbon source is
suitable for use in pyrolysis, gasification, and combustion
systems.1 Gasification transforms the solid biomass feedstock
into a gaseous secondary energy carrier2 or synthetic gas, which
can be further used in a broad range of applications. A dual
fluidized bed (DFB) gasification system has been developed at
TU Wien (Wien, Austria). Endothermic gasification is
separated from exothermic combustion: the two processes
occur in separate reactors. The two reactors are connected
through a circulating bed material that acts as both heat carrier
and catalyst for the gasification reactions. The combustion
provides the heat necessary for the gasification process.3

Syngas, the product of the gasification of the solid feedstock,
can be used for a variety of other applications. Where several
products are generated in one plant, this is referred to as poly-
generation. In addition to the generation of electricity and
district heat, the production of hydrogen,4−7 methane,8

Fischer−Tropsch diesel,9 or mixed alcohols10 is also possible
and has been successfully demonstrated in the past using this
technology. Because of the flexibility of the process, it can
effectively react to fast changes in the energy market.
In fluidized bed systems using biomass, in both combustion

and gasification applications, interactions between the bed
materials and woody biomass ash have been observed to lead to
the formation of layers on the surface of the bed particles.11−13

The layer formation is a result of the interaction between
inorganic components and leads to changes in the composition
of the particle surfaces.

In the combustion of biomass in fluidized beds, natural sand,
mainly consisting of quartz, is normally used as the bed
material. Potassium from woody biomass ash attacks the
particle surface, forming potassium silicates that play an
important role in agglomeration in the fluidized bed.14,15 The
mechanism describing this interaction between wood ash and
quartz particles has been identified and described.16 In simple
terms, it can be explained as an attack by potassium on the
particle surface mainly from the gaseous state. Therefore, the
initial mechanism underpinning particle layer formation on
quartz during wood combustion is based on a gas−solid
reaction.
Öhman et al.13 have identified two routes for agglomeration.

These are melt-induced and coating-induced agglomeration.
When using quartz sand as the bed material in the combustion
of wood-derived fuels, coating-induced agglomeration is
dominant due to the significant decrease of the melting point
of the outer layer caused by the formation of potassium
silicates.17−19 This results in a sticky particle surface. Over time
calcium diffuses into the initially potassium-rich layer, leading
to the development of a calcium silicate-rich layer.20 This can
be viewed as a calcium shell protecting the layer from further
potassium attack. The use of quartz as a bed material in
fluidized beds has therefore been identified as a major factor in
agglomeration and deposit buildup.21−25
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In DFB gasification, a naturally occurring magnesium iron
silicate (olivine) is used as a bed material due to its catalytic
activity.26−31 It has been observed that the long-term
interaction between wood biomass ash and olivine particles
also leads to the formation of particle layers.32 These layers are
Ca-rich and enhance the catalytic activity of the olivine particles
in tar reduction.33 Similar results regarding the interaction
between inorganic compounds in biomass ash and olivine bed
material were found in later trials by Marinkovic et al.34 The
first insights into the mechanism for the formation of this layer
on olivine particles were published by Kirnbauer and
Hofbauer,35 who proposed a different mechanism for layer
formation than that involved in quartz. The initial layer buildup
seemed primarily to lead to the formation of calcium−
magnesium silicates rather than potassium silicates. Further-
more, Grimm et al.36 found that low concentrations of
potassium were retained in olivine bed particle layers, leading
to the assumption that Ca is more likely to be involved in the
initial layer formation.
Studies of the high-temperature interaction between

miscanthus ash and olivine showed that agglomeration of
olivine is caused by physical adhesion of molten ashes, i.e.,
melt-induced agglomeration rather than coating-induced
agglomeration.37−39 This also sheds light on the mechanism
underpinning layer formation on olivine particles.
Olivine is principally a solid solution of two main

components: fayalite (Fe2SiO4) and forsterite (Mg2SiO4).
The orthorhombic structure of olivine has two octahedral
metal sites that are usually referred to as M1 and M2. These
two positions are of major importance when discussing the
layer formation on olivine and will be assessed in more detail
later. Each position can be occupied by either a Mg2+ or a Fe2+

metal ion. At temperatures above 600 °C the exchange of ions
at these positions is enabled.40

The exact mechanism of layer formation on olivine particles
in fluidized bed gasification has not yet been described in detail.
This work assesses the time-dependent growth of the layers on
olivine particles in an industrial DFB gasification power plant
using woody biomass as feedstock. A mechanism based on a
solid−solid substitution reaction, in which a Ca2+ replaces
either a Mg2+ or a Fe2+ in the crystal structure, is proposed and
explained. This mechanism is further able to explain the
formation of the cracks that occur in particle layers if a particle

interacts with ash components over time. The discussion also
includes findings from other published works regarding layer
formation on olivine particles and addresses the implications of
the newly proposed mechanism for those results. Since olivine
has been found to be satisfyingly resistant to agglomeration and
deposit formation in comparison to, for example, quartz,41

understanding the mechanism of layer formation on olivine is
the first step toward finding alternative bed materials to olivine.
The search for alternatives is essential when discussing the
further utilization of biomass ash fractions of the DFB
gasification process, since heavy metals from olivine abrasion
make further use in, for example, agriculture impossible.

2. MATERIALS AND METHODS
2.1. Sampling at the Industrial Power Plant in Oberwart,

Austria. Figure 1 shows a simplified flow sheet of the biomass
gasification plant in Oberwart, Austria. This combined heat and power
(CHP) plant has a fuel power of 8 MW, generates electricity of around
2.5 MW in two gas engines and in an organic Rankine cycle (ORC),
and has the capacity to produce district heating of 4 MW. Fresh olivine
was used as bed material for the start-up of the power plant. Following
the heat-up phase, in which natural gas was burned by the gas burners
but before biomass was transported into the system, calcium oxide was
inserted into the gasifier as an additive for 7 h. This was done to
increase the catalytic activity of the bed in the start-up phase. When
starting up with fresh olivine, the catalytic activity of the bed material is
significantly lower than that of used olivine.33 Therefore, CaO is added
during start-up to control tar amounts in the product gas. CaO is
added as powder to the system. The feedstock was then added and the
operation of the gasification process started. Sampling was carried out
by collecting coarse ash before it was returned to the combustion
reactor. The sampling position was chosen since sampling from the
bottom of the reactor was not possible at the power plant. Bed
material and ash leaving the combustion reactor are separated after the
postcombustion chamber, and the larger particlesreferred to as
coarse ashare transported back to the combustion chamber.
Therefore, the coarse ash fraction contains mainly bed particles rather
than fine ash. In the analysis with SEM, only bed particles were
investigated and taken into account for statistical evaluation. Thus,
investigating bed material by sampling coarse ash has been rated to be
representative. A sample of fresh olivine was taken before it was
introduced into the DFB reactor. Used olivine was collected at
different times following the start of operation, which was taken at the
point at which the biomass feedstock was introduced to the gasifier.
The sampling times were after 4, 8, 16, 24, 32, 48, and 72 h of

Figure 1. Simplified flow sheet of the CHP plant in Oberwart.
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operation at full capacity. During this time no fresh bed material was
added into the system, so no dilution of the bed material took place.
Two longer time scale samples, one after 180 h and one after

around 400 h of operation, were also collected to assess the long-term
effects in the layer formation process. These samples were diluted with
fresh bed material, which was periodically added to the system to
compensate for bed material losses due to abrasion in the fluidized
bed. However, aged bed material was clearly distinguishable from
younger particles due to its layer thickness. Nevertheless, an exact age
of bed particles cannot be stated with certainty for these two samples.
This time-dependent sampling was conducted to evaluate the

particle layer growth through continuous interaction between wood
biomass ash and olivine. Particle size distribution and information
about the composition of fresh olivine have been published in previous
studies by Kirnbauer et al.33 Woody biomass in the form of wood
chips was used as feedstock during the operation investigated in this
work. Analysis of the fuel ash is shown in Table 1.

Gasification was realized at fairly constant temperatures of 850 °C,
whereas the temperature at the outlet of the combustion reactor
reached 935 °C. This temperature spread is necessary since energy in
the form of heat has to be transported from the combustion reactor to
the gasification reactor. This transport is done via the circulating bed
material, which is heated up in the combustion reactor. In the
gasification reactor, steam is used as the fluidizing agent and the gas
stream is adapted so that the fluidized bed is in a bubbling regime. In
comparison, the air used in the combustion reactor is adjusted so that
the fluidized bed is in a transporting (fast fluidized) regime. Thus, bed
material and char are transported from the gasifier to the combustion
reactor via a chute and then transported upward. After leaving the
combustion reactor, bed material is brought back to the gasifier via a
siphon.
2.2. ESEM/EDX Analysis. Bed particle samples were mounted in

epoxy, cross-sectioned, and dry polished. Environmental scanning
electron microscopy (ESEM), combined with energy dispersive X-ray
spectroscopy (EDS), was used for the determination of the chemical
composition and morphology of the samples. The elemental
composition was determined by spot analysis of the cross-section of
the particles. For each sample that was investigated by ESEM, between
20 and 30 spot analyses were performed on the bed particle outer layer
using EDS. Spot analyses were performed in different regions of the
layer to examine the differences in composition. Samples taken at the
different times following the start of operation, each containing
numerous particles, were investigated. The results obtained were
statistically evaluated.
2.3. Thermochemical Equilibrium Calculations. Calculations

on the chemical equilibrium reactions of wood ash (represented by Ca
and K) and bed material (olivine) were performed to further interpret
the findings obtained from the experimental analysis. Fact-Sage 6.3 was
used to perform the calculations. This software is based on the
minimization of the total Gibbs free energy of a chemical system.

Thermodynamic data were employed from the Fact database regarding
gaseous compounds, stoichiometric condensed phases, and nonideal
solutions. Table 2 presents the data used in Fact-Sage 6.3. Calculations

were performed at 800 °C using an access air ratio of 1.2. The
calculations were performed for different K/bed material as well as
Ca/K molar ratios.

3. RESULTS
Findings from the analyses are presented in the following
subsections, focusing first on morphology and then on
composition. Each section will address the time dependence
of the layer growth of olivine particles using the samples taken
at different times.

3.1. Development of Olivine Bed Particle Layer
Morphology. The morphology of the bed particle layers
was seen to change with time. Images from SEM analysis of
typical bed particle layers from samples taken at different times
are shown in Figures 2 and 3.
The images of bed material samples taken after 4 and 8 h

showed traces of a thin, brighter layer surrounding the original
olivine particle. However, only limited parts of the particles’
surfaces showed signs of layer formation; therefore, only
incomplete coverage of the original particle surface had
occurred. In comparison, samples taken after around 16 h of
operation already showed layer coverage for the greater part of
bed particles. The layers themselves, however, had not visibly
changed much in appearance from the earlier samples.
The first separation of an inner and an outer layer could be

observed after 24 and 32 h, as described in detail by Kirnbauer
and Hofbauer.32 Samples taken after longer periods of
operation showed an increase in the outer layer thickness, as
seen in the samples from 48 and 72 h of operation. During this
period the thickness of the inner layer did not notably change.
Samples collected after 180 h of operation showed a

separation of the inner layer into two distinguishable zones.
The inner zone is a bright band immediately surrounding the
olivine particle, whereas the outer zone is visible as a darker,
thin band on the borderline between the inner and outer layers.
Over the same time scale we see the cracks start to form parallel
to the particle surface (i.e., circumferential).
Figure 4 shows the layers of an aged olivine particle collected

after an operation time of about 400 h. The separation of the
inner layer into two distinguishable zones is now clearly visible
and will be explained in more detail in terms of the
compositions in the next section.
After long dwell times in the DFB reactor, olivine particle

layers exhibit two different kinds of cracks. These cracks are
either perpendicular or parallel to the particle surface. Cracks
parallel to the surface were observed on the borderline between

Table 1. Elemental Composition (expressed as oxides)
Identified by XRF Analysis for Feedstock Ash

oxides fuel ash analysis, wt %

Fe2O3 1.5
MnO 2.0
CaO 35.4
K2O 12.3
SO3 4.4
P2O5 7.3
SiO2 19.8
Al2O3 4.8
MgO 10.1
Na2O 1.4
others 1.0
total 100.00

Table 2. Elements and Solution Models Used in the
Thermochemical Equilibrium Calculations

elements C, H, N, O, K, Na, Ca, Mg, Si, Fe, Al
solution
models

slag: SLAGA (MgO, SiO2, CaO, K2O, Fe2O3, FeO, Al2O3)

olivine (Mg, Fe, Ca//SiO3)
MulF (mullite Al6Si2O13, Fe6Si2O13)
Mel (melilite Ca2MgSi2O7, Ca2Al2SiO7, Ca2FeSi2O7,
Ca2Fe2SiO7)

salt melt: MELTA (K, Na//CO3, OH salt melt)
LCSO (K, Ca//CO3 melt)
SCSO (K, Ca//CO3 solid solution)
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Figure 2. ESEM images of typical cross sections of olivine bed particle layers taken after 4 h (top left), 8 h (top right), 16 h (bottom left), and 24 h
(bottom right) of operation.

Figure 3. ESEM images of typical cross sections of olivine bed particle layers taken after 32 h (top left), 48 h (top right), 72 h (bottom left), and 180
h (bottom right) of operation.
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the outer zone of the inner layer and the outer layer. They
appear to be continuous throughout the particle layer, as seen
in Figure 5. Numerous particles with the outer layer broken off

could be seen as in Figure 6. Where cracks perpendicular to the
surface occur, an intrusion of a brighter area into the particle
can be observed, as seen in Figure 7.
3.2. Development of Olivine Bed Particle Layer

Composition. Changes in composition will be presented for
particle layers found in samples taken after different operation
times. Table 3 shows the composition of the initial layers on the
olivine surface after 4−8 h of operation (Figure 2). The
composition is compared to that of the original olivine particle.
The thin surface layers showed increased amounts of Ca in
comparison to the original olivine particle. It is noteworthy that
no significant amounts of K could be detected in this initial
layer. The absence of notable amounts of K in the initial layer
on olivine particles when using woody biomass will be
discussed in more detail later.
Table 4 gives the composition of the inner and an outer

zones of the inner layer of an aged (400 h) particle as seen in
Figure 4. While the inner zone is richer in Ca, the outer zone

shows higher amounts of Mg. This difference in composition
was also observable in the composition of intrusions into the
particle surface when cracks perpendicular to the surface were
observed. These are also listed in Table 4. These intrusions

Figure 4. ESEM image of a typical cross section of the olivine bed
particle layer taken after about 400 h showing distinguishable zones of
the inner particle layer.

Figure 5. ESEM image of cracks in the olivine bed particle layer
parallel to the surface (sample after 180 h of operation).

Figure 6. ESEM image of the olivine bed particle layer breakage
(sample after 180 h of operation).

Figure 7. ESEM image of cracks in the olivine bed particle layer
perpendicular to the surface (sample after 400 h of operation).

Table 3. Comparison of the Composition of the Original
Olivine Particle and the Initial Layer Formed after 4−8 h of
Operation

mass fraction (%)

original olivine particle initial layer

Na 2.2 ± 0.2 2.0 ± 0.1
Mg 44.4 ± 1.9 41.0 ± 0.6
Al 1.4 ± 0.2 1.2 ± 0.1
Si 37.1 ± 1.6 37.5 ± 1.4
P 0.1 ± 0.0 0.3 ± 0.1
S 0.1 ± 0.0 0.1 ± 0.0
Cl 0.3 ± 0.1 0.3 ± 0.0
K 0.9 ± 0.2 0.7 ± 0.1
Ca 1.8 ± 0.5 5.6 ± 0.7
Cr 0.2 ± 0.0 0.3 ± 0.1
Mn 0.3 ± 0.0 0.4 ± 0.0
Fe 11.5 ± 1.1 10.6 ± 0.8
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were characterized by increased amounts of Ca, whereas Mg
enrichment was detected along the cracks, as seen in Figure 8.
Both therefore seem to be based on a similar mechanism, as will
be explained in the Discussion.

The time-dependent interaction between biomass ash and
olivine particles was also investigated using thermochemical
equilibrium calculations. These theoretical calculations pre-
dicted the quantities of various crystalline materials dependent
on the Ca/K ratio. The calculations were performed for a K to
bed material molar ratio of 1/200, which was characteristic of
the CHP plant in Oberwart. Increasing the potassium to bed
material ratio up to 1/20 did not lead to any significant changes
in the results.
Figure 9 shows the crystalline material quantities predicted as

Ca levels are increased. The Ca levels are expressed in terms of
the Ca/K molar ratio. The baseline is the composition before
the addition of Ca, i.e., for a Ca/K ratio of zero. When the
fraction of Ca is increased, CaMgSiO4 and MgO are formed. As
more calcium is added, the amount of CaMgSiO4 reduces and
an increase of the mass fraction of Ca3MgSi2O8 occurs. As the

total mass fraction of Ca−Mg−Si oxides approaches zero, the
amount of Ca−Si oxides, such as Ca2SiO4, increases. At this
stage, Mg is present only in the form of MgO. With further
increases in the amount of Ca in the system, CaO becomes the
dominant structure. It is notable that the fraction of Fe
compounds, such as Fe2O3, decreases significantly with rising
amounts of Ca.

4. DISCUSSION
In this section, the findings from the ESEM and EDS analyses
will be discussed and put into context, along with the results
from thermochemical equilibrium calculations. Crystallographic
data will also be used. Combined, these results will be used to
discuss the mechanisms underpinning the interaction between
olivine particles and ash from woody biomass and to address its
implications for the results found in the literature.
The first traces of layer formation after 4 and 8 h of operation

showed increasing amounts of Ca, while no K was detected.
The absence of K and the presence of Ca in the olivine layer
formation was further confirmed by the chemical equilibrium
calculations. These findings suggest that the initial step of layer
formation is based on a solid−solid reaction between CaO and
olivine. It should be noted that ash-forming elements
introduced with the fuel may form melted K silicates that can
act as an adhesive between surrounding ash and the olivine bed
particles. Several K−Mg silicates exist that are conceivably
products of such a reaction.42 Such initial melts may constitute
an intermediate that facilitates Ca2+ transport into the olivine.
The low concentration of potassium retained in the particle

layer is in good accordance with previous studies conducted by
Kirnbauer and Hofbauer35 and by Grimm et al.36 This leads us
to propose the following mechanism for olivine particle layer
formation: This solid−solid reaction between CaO and olivine
is a substitution reaction where Ca2+ is incorporated into the
crystal structure of olivine.
The crystal structures in Figure 10 are taken from reference

structures43,44 using Mercury 3.845 and show the changes in the
crystal structure as the olivine bed material changes from
olivine43 to calcium magnesium silicate.44 The calcium
magnesium silicate monticellite (MgCaSiO4) is shown in
Figure 10. However, two other phases, merwinite [Ca3Mg-
(SiO4)2] and bredigite [Ca7Mg(SiO4)4] are also stable
intermediates. In Figure 10, the yellow sphere in the middle
of the structures represents a Si atom. The red spheres are O
atoms.

Table 4. Comparison of the Compositions in the Inner and
Outer Zone of the Inner Layer and at the Intrusion into the
Surface and along the Cracks (sampled after 400 h of
operation)

mass fraction (%)

inner layer

inner zone outer zone
intrusion into the

surface
along the
cracks

Na 1.2 ± 0.1 1.6 ± 0.2 1.4 ± 0.2 1.7 ± 0.2
Mg 20.9 ± 0.4 29.3 ± 2.1 23.9 ± 1.2 29.9 ± 1.6
Al 0.8 ± 0.1 0.7 ± 0.1 1 ± 0.1 1 ± 0.2
Si 22.0 ± 1.1 18.9 ± 0.6 27.1 ± 0.8 25.6 ± 1.0
P 0.7 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 0.5 ± 0.1
S 0.2 ± 0.1 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0
Cl 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.3 ± 0.0
K 0.6 ± 0.1 0.7 ± 0.2 1.4 ± 0.2 0.8 ± 0.1
Ca 47.2 ± 1.6 40.8 ± 2.1 36.4 ± 2.7 31.9 ± 2.1
Cr 0.4 ± 0.1 0.3 ± 0.1 0.9 ± 0.2 0.3 ± 0.0
Mn 0.5 ± 0.2 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.1
Fe 5.3 ± 0.5 6.1 ± 0.4 6.2 ± 1.2 7.1 ± 2.1

Figure 8. ESEM image of typical Mg-enrichment along cracks in the
particle layer.

Figure 9. Mass fraction of crystal structures present at varying Ca/K
molar ratios at a K to bed (olivine) molar ratio of 1/200.
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The incorporation of Ca2+ into the crystal structure proceeds
at one of the exchangeable sites M1 or M2, which are occupied
by either Mg2+ or Fe2+. Ca2+ will preferably occupy the site M2,
as it is slightly larger than M1. For a Ca2+ ion to be
incorporated, a Mg2+ or a Fe2+ ion has to be expelled from the
structure, either accompanied by an O2− from the SiO4

4− or by
reacting with the oxygen carried by CaO. This replacement is
expected to be due to an ion substitution of a Mg2+ or Fe2+ by a
Ca2+ ion. Fe2+ is statistically more likely to be replaced than Mg,
as described by Smyth,40 and is therefore statistically replaced
first, before Mg is substituted. Fe is then not present in crystal
form anymore and therefore not present in Figure 9 at rising Ca
amounts. Besides, it should be noted here that the oxidation of
Fe2+, when exposed to air at elevated temperatures, is also likely
to take place. As a consequence, so long as not every Mg2+ in
the crystal structure is replaced by a Ca2+ atom, there exist
intermediate states that are mainly composed of Ca−Mg
silicates.
Substitution of Fe2+ by Ca2+ in the crystal structure is in good

accordance with the results of the work of Kaknics et al.,37

where agglomerates from miscanthus ash and olivine beds were
investigated. Fe enrichment was observed in the melt phase
once a Ca-rich layer had formed around the olivine particle. Fe
diffused from the olivine structure (and was found in the ash
attached to olivine particles), while Ca was incorporated by
forming a particle surface layer. These findings are further
supported by the thermochemical equilibrium calculations
performed as part of the present work. These show that Fe
levels quickly fall to nearly zero once Ca is added.
Further addition of calcium leads to a Ca silicate-dominated

crystal structure, as Ca2+ is incorporated at all available
exchangeable sites M1 and M2. Once all exchangeable sites
are occupied by Ca2+ ions, the crystal structure α-dicalcium
silicate46 is present. This is shown in Figure 11. The three

yellow spheres shown in the figure are Si atoms, and red
spheres are O atoms. The exchangeable sites M1 and M2 are
now all occupied by Ca2+, represented by the pink spheres.
The observed separation of the inner layer into an inner and

an outer zone in the ESEM analysis therefore appears to be
based on the substitution of Mg by Ca. As a result of being
expelled from the olivine structure, Mg2+ accumulates and is
trapped between the inner and the outer layers forming on the
particle surface, and the outer zone of the inner layer is formed.
EDS analysis confirms a relatively high amount of Mg in the
outer zone of the inner layer. Thermochemical equilibrium
calculations have shown the tendency of Mg2+ to form MgO.
Therefore, EDS analysis in ESEM investigations has shown a
comparably high amount of Mg in the outer zone of the inner
layer. Kirnbauer and Hofbauer,35 using XRD analysis, also
noted the presence of MgO in used, layered olivine particles. At
the time this could not be explained.
Thermochemical equilibrium calculations suggest that further

increases in Ca levels result in increasing amounts of
Ca3MgSi2O8, while CaMgSiO4 concentrations decrease. This
is further evidence of Ca incorporation into the originally Mg-
rich olivine structure. The change from CaMgSiO4 to
Ca3MgSi2O8 represents an increase of the Ca:Mg ratio during
ongoing substitution of Mg by Ca. With even further increases
in Ca levels, no Ca−Mg structures will be present at all, but
only Ca2SiO4. At this stage, Mg has been completely expelled
from the crystal structure and will only be present in the form
of MgO. An increase in the level of CaO marks the last step of
layer formation. Increasing amounts of Ca on the particle
surface are essential for the catalytic effectiveness of the bed
material in tar reduction.47,48

The substitution of Mg by Ca also results in the formation of
cracks perpendicular to the surface of the particles. It has to be
stated at this point that it cannot be excluded with certainty that
some of the cracks might have occurred during the polishing of
the samples. However, as explained later on, certain chemical
substitution reactions, which could be observed in the SEM,
strongly indicate that most of these cracks were formed during
operation. As can be seen in Table 5, the substitution of
calcium into the olivine has a dramatic initial effect on the unit
cell volume per formula unit, i.e., the volume of the smallest
repeating unit in the crystal normalized against the amount of
formula units in the unit cell. The 17% increase is a direct effect
of the difference in bond lengths between metal ions and
oxygen atoms in the silicate anion. The Mg/Fe−O distance in
olivine ranges from 2.075 to 2.145 Å in the Mg/Fe position M1
and between 2.062 and 2.225 Å in the Mg/Fe position M2. In
CaMgSiO4, the corresponding distance for Mg−O is 2.086−
2.191 Å, but it is significantly longer for Ca−O at 2.301−2.480
Å. As Mg2+ is fully substituted by Ca2+ to form Ca2SiO4 (most

Figure 10. Steps of the substitution mechanism: (1) olivine,
Mg1.8Fe0.2SiO4 (top), and (2) CaMgSiO4 (bottom).

Figure 11. Crystal structure of α-dicalcium silicate.
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likely α-Ca2SiO4 at the relevant process temperatures), the
volume per formula unit increases by 6% compared to
CaMgSiO4. Also, the unit cell axis changes significantly,
creating a further strain in the structure that may promote
crack formation.
There are several other modifications of Ca2SiO4 that may

also induce further strain in the layers formed on the surface of
fluidized bed particles. As can be seen in Figure 10, this change
is probably induced by going from an octahedral configuration
of oxygens surrounding Ca2+ in CaMgSiO4, where four oxygen
atoms are located in the same plane and the other two oxygen
atoms are almost orthogonal to that plane. This symmetrical
configuration surrounding the Ca2+ is lost in α-Ca2SiO4, as seen
in Figure 11. These changes in bond distances and angles are
the likely causes of crack formation and will be further
exacerbated by physical conditions, such as temperature
changes and abrasion.
Due to these cracks, the surface becomes exposed and further

intrusion of Ca into the particle is possible. The mechanism of
the intrusion is identical to the proposed layer formation
mechanism, since Ca2+ is again substituting for either Fe2+ or
Mg2+ at the same exchangeable sites in the crystal structure.
This phenomenon can be observed in the ESEM and EDS
analyses as the separation of Ca and Mg can be detected at the
intrusion area and along the cracks. Ca2+ is incorporated into
the crystal structure at the exposed surface and Mg accumulates
along the cracks, indicating that it has been expelled from the
olivine structure. This accumulation of Mg along the cracks is
therefore equivalent to the outer zone of the inner layer.
Crack formation can also be observed on the borderline

between the Mg-rich outer zone of the inner layer and the Ca-
rich outer layer. Those cracks, which spread out parallel to the
particle surface, seem to be critical regarding layer breakage.
They originate at the borderline of Mg, which is present in the
form of oxide, and the Ca-rich outer ash layer, since there is no
interaction between those two stable structures. They result in a
clear physical separation of the outer layer, which is likely to
break off during operation.
Thus, the fine share is increased in the system and this can

have an impact on the buildup of deposits, as described by
Kuba et al.49 The increase of fines in the bed material is made
even worse by the perpendicular cracks, as these lead to further
fragmentation of the already broken outer layer. Moreover, the
outer layer is essential regarding the catalytic activity of the
particles, since the outer layer possesses the highest amounts of

Ca in the form of CaO, as was also confirmed by the
thermodynamic equilibrium calculations.
According to the above description and explanation, no K-

rich layers are formed on olivine particles, as is the case for
quartz particles. This is due to the low driving force of K to
react with olivine. Layers on olivine particles are therefore
characterized by higher melting temperatures, and coating-
induced agglomeration is a minor issue when using olivine as a
bed material. However, K from the biomass ash is likely to react
with free Si, also from the ash, leading to melt-induced
agglomeration. This is especially so when using fuel high in K
and Si and can lead to a buildup of deposits, as described by
Kuba et al.49 One possible approach to prevent melt-induced
agglomeration is to use fuel blends to introduce controlling
inorganic substances such as phosphorus and this has been
investigated by Grimm et al.50 and Skoglund et al.51,52 Clearly, a
detailed knowledge of the pathways of inorganic matter in DFB
gasification is essential to control agglomeration.53

5. CONCLUSION
In summary, an updated and detailed mechanism for olivine
particle layer formation in fluidized bed gasification (also
applicable to combustion) due to the interaction between
woody biomass ash and olivine has been proposed. The
proposed mechanism is based on a solid−solid substitution
reaction. However, a possible enabling step in the form of a
Ca2+ transport via melts may occur. Ca2+ is incorporated into
the crystal structure of olivine by replacing either Fe2+ or Mg2+,
which are located at the exchangeable sites M1 or/and M2.
This substitution occurs via intermediate states where Ca−Mg
silicates, such as CaMgSiO4, are formed. Mg2+ released from the
crystal structure is most likely to form MgO, which can be
found in a distinguishable zone between the main particle
layers. Due to a difference in the bond lengths between Mg/Fe
and their neighboring O’s and between the incorporated Ca2+

and its neighboring O’s, the crystal structure shifts, resulting in
formation of cracks.
The proposed mechanism is in good accordance with

previous published results. Understanding the mechanisms
underpinning the growth of layers is essential to the evaluation
of potential alternative bed materials for DFB gasification.
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A promisingway to substitute fossil fuels for production of electricity, heat, fuels for transportation and synthetic
chemicals is biomass steamgasification in a dual fluidized bed (DFB). Using lower-cost feedstock, such as logging
residues, instead of stemwood, improves the economic operation. In Senden, nearUlm inGermany, the first plant
using logging residues is successfully operated by Stadtwerke Ulm. Themajor difficulties are slagging and deposit
build-up. This paper characterizes inorganic components of ash formingmatter and draws conclusions regarding
mechanisms of deposit build-up. Olivine is used as bedmaterial. Impurities, e.g., quartz, brought into thefluidized
bed with the feedstock play a critical role. Interaction with biomass ash leads to formation of potassium silicates,
decreasing themelting temperature. Recirculation of coarse ash back into combustion leads to enrichment of crit-
ical fragments. Improving the management of inorganic streams and controlling temperature levels is essential
for operation with logging residues.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

A steadily rising CO2 concentration in the atmosphere, which is
linked to climate change, has increased the demand for the develop-
ment of multiple technologies using renewable energy sources. Using
solid biomass as a resource is oneway to raise the ratio of renewable en-
ergy in our energy system. As a CO2-neutral carbon source it is suited for
usage in pyrolysis, gasification and combustion systems. Steam gasifica-
tion of biomass is a promising technology for generating electricity and
heat as well as synthetic products such as bio-fuels or chemicals. A dual
fluidized bed (DFB) steam gasification process was developed at the Vi-
enna University of Technology which is able to produce a product gas
that can be further used to generate electricity, heat, fuels for transpor-
tation and synthetic chemicals. Thanks to the flexibility of the technolo-
gy it can quickly adapt to changes in the energy market.

The principle underpinning this process is the separation of endo-
thermic gasification and exothermic combustion. Heat which is neces-
sary for gasification is provided by a circulating bed material from the
combustion to the gasification zone. Steam is used as fluidizing agent
for the bubbling bed in the gasification zone. Fast fluidization in the
combustion zone is realized by using air. Part of the biomass is
combusted to provide the heat necessary for gasification [1–4]. Since
2001 the process has been successfully demonstrated at the biomass

power plant in Güssing, Austria, which has a fuel power of 8 MWth. In
Oberwart, Austria, a biomass power plant with fuel power of
8.5 MWth has been in operation since 2007. At Senden, near Ulm in
Germany, a plant with fuel power of 15 MWth has been in operation
since 2011. Next generation dual fluid bed gasification is currently in-
vestigated at the Vienna University of Technology [5–7].

In contrast with all other gasification power plants the Senden plant
is operated with logging residues together with wood chips as feed-
stock. As regards this lower-cost biomass, the major difficulties of oper-
ation are deposit build-up and slagging. Avoiding build-up of deposits
may increase the availability and consequently the operation time fur-
ther and is therefore important as regards the optimization of the
plant. Previous studies showed an interaction between bed particles
and ash during combustion of biomass feedstock. As a consequence of
this interference calcium-rich layers are built around bed particles
[8–10]. Investigations of time dependence regarding layer formation
on quartz sandparticles froma 30MWth bubblingfluidized bed biomass
combustion plant showed several steps of layer growth. On the first day
of operation only one thin Ca-, Si- and K-rich homogeneous layer with a
relatively high K/Ca molar ratio could be observed. Particles aged one
day to two weeks also showed an outer Ca-rich layer. During the initial
phase of layer formation, the growth rate was relatively high, but de-
creased over time [11].

A correlation between bed particle layer formation and bed agglom-
eration has been established, mainly focusing on combustion of wood
fuels [8,9,12–15]. Since layers on particles originate from biomass ash,
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they have a high probability of melting in zones of elevated tempera-
tures. Partlymelted layers act as glue and cause particles to stick togeth-
er [16–18]. Biomass ash leading to deposits has been investigated in the
past for biomass combustion systems [19–23]. Depositions found in cir-
culated fluidized bed combustion of woody biomass consistedmainly of
bed particles embedded in a homogeneous melt. Potassium species
from the feedstock interact with quartz sand bed particles to form sticky
alkali-rich silicates. These sticky silicate melts can adhere to thewalls of
the cyclone or the return legs. Ordinary bed particles can deposit on the
surface of those melts [24]. Impurities such as quartz and feldspar fur-
ther enhance slag formation [25–27].

Similar findings can be observed for dual fluid bed gasification of
biomass. During long-term operation of the biomass DFB gasification
plant in Güssing two calcium-rich layers formed on the bed material.
The inner layer mainly consisted of calcium silicates and the outer
layer had a composition similar to fine ash. The formation of calcium-
rich layers is owed to the high calcium content of the woody feedstock
and addition of calcium-rich additives to the reactor. This formation
may arise from intensive contact with burning char particles. Molten
ash components stick on the surface and calcium diffuses into the parti-
cles. The smooth surface of the layer indicates that the formation occurs
with amolten surface [28]. Layers on olivine have a positive catalytic in-
fluence in the gasification process. They increase its catalytic activity en-
hancement of gasification reactions and reduce tar dramatically.
Measurements at the biomass gasification reactor at the Vienna Univer-
sity of Technology showed a significant decrease of tars when layered
olivine was used [29,30]. The water–gas-shift reaction is enhanced,
which leads to higher hydrogen and carbon dioxide content in the prod-
uct gas [31].

This paper focuses on the characterization of inorganic compounds
in dual fluid bed biomass gasification of logging residues. X-ray fluores-
cence (XRF) analysis of different ash fractions in the systems was
conducted. Results from these analyses were compared with other in-
vestigations with an environmental scanning electron microscope
(ESEM) andX-ray diffraction (XRD). As a result, tracking of critical com-
ponents regarding deposit built-up could be realized. Chemical equilib-
rium calculations were performed to evaluate melting behavior of
compounds appertaining to slagging phenomena. Particle size fraction-
ation enhanced knowledge of particle pathways in the system. There-
fore, critical compounds could be assigned to certain parts of the
reactor set-up. From the results of these analyses conclusions regarding
the mechanisms of deposit build-up in the combustion area of the DFB
system are drawn.

2. Materials and methods

2.1. Description of the industrial biomass DFB gasification plant

Samples for investigation were taken from the biomass combined
heat and power (CHP) plant in Senden, Germany. It has fuel power of
15 MWth, generates electricity of about 5.1 MWel in two gas engines
and an organic rankine cycle (ORC) and also produces district heating
of about 6.4 MWth. Logging residues, including cut-off root ends, tops,
and branches, are used as feedstock. This lower-cost feedstock com-
prises on average 15% of bark and 15% of needles; therefore, only 70%
of the used fuel is wood chips. Because of decentered chipping, mainly
by the forest industry, the particle size distribution and water content
vary considerably. The feedstock is collected in four storage silos before
it is fed into the biomass dryer. Hence, a good fuel mixing can be
achieved before the feedstock is put into the gasifier. The specifications
mentioned above are constantlymonitored by a feedstockmanagement
process executed by the staff of the power plant on site.

Fig. 1 shows a flow sheet of the power plant. Feedstock enters the
gasification reactor via a screw conveyor, where the biomass is led di-
rectly into the bubbling fluidized bed. Therefore, gases released from
the biomass are immediately in contact with catalytically active bed

material. Olivine is used as bed material. It has two major roles in the
process. First, it acts as a circulating heat carrier between the combus-
tion reactor and the gasifier. Second, it performs as a catalyst regarding
the decomposition of tars. The bubbling bed is kept at a temperature of
around 850 °C and steam is used as a gasifying agent. Calcite is brought
into the system as an additive to enhance the catalytic activity of the ol-
ivine. Bed material is transported together with char from the solid
feedstock from the gasifier into the combustion reactor via a chute. In
this zone air is used for fluidization and full oxidation is achieved. As a
result, bed material particles are heated up and temperatures of up to
950 °C are reached. After it has been transported through the fast fluid-
ized combustion reactor the bed material enters a cyclone which
separates the bed material from flue gas. Small particles which are not
separated from the gas stream by the cyclone enter the post-
combustion chamber. Air is added at the inlet of the chamber to secure
complete oxidation of flue gas. Since the post-combustion chamber is
widened after the inlet, the gas stream is slowed down and further
redirected by 180° before leaving the chamber. The gas stream is then
led through a radiation channel where the temperature of the flue gas
is cooled down to about 630 °C. Particles in the gas stream are again di-
vided by a gravitational separation unit. Bigger particles are recirculated
back into the combustion reactor and are referred to as coarse ash.
Smaller particles are dragged to a flue gas filter by the gas stream and
are collected as fine ash. This fine ash is finally removed from the
system.

Small biomass particles which are entrained out of the gasifier to-
gether with the product gas stream are referred to as fly coke. The prod-
uct gas is cooled down by heat exchangers before passing through a
product gas filter, where fly coke is separated. Impurities in the product
gas which cannot be separated by the filter, such as tars, ammonia or
sulfur components, are captured in a product gas scrubber filled with
methyl ester of rapeseed (RME). Collected fly coke is transported back
into the combustion reactor, since it still contains combustible com-
pounds. The cleaned product gas is utilized in gas engines to generate
electricity and heat. A small amount of product gas is brought back to
control the temperature of the combustion zone. Used, layered olivine
is periodically replaced by fresh olivine to make up bed material losses
owed to attrition. Therefore used (aged) olivine is let out of the combus-
tion reactor at the bottom and fresh olivine enters together with coarse
ash and fly coke.

2.2. Sampling

Sampling was conducted during and after two different operation
periods. On both occasions the power plant was continuously operated
for around 1200 h without cooling off. Fig. 1 shows the sampling loca-
tions in the power plant. Deposition samples were taken out of the
post-combustion chamber on two different dates during the shutdown
of the power plant after the operation periods. On each of the dates sam-
ples from three different positions were collected. From each position
two samples were investigated. Thus, a total of 12 deposition samples
were analyzed. Samples of bed material, coarse ash, fine ash, fly coke
and feedstock were taken during the corresponding operation periods
of the power plant which led to the build-up of the deposits. To obtain
representative values samples from two different days of the operation
periodwere collected. Sampling of bedmaterial, coarse ash,fine ash and
fly coke was conducted during steady-state operation. Bed material
samples were collected at the bottom of the combustion reactor. Sam-
ples of coarse ash and fine ash were both taken after the gravitational
separation of the two ash streams. The sampling point of the coarse
ash was located below the gravitational separation chamber and that
of thefine ash at theflue gasfilter. Fly cokewas collected from the prod-
uct gas filter. Biomass feedstock was taken for every delivery at the
power plant over a day. In total, eight trucks delivered the wood chips
to the plant each day. A sample corresponding to the amount of biomass
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of the delivery was taken from each truck to collect a representative
sample of biomass.

2.3. Ashing of feedstock

Feedstock sampleswere transformed into ash according to DIN CEN/
TS 14775. First, wood samples were heated to 250 °C and the tempera-
ture level was maintained for 60 min. Second, the temperature was
raised to 550 °C and maintained until the feedstock was fully trans-
formed into ash. The produced ashwas then subjected to X-ray fluores-
cence (XRF) analysis.

2.4. XRF analysis

Analysis of the elemental composition of the samples was carried
out with XRF. Samples were melted in a Merck Spectromelt at 1050 °C
and placed on a stainless steel plate with a temperature of 400 °C. A
PANalytical Axios Advanced analyzer was used to carry out the analysis.
The analyzer worked under a vacuum atmosphere with a rhodium
anode, an excitation voltage of 50 kV, and a tube current of 50 mA. Re-
sults of XRF analysis indicated the elemental composition of the total
sample calculated in oxides. Fly coke, fine ash, coarse ash, bed material
and ash from feedstock were analyzed. From each of the fractions five
samples for analysis were prepared. Furthermore, impurities separated
from the olivine bed material were investigated. Separation was
achieved by hand to ensure that the sample contained only impurities.

2.5. ESEM/EDS analysis

Collected samples were mounted in epoxy, cross-sectioned and
polished. The chemical composition and morphology of the samples
were determined by an environmental scanning electron microscope
(ESEM) combined with energy dispersive X-ray spectroscopy (EDS).
Elemental composition of different parts of the 12 deposits was deter-
mined by spot analysis of different fragments in the cross-section.
Each fragment was analyzed at three or four different points (EDS
spot analysis) and numerous fragments from each sample were ana-
lyzed (more than 10 per sample). The collected data were then statisti-
cally evaluated. Corresponding bed material and coarse ash samples
from the same operational time were analyzed in a similar manner.
Bed material layers with different thicknesses were investigated in
detail.

2.6. XRD analysis

XRD data collections were performed with a Bruker d8 Advance in-
strument in θ–θmodewith an optical configuration consisting of Cu Kα
radiation, and a Vantec-1 detector. Continuous scansweremade; there-
fore the total data collection time for each sample was more than 6 h.
The PDF-2 databankwith Bruker software was used to gain initial qual-
itative identifications. The data were then further analyzed by the
Rietveld technique and structure data from the Inorganic Crystal Struc-
ture Database (ICSD). As a result, semi-quantitative information on the

Fig. 1. Basic flow chart of the dual fluid bed gasification process in Ulm/Senden; (1) recirculation of coarse ash and fly coke and addition of fresh olivine and (2) recirculation of the product gas.
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present crystalline phases was gained. In total, three deposit samples
and two samples each of fly coke, fine ash, coarse ash and bed material
were analyzed.

2.7. Optical particle size fractionation

Particle size distribution was carried out with a Camsizer XT from
Retsch Technologies. The camsizer uses dynamic image analysis (ISO
1322-2). In comparison with conventional particle size fractionation,
such as sieving, dynamic image analysis delivers additional detailed par-
ticle shape information. Bed material and coarse ash samples were in-
vestigated and compared with each other with the same analysis
settings. The measured parameters were the smallest diameter and
the spherical equivalent diameter (area) with a selected measuring
range between 1 μm and 1.4 mm. Particles with a diameter above
1.4 mmwere collected separately.

2.8. Chemical equilibrium calculation

Chemical equilibrium model calculations were performed to inter-
pret the findings from experimental analysis regarding melt fragments
in the depositions and the coarse ash. Those calculations were based
on results gained from EDXS analysis of the samples. Average values
from the analyses were used. Fact-Sage 6.3 was used to investigate the
thermodynamic driving force behind the formation of melt fragments.
The programuses theminimizationmethod of the total Gibbs free ener-
gy of a chemical system. Thermodynamic data were employed from the
Fact database regarding gaseous compounds, stoichiometric condensed
phases and non-ideal solutions. Table 1 presents the data used in Fact-
Sage 6.3. Calculations were performed for temperatures between
800 °C and 1100 °C in 25 °C steps with an access air ratio of 1.2.

3. Results

An overview of the findings for each fraction based on the different
analysis methods is presented. The focus lies on the characterization
of inorganic components in different fractions and the interaction be-
tween them.

3.1. Ash of feedstock

Average results of the elemental composition of the collected feed-
stock ash samples are shown in Table 2. Only the main elements are
displayed, and the mathematical remainder of 0.85 wt.% (called
“others”) includes the components SnO, MoO3, Nb2O5, ZrO2, PbO,
As2O3, ZnO, CuO, Co3O4, V2O5, TiO2, and Cl. They are of no further inter-
est regarding the investigation of deposit build-up and are therefore not
included in the results of this paper.

The feedstock ash is characterized by comparably high amounts of
K2O of about 12.6 wt.% and relatively high amounts of SiO2 of about
13.4 wt.%. Ash from stemwood usually contains around 6wt.% K2O [32].

3.2. Deposits

XRF analysis of deposits as average value is shown in Table 2. Rela-
tively high amounts of SiO2, CaO and MgO could be detected in the in-
vestigated samples. However, significant amounts of K2O over 5 wt.%
could also be found. Furthermore, amounts of more than 4 wt.% of
Al2O3 were detected.

Fig. 2 shows an ESEM/EDXS image of typical deposits in the post-
combustion chamber. The black background is epoxy and therefore
not the sample itself. It was possible to differentiate between particles
– darker areas – which were embedded in a molten phase. Other
areas showed higher amounts ofmolten fragmentswith different struc-
tures. Analysis of the darker areas showed typical composition of olivine
particles. Around olivine particles an area with a composition typical of
olivine layers could be detected [28]. Results of analyses are shown in
Table 4. These layered particles were found embedded in a melt
phase. Areas with high amounts of Mg characterize the surface of the
outer particle layer. The morphology of these areas was less dense
than that from the layers or the particle itself. Enrichment in Mg was
not consistent everywhere. It varied heavily in terms of both thickness
and coverage of the surface.

The composition of themeltwas not homogeneous for all investigat-
ed fragments. However, it was possible to differentiate between four
types of fragments. Spot analysis showed that the composition of each
of the typeswas homogeneous. Analyses of the fragments are presented
in Table 4. Statistically, most of the fragments (~75%) had the composi-
tion named deposit fragments A and B. Those fragments contained
mainly Ca, Si, Mg, K, Fe, Al and O. The amount of potassium was either
around 7.5 wt.% or around 3 wt.%. A significant amount (~20%) of the
fragments showed the composition named deposit fragments C. They
are comparably high in Al and K. Only a comparably small percentage
(~5%) of the investigated samples showed the composition named de-
posit fragments D. No Mg could be detected in these fragments, and
they are dominated by Si, Ca and O. Those four types (A, B, C, D) of frag-
ments could be detected in all deposit samples. Regardless of the posi-
tion of the deposit in the post-combustion chamber, the investigated
samples showed similarities. Melt fragments attached to bed particles,
as seen in Fig. 2, were investigated in detail. These attached melt frag-
ments had the same composition – shown in Table 5 – as fragments A.
The morphology of those attached fragments varied heavily.

XRD analysis of deposits, as presented in Table 3, showed occurrence
of crystal structures which are typical of olivine, such as forsterite,
Mg2SiO4. Compounds with Ca and Si, such as larnite, Ca2SiO4, and espe-
cially wollastonite, CaSiO3, could be found. Furthermore, a significant
number of compounds with Ca, Mg and Si could be detected, such as
akermanite, Ca2MgSi2O7, merwinite, Ca3Mg(SiO4)2 and bredigite,
Ca7Mg(SiO4)4. In addition, comparably high amounts of kalsilite,
KAlSiO4, could be detected. The three sampleswere taken fromdifferent
positions in the post-combustion chamber. Chemical equilibrium calcu-
lations of melted fragments in the deposits showed a content of melt
fractions of about 18 to 22 wt.% for fragments A and B. Those are the
fragments with higher potassium content. However, the difference be-
tween those two fragments regarding the melt fraction is comparably
low, even though the potassium content varies from 7.7 wt.% in frag-
ment A to 16.9 wt.% in fragment B. The deposit melt fragments C and
D possess a melt fraction of 5 to 8.5 wt.%. Increasing the temperature
leads to rising numbers of melt fragments, temperatures above
1000 °C show the highest amounts of molten fragments.

3.3. Bed material

Table 2 shows a typical elemental composition for used olivine, as al-
ready known from previous work [29].

Typical back-scattered electron images of cross-sectional analysis
with ESEM/EDXS of bedmaterial samples are shown in Fig. 3. Bedmate-
rial samples were characterized by high numbers of olivine particles.

Table 1
Elements and solution models used in the chemical equilibrium model calculations.

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

Solution models Slag: SLAGA (MgO, SiO2, CaO, K2O, Fe2O3, FeO, Al2O3)
Olivine (Mg, Fe, Ca//SiO4)
MulF (Mullite Al6Si2O13, Fe6Si2O13)
Mel (Melilite Ca2MgSi2O7, Ca2Al2SiO7, Ca2FeSi2O7, Ca2Fe2SiO7)
Salt melt: MELTA (K, Na//CO3, OH salt melt)
LCSO (K, Ca//CO3 melt)
SCSO (K, Ca//CO3 solid solution)
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The layers of the particles differed in thickness, from fresher particles
with no or only thin layers to older particles with thick layers. The com-
position of the inner and outer layers of the olivine particles is shown in
Table 6. A smaller proportion of the investigated particles showed diver-
gent composition. Those particles could be identified as quartz and feld-
spars amongst others and are further referred to as impurities.

Corresponding to the findings from the XRF analysis bed material
showed a comparably high correlation with findings from previous
work on XRD analysis, as shown in Table 3 [29]. Two bed material sam-
ples were investigated. They are characterized by forsterite, Mg2SiO4,

periclase, MgO and lime, CaO. In addition, around 3% of quartz could
be detected. Traces of potassium could only be detected in crystallite
phases as for instance K2MgSiO4. This compound is, however, only a
suggestion and it cannot be stated with certainty that it really occurs.

3.4. Coarse ash

Elemental analysis with XRF also shows a similar composition of
coarse ash and bed material samples, with slightly higher amounts of
SiO2 in the coarse ash. Impurities were analyzed in detail. Table 2
shows the elemental composition of the XRF analyses. The foreign mat-
ter was composed of a broader variety of elements than bedmaterial or
coarse ash. Na2O amounts to around 4 wt.% and Al2O3 amounts to
around 5.5 wt.% could be detected. Furthermore, the K2O was elevated
to values of around 8 wt.%.

Coarse ash samples showed higher amounts of impurities from the
feedstock, such as quartz and feldspar particles, than the bed material
samples. A typical cross-section image of the sample can be seen in

Fig. 4. It presents the diversity of different particles. Table 6 presents
the composition of the inner and outer layers of those quartz and feld-
spar particles. Layers, especially the inner layers, of quartz and feldspars
were significantly richer in potassium than those of olivine. In addition,
melt fragments could be found in the sample. Two different composi-
tions could be detected and are also presented in Table 6. Melt frag-
ments varied in size and shape; some of them were attached to
particles or even caused agglomeration of particles. Olivine particles in
the coarse ash were characterized by thick layers. In those thick layers
cracks could be observed. The cracks could only be found in the layers,
not in the olivine particle itself. The particle surface, however, seems
to be affected by the formation of cracks. Even though the cracks seem
to end at the surface, an inner layer intrudes a little further into the par-
ticle at those spots. This phenomenon was observed for numerous oliv-
ine particles in the coarse ash. Fig. 5 shows an example of an olivine
particle with the described cracks in the layer. Furthermore, a compara-
bly high number of layer breakage areas could be detected in olivine
particles in the coarse ash, but not for any of the impurities. These

Table 2
Elemental composition (expressed as oxides) identified with XRF analysis.

Component Feedstock ash average Deposit average Bed material average Coarse ash average Fine ash average Fly coke average Impurities average

[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]

NiO 0.0% 0.0% 0.2% 0.2% 0.0% 0.2% 1.6%
Fe2O3 0.7% 2.4% 6.8% 6.3% 2.0% 6.5% 2.5%
Cr2O3 0.0% 0.1% 0.2% 0.2% 0.1% 0.2% 0.6%
CaO 55.6% 34.0% 13.8% 11.0% 54.6% 16.5% 22.9%
K2O 12.6% 5.1% 0.7% 0.9% 2.9% 0.9% 8.2%
SO3 2.9% 0.1% 0.1% 0.1% 0.4% 0.1% 0.3%
P2O5 4.8% 0.9% 0.3% 0.3% 1.5% 0.3% 0.4%
SiO2 13.4% 40.8% 34.3% 38.1% 22.8% 34.6% 47.0%
Al2O3 3.3% 4.3% 0.9% 1.1% 3.1% 1.0% 5.6%
MgO 5.0% 10.5% 39.5% 40.5% 10.3% 38.2% 4.7%
Na2O 0.8% 1.1% 2.2% 0.8% 1.0% 0.9% 3.9%
Others 0.8% 0.8% 0.8% 0.5% 1.2% 0.6% 2.3%

100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

Fig. 2. ESEM image of the deposits.

Table 3
Crystalline phases identified with XRD analysis.

Deposit
average

Bed
material
average

Coarse
ash
average

Fine
ash
average

Fly
coke
average

[wt.%] [wt.%] [wt.%] [wt.%] [wt.%]

Quartz SiO2 1.0 3 4 1.5 4
Microcline KAlSi3O8 n.d. n.d. n.d. n.d. 2
Forsterite(Fe) Mg2SiO4 5.0 76.5 69.5 n.d. 32.5
Lime CaO n.d. 3.5 6.5 27.5 3.5
Periclase MgO 1.5 3 5 4 2.5
Portlandite Ca(OH)2 2.0 n.d. n.d. n.d. 15
Calcite CaCO3 2.0 1.5 n.d. 45.5 21.5
Fairchildite CaK2(CO3)2 n.d. n.d. n.d. n.d. n.d.
Anhydrite CaSO4 2.0 n.d. n.d. n.d. n.d.
Gypsum CaSO4x2H2O 2.0 n.d. n.d. n.d. n.d.
Archanite K2SO4 n.d. 1.5 1.5 n.d. n.d.
Apathite Ca5(PO4)3(OH) 1.0 n.d. n.d. 1.5 1
Larnite Ca2SiO4 5.3 4 4.5 5.5 4.5
Wollastonite CaSiO3 15.7 n.d. n.d. n.d. n.d.
Rankinite Ca3Si2O7 8.7 n.d. n.d. n.d. n.d.
Akermanite Ca2MgSi2O7 21.0 n.d. n.d. n.d. n.d.
Merwinite Ca3Mg(SiO4)2 8.0 2.5 3 5.5 2.5
Bredigite Ca7Mg(SiO4)4 10.0 1.5 1 5 2.5
Kalsilite KAlSiO4 9.3 1 n.d. 2 3.5

K2MgSiO4 2.5 1 2.5 n.d. n.d.
K2MgSi5O12 2.0 n.d. n.d. n.d. n.d.

Hematite Fe2O3 1.0 n.d. n.d. 1 2
Maghemite Fe2O3 n.d. 1 1.5 1 3
Magnetite Fe3O4 n.d. n.d. n.d. n.d. n.d.
Cristobalite SiO2 n.d. n.d. 1 n.d. n.d.
n.d. not detected

SUM 100.0 100.0 100.0 100.0 100.0
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breakages could be detected for olivine with thick layers, as seen in
Fig. 6. The particle itself seems to be untouched, but part of the layer is
missing.

Results of XRD analysis of coarse ash are shown in Table 3. Two sam-
ples were investigated. A clear resemblance to the results for bedmate-
rial analysis can be seen. High amounts of forsterite as well as lime and
periclase characterize the coarse ash samples. Chemical equilibrium cal-
culations showvarying amounts ofmolten fractions at elevated temper-
atures. Coarse ashmelt fragments A have amelt fraction of around 70 to
71 wt.%, whereas the melt fraction in the fragments B varies from 33 to
43 wt.%, rising with increasing temperature.

The particle size distribution for coarse ash samples was compared
with those of bed material. The mean diameter D50 of bed material for
the spherical equivalent diameter is about 605 μm whereas that of
coarse ash is about 490 μm. The diameter D50 for the minimal diameter
is 535 μm for the bed material and 430 μm for the coarse ash.

Both samples showed a homogeneous particle size distribution. The
bed material sample contained impurities from the feedstock with di-
ameters above 1 mm. Those impure particles are referred to as coarse
grains andwere collected separately. The separation of the coarse grains
from the rest of the bed material was performed so the samples could
reasonably be compared with the coarse ash samples.

3.5. Fine ash

XRF analysis of fine ash is characterized by higher amounts of CaO
and smaller amounts of SiO2 and MgO than bed material and coarse
ash samples. Higher K2O amounts of around 3 wt.% could also be
found. Results are shown in Table 2. Corresponding to findings from
XRF analysis, XRD results show high amounts of CaO and CaCO3, as pre-
sented in Table 3. Two samples were examined. In addition, Ca–Mg
compounds such as merwinite or bredigite could be detected in elevat-
ed amounts. No presence of forsterite could be found in fine ash. Mg
could also be detected as periclase, MgO.

3.6. Fly coke

XRF analysis of fly coke, displayed in Table 2, also showed a resem-
blance to bed material samples. MgO, SiO2, CaO and Fe2O3 are the
main compounds. The elemental composition of the main ash forming
elements is displayed in Table 2. XRD analysis of fly coke showed a
high variation of different components (Table 3). Two samples were in-
vestigated. Compounds containing Ca are dominant, but kalsilite was
present in higher amounts than in the other samples. A comparably
high variation of forsterite, Mg2SiO4, could be detected between the
two samples. Calcite, CaCO3, and portlandite, Ca(OH)2, were also detect-
ed in different amounts.

4. Discussion

Findings from analyses of inorganic streams in the process are
discussed in detail. Deposition build-up in zones with elevated temper-
atures is connectedwith inorganicmaterials in the system.Mechanisms
leading to deposits are explained by outlining the interaction between
biomass ash, mineral impurities and bed material particles.

The logging residues which are used as feedstock showed relatively
high amounts of potassium in comparison to average stemwood. This
leads to comparably low melting temperatures of ash, making the
char particles sticky at temperatures over 1000 °C, as chemical equilib-
rium calculations have shown. At calculated temperatures above
1000 °C, increasing amounts of molten fragments were present in
coarse ash and deposit samples. These calculations allow a prediction
of deposit build-up regarding temperature variation. However, melting

Table 4
Average elemental compositions on a C- and O free basis in the deposition sample.

Particle Layer Deposit fragments A Deposit fragments B Deposit fragments C Deposit fragments D

[wt.%] [wt.%] [wt.%] [wt.%] [wt.%]

Na 1.9 (+/−0.1) 1.1 (+/−0.1) 1.3 (+/−0.3) 1.1 (+/−0.2) 0.8 (+/−0.2) 0.3 (+/−0.1)
Mg 41.7 (+/−1,1) 13.0 (+/−0.2) 11.4 (+/−1.3) 10.9 (+/−0.5) 5.2 (+/−1.0) 1.3 (+/−0.2)
Al 1.2 (+/−0.1) 1.9 (+/−0.5) 3.7 (+/−0.4) 1.9 (+/−0.2) 9.2 (+/−0.9) 1.6 (+/−0.3)
Si 37.6 (+/−0.4) 27.3 (+/−0.5) 31.0 (+/−0.8) 34.1 (+/−1.2) 34.1 (+/−0.9) 37.4 (+/−1.5)
P 0.4 (+/−0.1) 0.5 (+/−0.0) 1.2 (+/−0.2) 0.8 (+/−0.2) 0.5 (+/−0.0) 0.6 (+/−0.1)
S 0.2 (+/−0.0) 0.1 (+/−0.1) 0.3 (+/−0.2) 0.1 (+/−0.1) 0.2 (+/−0.1) 0.1 (+/−0.1)
Cl 0.4 (+/−0.0) 0.5 (+/−0.1) 1.9 (+/−0.8) 0.4 (+/−0.1) 0.4 (+/−0.1) 0.3 (+/−0.1)
K 1.5 (+/−0.4) 1.6 (+/−0.4) 7.7 (+/−0.9) 2.8 (+/−0.4) 16.9 (+/−1.1) 3.1 (+/−0.7)
Ca 9.1 (+/−2.6) 47.6 (+/−2.7) 36.0 (+/−2.5) 45.5 (+/−1.8) 26.6 (+/−2.4) 53.6 (+/−1.8)
Mn 0.6 (+/−0.0) 0.7 (+/−0.2) 0.7 (+/−0.1) 0.5 (+/−0.1) 0.5 (+/−0.1) 0.5 (+/−0.1)
Fe 9.6 (+/−1.4) 5.7 (+/−2.2) 4.9 (+/−0.7) 1.9 (+/−0.2) 5.7 (+/−0.8) 1.0 (+/−0.2)

Table 5
Average elemental compositions on a C- and O free basis of attached melt fragments.

Deposit fragments A Attached melt fragments

[wt.%] [wt.%]

Na 1.3 (+/−0.3) 0.2 (+/−0.2)
Mg 11.4 (+/−1.3) 11.0 (+/−1.0)
Al 3.7 (+/−0.4) 3.6 (+/−1.0)
Si 31.0 (+/−0.8) 30.9 (+/−1.2)
P 1.2 (+/−0.2) 0.6 (+/−0.1)
S 0.3 (+/−0.2) 0.2 (+/−0.0)
Cl 1.9 (+/−0.8) 0.4 (+/−0.1)
K 7.7 (+/−0.9) 7.4 (+/−1.1)
Ca 36.0 (+/−2.5) 40.7 (+/−1.4)
Mn 0.7 (+/−0.1) 0.5 (+/−0.1)
Fe 4.9 (+/−0.7) 3.7 (+/−0.6)

Fig. 3. ESEM image of the bed material.

38 M. Kuba et al. / Fuel Processing Technology 139 (2015) 33–41



processes highly depend on inorganic compounds, such as potassium,
and therefore, predictions can only be made if representative fuel anal-
ysis is available. Higher amounts of e.g., potassium in the fuel result in
ash melting at lower temperature levels, since the system approaches
its eutectic point. Phase diagrams of relevant mixtures regarding
biomass ash are discussed in length by [33]. After shut-down those frag-
ments are typically found in the cyclone and post-combustion chamber
as deposits. Potassium is released from the char particle and occurs in
liquid form [34]. Since the gas stream is slowed down by a widening
in the post-combustion chamber and is further redirected by 180°, par-
ticles can easily collide with the wall. These collisions lead to attach-
ments of sticky particles. Operational experience in the gasification
power plant in Senden, nearUlm,Germany, has shownnoticeable depo-
sition build-up in the post-combustion chamber after operation times of
around 1000–1200hwhen temperature levels exceeded 1000 °C. Depo-
sitions were mainly found in the post-combustion chamber, but also in
the cyclone to some extent.

Furthermore, numerous impurities, such as quartz and feldspar par-
ticles, were brought into the gasifier together with the biomass feed-
stock. Potassium from the logging residues searches for reaction
partners and can form silicateswith the impurities. This leads to compa-
rably high amounts of potassium in the layers of impurities. Potassium
is involved in the layer formation of olivine, but is released from the par-
ticles during the process [28]. This could be verified, since the olivine
layers did not show any potassium content. Therefore, the potassium
which is bound in the feedstock has a high probability of reacting with
impurities to form potassium-silicate compounds. Potassium reduces
the melting temperature of the compound and is therefore critical as
regards slagging and the build-up of deposits. Temperatures above

1000 °C in the post-combustion chamber lead to melting of the
potassium-rich layers of the impurities and, as a consequence, make
them sticky. Fragments with high amounts of silica, aluminum and po-
tassiumaremost likely formed through an interaction between biomass
ash and impurities. XRD analysis showed comparably high amounts of
kalsilite, KAlSiO4, in the deposits, indicating that feldspars dissolved
into the melt and formed new crystallite structures.

The composition of the deposit fragments C and D, as shown in
Table 4, indicates impurity-drivenmelting processes. Deposit fragments
C are characterized by higher amounts of aluminum and potassium,
which indicates that they originate from feldspar particles interacting
with biomass ash. Deposit fragments D seem to be formed from an in-
teraction between quartz particles and biomass ash and therefore are
characterized by higher amounts of silica and calcium.

Deposit fragments A and B with magnesium amounts of around
10 wt.% indicate the presence of olivine in the melt. Olivine itself is
not prone to forming deposits; the particles are only embedded in a
melt, as shown in Fig. 2. Therefore, depositionswith significant amounts
of magnesium (~10 wt.%) have to emerge from an interaction between
olivine and impurity-driven melt, since significant amounts of Al and K
could also be detected in those fragments. XRD analysis showed signif-
icant amounts of compounds with Si, Ca and Mg, such as akermanite,
Ca2MgSi2O7, merwinite, Ca3Mg(SiO4)2 and bredigite, Ca7Mg(SiO4)4,
which also indicates an interaction between olivine and biomass ash.
Two relevant observations regarding this interaction relate to the SEM
analysis. First, on the surface of the outer layer of olivine particles, Mg-
rich areas could be found. Since the morphology of those areas was
less dense than that from the layers, it seems that the high Mg content
originates from olivine attrition. This high Mg attrition accumulates on

Table 6
Average elemental compositions on a C- and O free basis in the bed and coarse ash samples.

Bed material inner layer Bed material outer layer Quartz particle inner layer Quartz particle outer layer Coarse ash fragments A Coarse ash fragments B

[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]

Na 1.4 (+/−0.0) 0.3 (+/−0.2) 0.9 (+/−0.1) 0.7 (+/−0.0) 1.5 (+/−0.2) 1.1 (+/−0.1)
Mg 29.6 (+/−0.5) 9.2 (+/−0.4) 3.9 (+/−0.3) 3.7 (+/−0.5) 5.0 (+/−0.8) 6.5 (+/−0.6)
Al 0.6 (+/−0.1) 0.5 (+/−0.3) 3.2 (+/−0.2) 3.5 (+/−0.1) 3.2 (+/−0.8) 12.0 (+/−0.1)
Si 18.5 (+/−0.3) 6.0 (+/−0.2) 61.4 (+/−2.5) 42.1 (+/−1.3) 55.9 (+/−1.5) 51.2 (+/−0.8)
P 0.5 (+/−0.0) 2.0 (+/−0.2) 0.1 (+/−0.0) 0.7 (+/−0.0) 0.3 (+/−0.1) 0.5 (+/−0.1)
S 0.1 (+/−0.0) 0.1 (+/−0.0) 0.2 (+/−0.0) 0.2 (+/−0.0) 0.2 (+/−0.0) 0.0 (+/−0.0)
Cl 0.2 (+/−0.0) 0.1 (+/−0.1) 0.4 (+/−0.0) 0.5 (+/−0.0) 0.6 (+/−0.0) 0.4 (+/−0.1)
K 0.5 (+/−0.4) 0.6 (+/−0.1) 20.0 (+/−1.0) 6.7 (+/−0.5) 19.7 (+/−0.6) 19.6 (+/−1.7)
Ca 41.8 (+/−0.3) 75.8 (+/−0.7) 7.0 (+/−0.4) 39.4 (+/−0.8) 8.8 (+/−1.2) 5.6 (+/−1.1)
Mn 1.3 (+/−0.1) 1.8 (+/−0.1) 0.7 (+/−0.0) 0.4 (+/−0.1) 0.9 (+/−0.1) 0.9 (+/−0.1)
Fe 5.5 (+/−0.4) 3.5 (+/−0.2) 1.6 (+/−0.6) 1.8 (+/−0.4) 3.9 (+/−0.9) 2.3 (+/−0.2)

Fig. 4. ESEM image of the coarse ash. Fig. 5. ESEM image of cracks in the olivine bed particle layers.
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the surface of the outer particle layer, a phenomenon observed in depo-
sition samples as well as in bed material and coarse ash samples (see
Fig. 5). Second, melt fragments attached to olivine particles showed ex-
actly the same composition as deposition melt fragments A, as seen in
Table 5, with about 10 wt.% of Mg. Therefore, it is likely that melts
from biomass ash and layered impurities get stuck on the olivine parti-
cles. Reaction with Ca-rich layers and Mg-rich areas seems to proceed.
These attached fragments can easily break off the olivine particle and
be found as fragments in the deposits. A high probability of breakage
of these fragments is further supported by another observation. Numer-
ous breakage areas for aged olivine particles, as shown in Fig. 6, could be
detected in the coarse ash. Olivine itself seems to be resistant to the for-
mation of cracks. Therefore, the tension which is built up by the growth
process of the layers results in cracks which lead to breakage of part of
the layer itself. If, additionally,melt fragments are attached to the layers,
breakage along the cracks seems probable.

SEM analysis showed a greater variety of different particles in the
coarse ash than in the bed material. Numerous melt fragments and lay-
ered impurities with high amounts of potassium could be found, but
XRD analysis did not detect the presence of potassium in crystalline
structures. Therefore, potassium seems to exist in an amorphous state
rather than in crystallite structures. This indicates that melting process-
es proceed in the post-combustion chamber. Chemical equilibrium cal-
culations also showed comparably high amounts of melt at elevated
temperatures for those fragments because of the relatively high content
of potassium. Only the presence of aluminum stabilizes the compound
and raises the melting temperature. However, even the fragments
with higher aluminum content, such as coarse ash fragments B, have
an estimated melt fraction of 33 to 43%, depending on the temperature.
As a result they become sticky in zones with elevated temperatures,
such as the cyclone or the post-combustion chamber. Melted fragments
which do not stick on thewalls and start building deposits but leave the
post-combustion chamber are recirculated to the combustion chamber
with the coarse ash. As a consequence, they can cause agglomeration
of bed particles. Keeping those fragments in the system increases the
probability of deposition build-up even further.

Coarse ash also showed higher amounts of older olivine particles,
characterized by thicker layers. These layers have a positive and a neg-
ative side regarding biomass gasification. On the onehand, the layers in-
crease the catalytic activity of the bed material [30]. On the other hand,
since layers originate from melting processes of biomass ash [28], they
have a high probability of causing agglomeration and deposit build-up
in zones with higher temperature. Particle size fractionation of bed ma-
terial and coarse ash showed that the average particle diameter is signif-
icantly smaller for particles recirculated with the coarse ash. As a

consequence, these particles have a higher probability of leaving the
system through the cyclone and entering the post-combustion chamber
before they can enter the gasification zone. Thus, a circulation of critical
components in the coarse ash is created between the combustion cham-
ber, the cyclone and the post-combustion chamber. This means that
critical components, such as potassium-rich fragments leading to ash
mixtures close to the eutectic point, are not only kept in the system,
but seem to bemainly circulated in the combustion part of the dual flu-
idized bed. As a result, the recirculated particles have only a slight im-
pact on the catalytic activity of the fluidized bed in the gasification
zone as they are not frequently found there.

The cyclone is a critical area in this process regarding inorganic com-
ponents. Temperatures between 950 °C and 1000 °C are typical in this
area during operation of the gasification plant. Circulated bed material
and circulated coarse ash both pass through the cyclone and therefore
make it vulnerable to deposits in long-term operation. Deposits in the
cyclone decrease the separation efficiency and as a result bed material
consumption rises. This leads to higher amounts of mineral material in
the post-combustion chamber and, as a consequence, a higher probabil-
ity of deposition build-up. Controlling the temperature levels in the sys-
tem is essential when logging residues are used. In long-term operation
the cyclone needs to be operated at temperatures below 950 °C. To
avoid an accumulation of critical compounds in the system, the coarse
ash should be released from the system periodically.

5. Conclusions

Logging residues as lower-cost feedstock lead to higher amounts of
potassium and therefore the melting temperature of the ash is lower
than that from stemwood. Mineral impurities, e.g., quartz, are brought
into the gasifier with the feedstock. Interaction between impurities
and biomass ash increases the risk of deposit build-up.

In summary, the conducted work showed that dual fluid bed gasifi-
cation of logging residues with high potassium amounts is possible and
was successfully demonstrated at the CHP plant Senden, Germany.
Knowledge of the above-described mechanism of deposit build-up
helps to increase the operation time and reduces the risk of unplanned
shutdowns.
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