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Abstract

In dual fluidised bed (DFB) steam gasification the bed material is used to transport heat from

the combustion to the gasification reactor and also to act as a catalyst for i.e. tar reduction.

Olivine has proven to be a suitable mineral for this application. Various previous studies have

shown that during operation a layer is formed on the surface of the bed material, originating

from interactions between fuel ash and bed material. This layer improves the catalytic activ-

ity of olivine. However, olivine contains traces of heavy metals necessitating the deposition

of bottom ash, which is connected to increased operation costs of a plant. A heavy-metal-

free material would therefore allow for further use of the bottom ash. Furthermore, until

now only woody based fuels have been used in DFB steam gasification, but the use of waste

streams would improve the economic feasibility of the system. Studying the behaviour with

these more complicated fuels increases the flexibility of the system.

K-feldspar was selected as possible candidate for an alternative bed material and thoroughly

studied during this thesis. It was used as bed material in both fluidised bed combustion and

DFB steam gasification experiments. A variety of alternative fuels were tested in combina-

tion with K-feldspar as bed material to additionally determine the suitability of K-feldspar

for the use with alternative fuels with higher ash contents compared to softwood. The fu-

els tested within this thesis include bark, straw, chicken manure and various mixtures be-

tween those fuels. The performance of DFB steam gasification experiments with K-feldspar

were benchmarked against experiments with fresh and layered olivine and calcite. Samples

collected during the experiments were studied for ash layers that formed on the bed mate-

rial with scanning electroscope microscopy combined with energy dispersive X-ray spec-

troscopy. The samples were additionally used in a micro-scale test-rig to determine and

compare their catalytic activity regarding the Water-Gas-Shift (WGS) reaction.

The results obtained from these experiments were summarised to answer three major as-

pects to bring K-feldspar closer to utilization in DFB steam gasification plants. Firstly, the

suitability of K-feldspar as alternative to olivine was evaluated. Secondly, the mechanisms

behind fuel ash layer formation with P-lean and P-rich fuels were determined. Thirdly, the

catalytic activity of fuel ash layers on K-feldspar and the time-dependent activation towards
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gasification reactions, with a focus on the WGS reaction, was described.

It was possible to show the applicability of K-feldspar as bed material both for fluidised

bed combustion and DFB steam gasification. Problems with agglomeration and ash accu-

mulation were observed occasionally but could be traced back to the low-melting eutectics

originating from the fuel ash composition. The experiments showed that special attention

has to be given to ash handling when alternative fuels are used.

Fuel ash layers on K-feldspar were studied originating from a variety of different fuels.

Throughout this thesis it was possible to further clarify the mechanisms proposed for layer

formation on K-feldspar with P-lean fuels. Additionally, a yet undescribed mechanism was

proposed for P-rich fuels. P inhibits the diffusion of Ca into the particle, leading to thinner

inner layers. Due to the reduced diffusion of Ca into the particle the diffusion of K out of the

particle was reduced as well.

In conclusion, it was possible to show that fuel ash can lead to an increase in catalytic ac-

tivity of catalytically inactive bed materials like K-feldspar. The use of K-feldspar as bed

material in DFB steam gasification in combination with ash-rich fuels is therefore especially

promising. More research as well as dedicated long-term experiments will be necessary to

further support the role of ash-rich fuels for K-feldspar activation.
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Kurzfassung

In der Zweibettwirbelschichtdampfvergasung wird ein Bettmaterial verwendet, um Wärme

vom Verbrennungsreaktor zum Vergasungsreaktor zu transportieren. Zeitgleich wirkt es

auch als Katalysator für die Teerreduktion in der Vergasung. Hierbei hat sich Olivin als

zweckmäßiges Mineral für diese Anwendung erwiesen. Zahlreiche frühere Studien haben

gezeigt, dass sich während des Betriebes eine Schicht auf der Oberfläche des Bettmaterials,

aufgrund der Interaktion zwischen Bettmaterial und Brennstoffasche, bildet. Diese Schicht

verbessert die katalytische Wirkung des Bettmaterials. Das derzeit verwendete Olivin

enthält allerdings Spuren von Schwermetallen, die es notwendig machen die produzierte

Asche zu deponieren, was die Betriebskosten einer Anlage erhöht. Ein schwermetallfreies

Bettmaterial würde eine weitere Nutzung der Asche erlauben und somit die Betriebskosten,

durch Wegfall der Deponierungskosten, senken. Weiters wurden bis jetzt nur holzartige

Brennstoffe in kommerziellen Zweibettwirbelschichtdampfvergasungsanlagen verwendet,

allerdings würde die Verwendung von Abfallströmen hierbei die Wirtschaftlichkeit des

Systems verbessern. Wird das Wissen über das Verhalten dieser alternativen Brennstoffe in

der Wirbelschicht verbessert, erhöht dies die Flexibilität der Zweibettwirbelschichtdampf-

vergasung.

K-Feldspat wurde als mögliches alternatives Bettmaterial ausgewählt und umfassend unter-

sucht. Es wurde als Bettmaterial in Wirbelschichtverbrennungsversuchen sowie Versuchen

zur Zweibettwirbelschichtdampfvergasung verwendet. Eine Vielzahl an alternativen Brenn-

stoffen wurde gleichzeitig mit K-Feldspat als Bettmaterial untersucht, um dessen Eignung in

Kombination mit alternativen Brennstoffen mit einem höheren Aschegehalt als Weichholz

zu ermitteln. Die untersuchten Brennstoffe waren Rinde, Stroh, Hühnermist sowie Mischun-

gen zwischen diesen Brennstoffen. Die Zweibettwirbelschichtdampfvergasungsversuche

mit K-Feldspat wurden zusätzlich mit Versuchen mit frischen und benutzem Olivin sowie

Kalk verglichen. Die gesammelten Proben wurden mit einem Rasterelektronenmikroskop

kombiniert mit energiedispersiver Röntgenspektroskopie auf Ascheschichten untersucht.

Zusätzlich wurden die Proben in einem Mikro-Prüfstand untersucht um die katalytische

Aktivität bezüglich der Wasser-Gas-Shift Reaktion zu ermitteln.
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Die erhaltenen Ergebnisse wurden zusammengefasst um drei Forschungsfragen zu beant-

worten und die Verwendung von K-Feldspat als Bettmaterial voranzutreiben. Erstens

wurde die Eignung von K-Feldspat als Alternative zu Olivin evaluiert. Zweitens wurde

der Mechanismus hinter dem Schichtwachstum mit P-armen und P-reichen Brennstoffen

ermittelt. Drittens wurde die katalytische Aktivität von Ascheschichten auf K-Feldspat

sowie seine zeitabhängige Aktivierung bezüglich Vergasungsreaktionen, mit einem Fokus

auf die Wasser-Gas-Shift Reaktion, beschrieben.

Es war möglich die Anwendbarkeit von K-Feldspat für die Wirbelschichtverbrennung

sowie die Zweibettwirbelschichtdampfvergasung zu zeigen. Die auftretenden Probleme mit

Agglomeration und Ascheanreicherung wurden gelegentlich beobachtet, konnten aber auf

die verwendeten Brennstoffe und die niedrigschmelzenden Eutektika der Brennstoffasche

zurückgeführt werden. Die Versuche zeigten daher, dass die Handhabung der Brennstof-

fasche besonders beachtet werden muss.

Ascheschichten auf K-Feldspat wurden für eine Vielzahl an verschiedenen Brennstoffen

untersucht. Während dieser Arbeit war es möglich die bereits vorgeschlagenen Mechanis-

men des Schichtwachstums mit P-armen Brennstoffen zu bestätigen. Zusätzlich wurde ein

erster Mechanismus für P-reiche Brennstoffe vorgestellt. P hemmt die Diffusion von Ca in

K-Feldspat was zu dünneren inneren Schichten führt. Aufgrund der verringerten Diffusion

von Ca in das Partikel war die Diffusion von K aus dem Partikel hinaus ebenfalls gehemmt.

Ebenfalls war es möglich zu zeigen, dass Brennstoffasche zu einer katalytischen Aktivierung

von katalytisch inaktiven Bettmaterialien wie K-Feldspat führt. Die Anwendung von K-

Feldspat als Bettmaterial in der Zweibettwirbelschichtdampfvergasung in Kombination mit

aschereichen Brennstoffen ist daher besonders vielversprechend. Weitere Untersuchungen

sowie dezidierte Langzeitversuche werden notwendig sein, damit die Rolle von aschereichen

Brennstoffen auf die Aktivierung von K-Feldspat vollständig geklärt werden kann.
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Chapter 1

Introduction

1.1 Unsustainability of Today’s Energy Consumption

The wealth of today’s society is mainly based on the exploitation of natural resources in an

unsustainable way. Several control variables summarised as planetary boundaries scurrently

exceed their threshold or are in a zone of uncertainty (see Figure 1.1). Climate change is only

one prominent example of a planetary boundary in a zone of uncertainty. There are several

international efforts combating climate change, with the Paris Agreement being one of the

Figure 1.1: Current status of seven from nine planetary boundaries as defined by Steffen et al. [1].
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Fuel Ash – K-Feldspar Interactions

most recent ones. The Paris Agreement is a worldwide agreement within the United Nations

Framework Convention on Climate Change. Parties that ratified the Paris Agreement accord

to hold the rise in global temperature below 2 ◦C compared to pre-industrial levels and aim

to limit the increase in global temperature to 1.5 ◦C [2]. Currently 188 of the 197 Parties of

the Convention have ratified the Paris Agreement [3].

Climate change is caused by man-made emissions of CO2 and other greenhouse gases. CO2

emissions rose from 280 ppm in pre-industrial times [4] to 414 ppm in April 2020 [5]. Figure

1.2 (top) depicts the worldwide CO2 emissions by sector. The highest emissions can be at-

tributed to electricity and heat production and the highest proportionate increase in emissions

was observed for industry.

Figure 1.2: Top: CO2 emissions worldwide by sector in the years 1990 to 2016. Adapted from [6].
Bottom: Primary Energy consumption in million tonnes oil equivalent worldwide in the years 1990
to 2017. Adapted from [7].

The increase in CO2 emissions observed for electricity and heat production can be further

explained with the increase in primary energy consumption (see Figure 1.2 bottom). The

majority of primary energy is currently produced from fossil resources and its share on total

primary energy consumption stayed constant in the years 1990 to 2017 at around 81 %.
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CHAPTER 1. INTRODUCTION

1.2 Energy Production in a Circular Economy

Today’s linear economy with one-time use of resources is one of the causes for exceeding

several of the planetary boundaries. A linear economy leads to a depletion of natural re-

sources and accumulation of unused waste deposited in landfills or polluting the oceans.

Switching to a more sustainable economy is necessary to reduce humanities’ impact on the

environment.

A possible approach to reduce the use of resources can be summarised under the term circular

economy. Geissdoerfer et al. [8] defined circular economy in the following way:

Circular economy is a regenerative system in which resource input and waste,

emission, and energy leakage are minimised by slowing, closing, and narrowing

material and energy loops. This can be achieved through long-lasting design,

maintenance, repair, reuse, remanufacturing, refurbishing, and recycling.

Pursuing a Circular Economy leads to a more sustainable economy and helps in reducing

CO2 emissions. The European Green Deal is an ambitious goal set by the European

Commission for zero net emissions of greenhouse gases in the European Union by 2050

[9]. Additional goals of the Green Deal are the transition to a clean, circular economy by an

efficient use of resources and the restoration of biodiversity.

An increase in renewable energy is one piece in transitioning to a more sustainable economy

by reducing the one-time use of fossil resources for energy production. An especially

appealing approach is gasification of waste. This way waste is not deposited on landfills but

further utilised. By choosing waste gasification it is not only possible to provide power and

heat but also valuable gases that can be used for synthesis of chemicals and liquid fuels.

More details will be provided in the following chapter.

Wastes often contain a notable amount of inorganic components that remain as so-called

ash after gasification. Some waste materials, like manures, contain considerable amounts

of valuable nutrients like P. Utilizing these waste streams in gasification is one way to

concentrate these nutrients and making it easier to recover them. Phosphorus (P) is an

important nutrient necessary for all life to flourish. The European Food Safety Agency

recommends a P uptake of 700 mg d−1 [10]. Currently P is mainly produced from phoshate

rock, which is a finite ressource [11]. In a report from 2017 the European Union recognises

P as critical raw material [12]. P was also identified as one of nine planetary boundaries

for a sustainable society and P depletion is an even greater risk to the planet than climate

change [1] (Figure 1.1).

Manures are one possible source for P recycling. Manures can be used as fertiliser directly,
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but this is infeasible in areas where not enough agriculture is close to animal farms.

Combustion of manures facilitates the organic compounds for energy production while the

resulting ash is enriched in P and other nutrients. Pig manure ash after combustion contains

18.8 % of P2O5, chicken manure ash contains 15.3 % and kitchen waste typically contains

18.8 % [10]. The resulting ash can be used for P recovery or might already be suitable as

fertiliser as it is.

During combustion P can be precipitated in a variety of compounds. Apatite is a mineral

unavailable for plants for nutrient uptake while whitlockites incorporating K into their crys-

tal structure have shown positive leaching properties for plant uptake [13]. Schiemenz and

Eichler-Löbermann [14] tested three different biomass ashes (rape meal, straw and ceareal

ash) for their suitability as P fertiliser. Overall, the results showed a similar fertilization

effect compared to triple superphosphate, a highly soluble P source. Codling et al. [15]

studied the effect of poultry manure ash as a source for P comparing to another commercial

fertiliser, namely potassium phosphate. The tests did not show any differences between the

poultry manure ash and the commercial fertiliser, suggesting that poultry manure ash is a

suitable fertiliser.
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Chapter 2

Fundamentals

2.1 Thermochemical Conversion of Biomass and Waste

Biomass is a renewable energy source originally gaining its energy content from solar irradi-

ation via photosynthesis [16]. Compared to other energy forms originating from the sun (e.g.

photovoltaics, wind energy) biomass stores solar energy and is independent of the current

weather [16]. Biomass can be converted into energy by physico-chemical, bio-chemical

or thermo-chemical conversion processes. A physico-chemical conversion process is the

extraction of plant oil from oil-rich biomass by pressing. Anaerobic digestion to biogas

and fermentation are examples for bio-chemical conversion processes. Thermo-chemical

conversion processes include combustion, pyrolysis and gasification [16, 17].

During thermochemical conversion biomass passes several stages. During heating and

drying, water is removed from the biomass matrix. Drying can take place up to temperatures

of 200 ◦C [16].

Pyrolysis is the next step occurring after drying. At temperatures of around 150 ◦C–220 ◦C

the destruction of macromolecules inside the biomass starts. This process occurs until a

temperature of around 500 ◦C. The macromolecules (cellulose, hemicellulose, lignin) are

mainly converted to H2O, CO2, CO and methanol as well as solid residues, also referred

to as coke [16]. Pyrolysis reactions take place without O2, even if O2 would be available.

The vast amount of gaseous products forming during pyrolysis are released from inside the

particle and hinder the access of O2 to the biomass [16].

The coke produced during pyrolysis is further decomposed if oxygen is available, marking

the so-called gasification step. The carbonaceous material is transformed into a gas mixture

of CO, CO2, H2, H2O and CH4. Depending on the gasification method the resulting gas

additionally contains N2, tars, soot and other higher hydrocarbons [18].
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A wide variety of reactions occur during gasification, the most important ones are given in

Equations (2.1)–(2.8). Equations (2.1) and (2.2) display the exothermal (partial) oxidation

of C and occur when O2 is available in the gasification agent. The C-matrix can also be

gasified by H2O (water-gas reaction), CO2 (boudouard reaction) and H2 (hydrogasification),

shown in Equations (2.3)–(2.5).

• Oxidation:

C +O2 → CO2 (2.1)

• Partial oxidation:

C +
1

2
O2 ↔ CO (2.2)

• Heterogeneous water-gas reaction:

C + H2O ↔ CO+ H2 (2.3)

• Boudouard reaction:

C + CO2 ↔ 2CO (2.4)

• Hydrogasification:

C + 2H2 ↔ CH4 (2.5)

• Water-gas-shift reaction:

CO+ H2O ↔ CO2 +H2 (2.6)

• Steam reforming of methane:

CH4 +H2O ↔ CO+ 3H2 (2.7)
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• Steam reforming of hydrocarbons:

CmHn +mH2O ↔ mCO+ (m+
n

2
)H2 (2.8)

Apart from heterogeneous reactions between the solid C-matrix and the fluidisation medium

a variety of homogeneous gas phase reactions occur. Equations (2.6)–(2.8) show a selection

of homogeneous gas phase reactions occurring in the presence of steam. The Water-Gas-

Shift (WGS) reaction is one of the major reactions in controlling the H2:CO ratio in the gas

produced during gasification.

Combustion is the last step of thermochemical conversion. It describes the complete

conversion of carbonaceous matter to CO2 and H2O. The heat produced during combustion

can be either used directly as heat source or further converted to power [16]. Enough O2 has

to be available for complete oxidation to occur. The relation of available oxygen to the mini-

mal necessary oxygen for complete oxidation is the air excess number λ (see Equation (2.9)).

λ =
available oxygen
stoichiometric O2

(2.9)

2.1.1 Gasification Technologies

Thermochemical gasification of biogenic fuels produces a gas rich in CO, CO2, H2, H2O

and CH4, the so-called product gas [16]. Gasification is a promising option to advance the

eco-friendly and efficient production of secondary energy carriers as well as heat and power

generation from this product gas. It can additionally be used as reactant for various synthe-

ses, like Fischer-Tropsch [19, 20], natural gas [21, 22], and mixed alcohol synthesis [23].

Additionally it is possible to separate H2 from the gas stream for renewable H2 generation

[24].

Gasification can be performed in a variety of different reactors. All of these designs have

different advantages and disadvantages, which will be further described in the following

section. Especially the plant size is one criterion when choosing the appropriate gasifi-

cation technology. The smallest plants can be realised as fixed bed gasifiers with a size

of 10 kW–10 MW. Fluidised beds cover the medium range of applicability with a size of

2 MW–100 MW and entrained flow gasifiers are most optimal at power ranges of 40 MW–

1 GW [18].
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Fixed Bed Gasification

In fixed bed gasifiers the fuel forms a fixed bed (i.e. the gas velocity is too low to move

the fuel). The fuel is fed from the top and undergoes all steps of thermochemical conver-

sion at different heights of the reactor while moving downwards leaving behind ash at the

bottom of the reactor. The most common fixed bed gasifiers are the co-current and counter-

current fixed bed gasifiers. The terms co-current and counter-current describe the relation of

flow directions of the fuel (always downward) and the gas (downwards for co-current and

upwards for counter-current gasification). This design is especially suitable for small scale

applications due to its simple design.

Fluidised Bed Gasification

Fluidised bed reactors consist of a bed material which is held in suspension by the gas stream.

The bed material consists of solid particles, typically with a size of 0.5 mm–1 mm, and it can

be inert or act as a catalyst [16]. The use of a fluidised bed ensures good gas-solid mixing

and a uniform temperature throughout the bed making it possible to use a variety of fuels of

different qualities [25] (e.g. possible fuel water contents of 0.05 kg kg−1–0.6 kg kg−1 dry fuel

[16]). Fluidised bed gasification can be performed in bubbling fluidised beds or circulating

fluidised beds which vary in the applied gas velocities. A special form of fluidised bed

gasifiers are dual fluidised beds (DFBs). DFBs consist of two reactors, with one reactor

being dedicated to gasification and the second being dedicated to combustion to supply heat

for endothermic gasification reactions.

Entrained Flow Gasification

For entrained flow gasification the fuel is finely ground, which is especially challenging for

biomass since grinding of fibrous materials is energy intensive [18]. The fuel is then gasified

at 1200 ◦C in co-current flow with air or oxygen [16]. The small particle size of the fuel leads

to complete gasification after a few seconds. Due to the high temperatures occurring the fuel

ash normally melts and can be collected as slag. Therefore, entrained flow gasification is

especially suitable for fuels with low ash-melting behaviour which cannot be used easily in

other gasification technologies. The high temperatures also lead to a low tar content and low

methane content which are especially advantageous for synthesis applications [18].

8



CHAPTER 2. FUNDAMENTALS

2.2 Dual Fluidised Bed Steam Gasification

DFB steam gasification employs steam as a gasification agent, leading to a N2-free product

gas [26–28] with a heating value of of around 10 MJ m−3–16 MJ m−3 [29].

The basic principle of DFB steam gasification is shown in Figure 2.1. This process is based

on the separation of endothermic gasification and exothermic combustion. Heat, which is

necessary for the endothermic gasification, is provided by a circulating bed material from the

combustion reactor (CR) to the gasification reactor (GR). Steam is used as the gasification

agent for the bubbling bed in the GR. A part of the produced char is transported to the

CR with the bed material and combusted to provide the heat necessary for gasification [30,

31]. Apart from heat transfer the bed material additionally works as a catalyst regarding tar

reduction and the WGS reaction [32–34]. Due to its attrition resistance and catalytic activity

towards tar reforming olivine was originally chosen as a suitable mineral for this application

[35].

Figure 2.1: Basic principle of DFB steam gasification [30].

Based on this concept, the first industrial application using wood as fuel was commissioned

in the early 2000s with the combined heat and power plant Güssing in Austria (8 MW thermal

input fuel capacity). Further plants went into operation in Oberwart, Austria (9 MW thermal

input fuel capacity), Villach, Austria (15 MW thermal input fuel capacity), Senden, Germany

(15 MW thermal input fuel capacity), and Göteborg, Sweden (32 MW thermal input fuel

capacity) [29, 36].

2.2.1 Current Developments in DFB Steam Gasification

Due to economic problems most of the DFB steam gasification plants erected until now are

currently not in operation [37]. In Austria the plants in Güssing and Oberwart were shut

down after the expiration of the "Ökostromförderung" for the plants making them econom-
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ically infeasible. An economically infeasible operation also led to shut downs of plants in

Germany and Sweden.

Recent research in the field of DFB steam gasification is focussing on improving economics

and process performance in a variety of ways. Considerable research is focussed on alterna-

tive fuels with lower costs compared to softwood. Further information regarding alternative

fuels is summarised in Section 2.4.

Also the bed material is subject to continuous research in DFB steam gasification. The

olivine used until now contains considerable amounts of heavy metals like Ni and Cr making

it necessary to deposit the ash, which contains fractions of olivine due to attrition [38]. By

changing to a heavy metal-free alternative the deposition costs can be saved. The research

on alternative bed materials and their performance regarding layer formation and catalytic

activity are summarised in Section 2.3. Additionally, it may be possible to further utilise

the ash to generate additional revenue. This is especially interesting when using ash- and

nutrient-rich fuels. Preliminary research on the fertilisation potential of P-rich fuel ashes

showed promising results, as was already described in Subsection 1.2.

The products strived for are also developing to more high value outputs. Instead of provid-

ing a gas suitable for heat and power production, as was the case for most of the previous

commercial plants, the product gas is now optimised for downstream syntheses. Ways to

influence the H2:CO ratio are investigated to achieve a ratio suitable for syntheses (2:1 for

Fischer Tropsch synthesis [39] and mixed alcohol synthesis [23], 3:1 for methanation [40]).

This and reduced tar contents, reducing gas cleaning complexity, are mainly achieved by

using catalytically active bed materials and optimised process conditions.

A demonstration plant of 1 MW is currently being erected in Vienna with a focus on waste

and especially sewage sludge gasification. The differences to wood gasification will be stud-

ied in campaigns of several weeks as a last step before commercialisation. Syntheses (e.g

Fischer-Tropsch) will also be performed downstream to represent the entire process chain.

2.3 Bed Material-Fuel Ash Interactions

The interactions between fuel ash, which is produced during thermo-chemical conversion,

and bed material can have several positive as well as negative effects on the operation of

fluidised beds. Agglomeration of the bed material can lead to defluidization and unplanned

plant shut-downs. On the other hand, layer formation is increasing the catalytic activity of

bed materials for gasification reactions.
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2.3.1 Agglomeration

Agglomeration occurs when several bed material particles stick together to form an agglom-

erate of particles, which cannot be fluidised with the same fluidisation velocity, leading to

defluidisation. Most literature regarding agglomeration is focused on quartz, the most com-

mon bed material used for fluidised bed combustion applications. Two types of agglomer-

ation are described in literature, namely coating-induced and melt-induced agglomeration

[41]. Figure 2.2 depicts both agglomeration types.

Figure 2.2: Agglomeration types. (1) Coating-induced agglomeration, (2) Melt-induced agglomera-
tion [41].

Coating-induced agglomeration is caused by the formation of alkali silicate melts on the bed

material surface. These alkali silicates are normally potassium silicates due to the higher

concentration of K compared to Na in most of the fuels [42]. An inner layer forms via in-

teraction of alkali from the fuel ash with the Si from the bed material. When bed material

particles collide, agglomeration might occur by the formation of a potassium silicate neck

connecting the particles at critical conditions. Higher temperatures and thicker layers were

identified as conditions promoting agglomeration [41].

Melt-induced agglomeration is caused by the collision of molten ash particles with bed mate-

rial particles [42]. Agglomerates resulting from melt-induced agglomeration normally show

more melt and agglomerate formation compared to coating-induced agglomeration. In this

case the melt phase approximately mirrors the fuel ash composition [41].

Reduction of ash related problems by additives

Kaolin (Al2Si2O5(OH)4) is a possible additive that can be used to increase the ash melting

temperature in fluidised beds [42–44]. Öhman and Nordin [45] were able to increase the

agglomeration temperature of wheat straw in a quartz bed from 739 ◦C to 886 ◦C.

Vuthaluru et al. [46, 47] tested the potential of calcite and magnesite to reduce ash-related

problems during the combustion of low-rank coals. While the presence of Mg made it
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possible to contain ash-related problems it was only possible to delay and reduce the severity

of ash-related problems with Ca-containing minerals. Zhou et al. [48] correlated the higher

stability of dolomite against agglomeration compared to magnesite to its Ca-content. The

Ca in dolomite binds the Si from the ash so it is not available for reactions with K to form

low-melting eutectics.

2.3.2 Layer Formation

Quartz

Quartz (SiO2) is one of the most abundant minerals in the continental crust and is the most

commonly used bed material in fluidised bed combustion. It has a Mohs’ hardness of 7 and

a density of 2.65 g cm−3 [49].

Öhman et al. [50] performed combustion and gasifications experiments with various fuels in

a quartz bed. They observed two layers on the quartz bed material particles, a homogeneous

inner layer rich in K-Ca-silicates and an ash particle-rich outer layer. Apart from the fuel

Lucerne, an S-rich fuel, no difference in layer formation was determined between combus-

tion and gasification. Similar observations were made by Brus et al. [51]. The inner layer

grew inwards the particle forming Ca-rich silicates. For fuels rich in K and Na, a layer rich

in alkali silicates developed. The outer layer originated from an adhesion of ash particles.

Grimm et al. [52] observed a change in layer formation mechanisms with P-rich fuels. As

soon as P is available, alkali and alkaline earth metals first react with P before reacting with

Si [53] leading to the changes in layer formation.

Feldspars

Feldspars are a group of minerals consisting of K-feldspar (KAlSi3O8), Na-feldspar

(NaAlSi3O8) and Ca-feldspar (CaAl2Si2O8) as its end members. Feldspars are the most

common mineral in the Earth’s crust, making up around 0.51 m3 m−3 [49]. Feldspars have a

Mohs’ hardness of 6 and a density of 2.6 g m−3–2.7 g m−3 [49].

Kuba et al. [38] observed layers on K-feldspar particles from a DFB gasification process

in Senden, Germany. The K-feldspar particles were introduced into the olivine bed as

impurities, probably from the woody biomass used as fuel. The Ca-content inside the layers

increased towards the particle surface, while K was depleted. This indicates a substitution

of K+ by Ca2+. The increase in Ca towards the surface also decreases the amount of

melt predicted through thermochemical calculations, indicating a reduced agglomeration
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tendency of the layers. He et al. [54] also observed a substitution of K with Ca in K-feldspar

layers indicating that the diffusion of Ca into the particle plays a major role in layer

formation.

Berguerand and Berdugo Vilches [55] used an alkali-feldspar (0.48 kg kg−1 K-feldspar,

0.4 kg kg−1 Na-feldspar, 0.06 kg kg−1 Ca-feldspar, 0.06 kg kg−1 quartz) as bed material in a

DFB steam gasification plant. Layers rich in Ca, K, Mg and Na were observed. Faust et al.

[56] and Hannl et al. [57] further studied alkali feldspars in a two part study and compared

the layer formation on K- and Na-feldspars. They observed that Na-feldspar undergoes

an additional reaction step by forming K-rich layers with K from the fuel ash. Due to

this additional reaction layer they concluded that Na-feldspar is a less stable bed material

compared to K-feldspar. During the formation of this K-rich layer Si and Na are expelled

from the Na-feldspar particle which can cause an increase in ash melting and agglomeration.

Olivine

Olivine ((Mg, Fe, Mn)2SiO4) is the most commonly used bed material in commercial DFB

steam gasification plants. It has a Mohs’ hardness of 6.5–7 and a density between 3.2 g cm−3

(Mg2SiO4) and 4.3 g cm−3 (Fe2SiO4) [49].

De Geyter et al. [58] observed layer formation on olivine during bark, olive residue and

wheat straw combustion. The inner layers that formed during these experiments where rich

in Mg, Si, Ca and K. Davidsson et al. [44] performed combustion experiments with olivine

and wood pellets co-fired with straw pellets. Layers rich in Ca could be observed. No

K and only little Si-enrichment could be observed in the layers. Ca-rich layers were also

observed by Kirnbauer and Hofbauer [59]. They studied bed materials from the DFB steam

gasification plant located in Güssing, Austria. The missing K in the inner layers formed on

olivine is in accordance with chemical equilibrium calculations [60].

Kuba et al. [34] proposed a mechanism for layer formation based on long-term operation

at the DFB steam gasification plant in Senden, Germany and thermochemical calculations

with the tool FactSage. They described several phases of layer formation. The first phase

is a solid-solid reaction between Ca2+ and olivine. The continuous addition of Ca by fuel

ash slowly substitutes Fe and Mg from the olivine structure, starting with Fe. Several Ca-

Mg-silicates are formed as intermediates before the substitution ends with Ca2SiO4. The Mg

expelled from the inner layer is trapped between inner layer and outer ash-rich layer, leading

to an Mg-rich part in the inner layer. The changes in bond length due to the substitution

reactions lead to tensions inside the particle and subsequently to cracks in the layers and

fragmentations of the layer. The findings reported by Faust et al. [61] support the proposed
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mechanism. They observed two layers, a porous outer layer which was rich in MgO and an

inner layer rich in Ca-Mg-silicates.

2.3.3 Influencing the Product Gas Quality by Bed Material Choice and

Fuel Ash Layers

While fresh K-feldspar showed no catalytic activity towards tar reforming [62], a recognis-

able catalytic activity was observed for alkali feldspar [55, 63]. The used alkali feldspar

consisted of 0.48 kg kg−1 K-feldspar, 0.4 kg kg−1 Na-feldspar, 0.06 kg kg−1 Ca-feldspar and

0.06 kg kg−1 quartz [63]. The literature indicates that K-feldspar and quartz are inactive com-

ponents in the alkali feldspar [62, 64], but no information is available for pure Na-feldspar

and Ca-feldspar in literature.

At the elevated temperatures used for DFB steam gasification, calcite is calcined to CaO.

Calcite, resp. CaO, has been occasionally tested as bed material for DFB steam gasification

[65, 66]. The use of calcite leads to elevated contents of H2 and reduced tar contents. Only

the dust content in the product gas is increased due to abrasion caused by the low hardness

of calcite. Another application of calcite is sorption enhanced reforming (SER), using the

same reactor setup as DFB steam gasification [67]. SER takes advantage of the calcination

of CaCO3 to CaO. The gasification takes place at comparably low temperatures of around

650 ◦C where CaCO3 is still stable. The bed material is then transported to the combustion

reactor, reaching around 900 ◦C calcinating the CaCO3 to CaO and releasing CO2 with the

flue gas. The bed material is transported back to the gasifier where it is carbonated back to

CaCO3. With the aid of calcination and carbonation it is possible to produce a product gas

enriched in H2 and a CO2-rich flue gas.

Delgado et al. [68] compared the catalytic activity for calcite, magnesite and dolomite during

gasification and concluded that dolomite is the most active mineral, followed by magnesite

and calcite. They speculated that the presence of both Ca and Mg distorts the crystal lat-

tice, resulting in more active sites for reactions to take place. Hervy et al. [69] detected a

deactivation of dolomite of around 24 % during air-blown biomass fluidised bed gasification

caused by accumulation of Si and coke on the surface.

An extensive study compared the activation potential of several bed materials [70]. Quartz,

ilmenite, bauxite and olivine were used as bed material in the DFB steam gasification plant at

Chalmers University of Technology, Sweden for one week each. It was possible to observe

an approximation towards the WGS equilibrium over time for all tested bed materials. A

reduction in tar content was also observed. The highest catalytic activity was observed for

bauxite and the lowest activation was observed for quartz.
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The influence of fuel ash layers on olivine on the catalytic activity was studied by Kirnbauer

et al. [71]. They saw a decrease in tar content (up to 80 % GCMS tars reduction) in the

product gas produced at the DFB plant Güssing, Austria. An influence on the WGS reaction

was observed by Kuba et al. [64] for layers formed on olivine from the DFB power plant

in Senden, Germany and layers on quartz from a bubbling fluidized bed (BFB) combustion

plant in Austria. Marinkovic et al. [72] also detected an increase in catalytic activity for

olivine over time. They also measured a positive impact of elemental S, which was added

to the boiler. The positive impact of S was explained by its potential to bond K. Gaseous K

is attributed with a positive impact on tar reduction as well [72]. The addition of silica sand

to the olivine bed led to increased tar concentrations in the product gas. Berdugo Vilches

et al. [73] activated olivine with K and S and studied its potential for char gasification with

steam. They described the transfer of K and S from the outer olivine layer into the char

particle, which enhanced the gasification of the char particle. Faust et al. [74] detected MgO

in olivine layers and linked the increase of catalytic activity to its enrichment on the surface

instead of K-enrichment.

Layers on feldspars have also been linked to an increased catalytic activity. Berguerand and

Berdugo Vilches observed a decrease in tars of 47 % in the first 4 d of operation with al-

kali feldspar [55]. After 7 d of operation they observed an oxygen-carrying capability of the

alkali-feldspar. This means that oxygen was transported from the combustion reactor to the

gasification reactor by the bed material further oxidizing the product gas, leading to higher

levels of CO2 and lower levels of H2.

2.4 Alternative Biogenic Fuels in Gasification

A wide variety of fuels other than wood are possible candidates for combustion and gasifi-

cation applications. Alternative fuels often have higher ash contents, making it necessary to

give additional attention to ash removal and ash melting as well as other ash related influ-

ences.

2.4.1 Woody Biomass

Logging residues and bark are already regularly used in combustion plants as well as oc-

casionally in gasification plants due to their lower price or abundant availability. Woody

biomass ash is rich in Ca which is advantageous for bed material activation. Nilsson et

al. [75] performed air gasification experiments with olive tree prunings in laboratory scale.

Based on the experiments they caclulated a cold gas efficiency up to 70 % and a carbon con-
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version over 95 % for commercial scale.

The DFB steam gasification plant GoBiGas in Göteborg was operated with bark for 12 000 h

in the years 2014 to 2018 [76]. Extrapolating the obtained bark gasification data to a fuel

input of dried bark showed that a comparable gasification performance could be achieved

compared to wood pellets. They also did not observe any agglomeration problems during

operation with bark. It was also possible to show a cost reduction for biofuel production

from bark gasification of around 40 % compared to wood pellet gasification.

Andritz operates two circulation fluidised bed gasification plants, one in Finland (48 MW)

and one in China (65 MW) [77], with bark and chip screening fines and replace fossil fuels in

the lime kiln of pulp mills. In the plant in Finland it was possible to replace 95 % of natural

gas on a yearly basis.

2.4.2 Agricultural Residues

Many agricultural residuals contain high amounts of Si or other elements which reduce

the ash melting point. He et al. [78] tested grape marc, wheat straw and cotton stalks in

fluidised beds in combustion and steam gasification atmosphere. They observed different

mechanisms for agglomeration for the different fuels. For grape marc and cotton stalk

a layer induced agglomeration was observed, while wheat straw showed a melt induced

agglomeration. The steam available during steam gasification lowers the melting point of

alkali carbonates. This leads to more alkali silicates forming larger agglomerates, which

was best observed for grape marc. During the conversion of grape marc and cotton stalk

a difference in S distribution over the reactor could be observed as well. In a combustion

atmosphere S stays in the ash and binds alkali and earth alkali metals. In a steam gasification

atmosphere the S is released into the gas phase leaving more alkali metals free to react with

Si to form low melting silicates, enhancing the agglomeration tendency.

Fryda et al. [79] studied the agglomeration tendency of giant reed, sweet sorghum bagasse

and olive bagasse during fluidised bed gasification. The first two agglomerated at low

temperatures (785 ◦C to 812 ◦C) due to the formation of silicate ash melts. Olive bagasse

defluidised at higher temperatures (830 ◦C in a quartz bed, <850 ◦C in an olivine bed) as was

predicted by thermodynamic calculations.

To mitigate the problems associated with low ash melting behaviour blending of agricultural

residues with other fuels was studied. Valin et al. [80] gasified two mixtures of wheat straw

with oak bark (50:50 and 15:85 weight %) modelling dual fluidised bed gasification by first

gasifying and then switching to combustion of the char in the same reactor. They observed

initial agglomeration formation for the 50:50 mixture but did not observe any problems
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with the lower straw admixture. The gasification with the 15:85 mixture seemed overall

promising with a cold gas efficiency of 80 %.

2.4.3 Sewage Sludge and Manures

Manures and sewage sludge are rich in various nutrients like P. Their high ash and water

content makes using them more challenging than wood. Skoglund et al. [81] combusted

pelletised sewage sludge in a bench-scale fluidised bed. The burnt-out fuel formed so-called

"ash pellets", meaning that the fuel ash basically kept the shape of the pellets during burn-

out. Due to these ash pellets most of the fuel ash remained inside the fluidised bed, making

it especially interesting for further utilization as e.g. fertiliser.

Poultry manure has been tested in gasification applications several times [82–84]. Ng et al.

[82] co-gasified chicken manure with 70 % wood waste and obtained a comparable lower

heating value to the gasification of pure wood waste. Pandey et al. [84] and Horvat et al.

[83] studied the gasification of poultry manure in fluidised beds. During the experiments

limestone addition was necessary due to agglomerations occuring in the bed without added

limestone [84]. The high ash content of poultry manure increased the catalytic activity in

the reactor and led to comparably low tar contents in the product gas. The high N content of

poultry manure also changes the range of tars observed during poultry gasification leading

to a variety of N-containing tars in the product gas [83].
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Chapter 3

Aim of the Work

The main aim of this work is to increase the sustainability of DFB steam gasification.

K-feldspar was studied as alternative, heavy metal-free bed material to substitute olivine in

future DFB steam gasification applications. It was chosen since it is a mineral abundant in

the earth’s crust worldwide, making it a possible candidate to be an alternative bed material

globally. Apart from the bed material also different waste fuels were investigated to increase

the sustainability of the system. The waste streams studied were bark, straw and chicken

manure. This way a wide array of different fuel types and their suitability for DFB steam

gasification were identified. Especially the use of chicken manure influenced the layers

occurring on K-feldspar compared to the layers described in literature for woody biomass.

Further understanding the mechanisms behind layer formation is of major importance

to be able to better predict agglomeration of the bed material. Since agglomeration can

lead to costly plant shut-downs, being able to better predict and hinder agglomeration

further improves the efficiency of DFB steam gasification plants. The effect of fuel ash

and layer formation is of importance regarding catalytic activation. The possibilities of

fuel ash to activate catalytically inactive K-feldspar are of major interest to optimise DFB

steam gasification performance. Especially the initial activation is relevant since it shows

the time-span at which a noticeable enhancement of the product gas composition can be

expected.

Additionally, an outlook on the next steps necessary to further develop K-feldspar as bed

material and the use of alternative fuels in DFB steam gasification will be given.

Throughout this thesis the following research questions will be addressed and answered:

1. Can K-feldspar be used as alternative bed material in DFB steam gasification to re-

place olivine?
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2. What are the mechanisms behind fuel ash layer formation on K-feldspar?

3. How is the catalytic activity and time-dependent activation of fuel ash layers influ-

enced by different fuels?
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Chapter 4

Experimental Setup and Methodology

4.1 Used Fuels

A wide variety of fuels were used throughout this thesis. A summary of fuel porperties is

given in Table 4.1 and the fuel ash composition is depicted in Figure 4.1. The used fuels

cover a wide range regarding their ash content and ash composition. Therefore, the content

of ash-forming elements varies in a range of several magnitudes. While softwood (SW) is an

ash-lean fuel, chicken manure (CM) contains a considerable amount of ash, mentionable are

the high contents of Ca and P which are relevant elements in layer formation processes.

If necessary, fuels were pre-dried in a first step. Each fuel was then milled and pelletised to

pellets with a diameter of 6 mm. For preparation of the fuel mixtures the fuels were mixed

before milling, to ensure a homogeneous mixture. All fuel mixtures (given in Table 4.1)

are based on a dry mass basis (db). SW and CM pellets were the only fuels not milled and

pelletised since they were already available as 6 mm pellets.

4.2 Used Bed materials

Several bed materials were used throughout this work to study their behaviour during DFB

steam gasification (see Table 4.2). K-feldspar is the focus of this thesis as a new bed material

candidate for DFB steam gasification. Olivine was tested since it is the bed material currently

utilised in commercial plants. Two types of olivine were studied throughout this work, a

fresh, calcined olivine and a used olivine from the DFB steam gasification plant in Senden,

Germany. Limestone was taken for mixtures with K-feldspar to model activated bed material.

Pure limestone was also applied as bed material as benchmark for a catalytically active bed

material.
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Table 4.1: Summary of properties of the fuels used throughout this thesis.

fuel (mixtures) abbr. ash content LHV volatile matter ash de-
formation
temperature

fuel mixtures in
weight-% db

kg kg−1 db kJ kg−1 db in kg kg−1 db ◦C

softwood SW 0.002 18 943 0.854 1180
bark BA 0.081 18 180 0.722 1160
wheat straw WS 0.075 16 860 0.747 830
chicken manure CM 0.254 13 900 0.677 n.o.
90 % BA, 10 % CM B9C1 0.095 17 500 0.702 1230
70 % BA, 30 % CM B7C3 0.135 16 430 0.687 n.o.
90 % WS, 10 % CM S9C1 0.090 16 900 0.742 880
70 % WS, 30 % CM S7C3 0.130 16 010 0.718 1170
59.5 % BA, 15 % WS,
25.5 % CM

BSC 0.125 16 780 0.699 1335

db dry mass basis
n.o. not observed

Figure 4.1: Fuel ash composition of the fuels used throughout this thesis.
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Table 4.2: Sauter diameter, density as well as hardness of the used bed materials.

Bed material Sauter diameter particle density bulk density Moh’s hardness
µm kg m−3 kg m−3 -

K-feldspar 287 2600 1250 6
Limestone 480 2650 (1500*) 1400 (800*) 3
fresh olivine 250 2850 1500 6
used olivine 329 n.d. n.d. n.d.

* after calcination
n.d. not determined

K-feldspar was also used as bed material for combustion experiments. For these experiments

it was sieved to a size of 200 µm–250 µm.

4.3 Fluidised Bed Combustion

The 5 kW fluidised bed combustion plant at Umeå University was used for an experimental

campaign with a focus on the formation of ash layers on K-feldspar. A detailed scheme of

the plant is depicted in Figure 4.2. The fluidised bed has a height of 2 m, an inner diameter

of 100 mm in the fluidised bed and a diameter of 200 mm in the freeboard section. A

primary air flow of 50 L min−1 and a secondary air flow of 30 L min−1 were used during the

experiments. External heating was applied to ensure a homogeneous temperature along

the reactor height. Temperatures, differential pressures and the flue gas composition were

monitored continuously. The cyclone removed all particles bigger than 10 µm from the flue

gas. The flue gas was then further cleaned in a water scrubber (not depicted in Figure 4.2).

A more detailed description of the plant was published by Öhman and Nordin [85].

540 g of sieved K-feldspar (200 µm–250 µm) was filled into the reactor for each experiment.

The reactor was heated up to the operational temperature (730 ◦C–830 ◦C) before starting

with the fuel feed. The lower end of the range was used for wheat straw (WS) and WS

mixtures, due to WS’s lower ash melting point (see Table 4.1). The fuels were fed with

a rate of around 0.7 kg h−1 for 40 h or until the bed collapsed. Bed material samples were

taken after 2 h, 4 h, 8 h, 16 h, 24 h, 32 h and 40 h or until possible. To ensure a combustion

atmosphere the O2 concentration was maintained above 6 %.

Cyclone ash samples were taken out after the experiments. During operation, additional ash

samples were collected after the cyclone in a 13-stage low-pressure cascade impactor from

Dekati Ltd. (DLPI), which classifies the size of ash particles according to the aerodynamic

diameter in the range of 0.03 µm–10 µm. Aluminium foils were used as substrates, and
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Figure 4.2: Scheme of the fluidised bed combustion plant in Umeå [85].

the impactor was heated to prevent water condensation during sampling. The 13 stages

were further consolidated into fine (stage 1–7, <1 µm) and coarse (stage 8–13, 1 µm–10 µm)

fractions.

4.4 Dual Fluidised Bed Steam Gasification

DFB steam gasification experiments were performed on the 100 kW (thermal fuel input ca-

pacity) pilot plant. Figure 4.3 shows the new reactor concept of the DFB steam gasification

process in detail. Due to ongoing research, an advanced design of the DFB steam gasifi-

cation plant was designed and went in operation for experiments in 2014 at TU Wien [86].

The main improvement focus refers to the design of the GR. The reworked GR is divided

into two parts: the lower part is designed as bubbling bed and the upper part consists of

turbulent fluidised bed zones. The upper part works as a counter-current flow column of the

bed material and the product gas. For realization of this design, the upper GR is equipped

with constrictions, which lead to an increased hold-up of bed material particles over the
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Figure 4.3: Advanced design of the DFB steam gasification plant built at TU Wien [86].
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Table 4.3: DFB steam gasification experiments performed throughout the course of this thesis

Fuel (blend) Bed material (blend) (bed material ratios
are given in mass fractions)

SW K-feldspar
BSC K-feldspar
SW K-feldspar (0.90), limestone (0.10)
B7C3 K-feldspar (0.90), limestone (0.10)
CM K-feldspar (0.90), limestone (0.10)
SW K-feldspar (0.50), limestone (0.50)
SW limestone
SW fresh olivine
SW activated olivine
B7C3 activated olivine
CM activated olivine

height of the GR. Thus, an increased residence time as well as an improved gas-solid con-

tact of downward flowing hot bed material particles with upwards flowing product gas can

be realised. Therefore, improved conversion efficiencies can be obtained. Additionally, the

relatively high temperatures in the counter-current column of the GR influence tar reduc-

tion in a positive way [87]. In the advanced design of the DFB steam gasification system

another optimization step, which relates to the separation system on top of the reactors, is

implemented. In order to enable the use of soft bed materials like limestone, the cyclones

are replaced by gravity separators to compensate the low abrasion resistance. Fines, which

occur after the gravity separators, are removed by cyclones [66].

For the gasification test runs the DFB steam gasifier was first heated up with electrical trace

heating and later on additionally by combusting SW pellets until the desired temperatures

were reached. At that point fluidization was changed to steam in the GR and several parame-

ters were varied until stable gasification operation was achieved. This procedure was applied

for all fuels tested.

Table 4.3 gives an overview of the DFB steam gasification experiments performed through-

out this thesis. SW was used with all bed materials and bed material mixtures as benchmark.

Additionally, ash-rich fuels were used with every bed material (mixture).

4.5 Determination of Catalytic Activity

Figure 4.4 shows the flow sheet of the used micro-scale test-rig for testing catalytic activity

of bed materials. Gases were supplied from gas bottles and flows were set with mass flow
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Figure 4.4: Detailed flow sheet of the used micro-scale test-rig

controllers (MFCs). The gas mixture was preheated to 130 ◦C. Demineralised water was

stored in a reservoir and was pressed out with pressurised N2. The water passed a particle

filter; the flow was set with a liquid MFC and the water was then evaporated in a controlled

evaporator mixer from Bronkhorst, which was heated to 140 ◦C. Steam was mixed with car-

rier gas and transported into the reactor. In this case N2 was used as carrier gas since it does

not react with the other gases and only dilutes the gas stream. Steam was mixed with the

other preheated gases and led into a quartz glass reactor with an inner diameter of 4 mm.

Quartz wool was used to hold the bed material inside the quartz glass reactor. Therefore

quartz wool was positioned inside the quartz glass reactor, the bed material was filled in on

top of it and another layer of quartz wool was used at the upper end of the bed. In these

experiments the bed height was 5 cm. Thermocouples were positioned at the top and bottom

of the fixed bed to measure the bed material temperature. The reactor was positioned inside a

heating furnace which was able to heat the system up to 850 ◦C. The exiting gas was cooled

in a cooler to condense all water.

During this thesis two experimental campaigns (one with combustion samples, one with gasi-

fication samples) were performed. The set gas flows as well as the used analysis equipment

are summarised in Table 4.4. The experimental parameters were chosen in a way to lead

to low conversions so it is possible to more easily quantify the catalytic activity of different

samples.
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Table 4.4: Set gas flows as well as used analysis equipment used during the experimental campaigns.

Combustion Samples Gasification samples

N2 10 l h−1 25 l h−1

CO 10 l h−1 20 l h−1

H2O 8 g h−1 16 g h−1

analysis
equipment

Rosemount NGA 2000 five-
component online gas analyzer

two EasyLine Continous Gas Ana-
lyzers by ABB (EL3020)

4.5.1 Water-Gas-Shift Calculations

The catalytic activity during gasification and the micro-scale experiments was quantified by

the deviation from the WGS equilibrium. At the temperatures present during DFB steam

gasification (around 800 ◦C) the WGS equilibrium can only be reached with the aid of a

catalyst [18], making the deviation from WGS equilibrium a good indicator for catalytic

activity. The deviation of the WGS equilibrium makes it also possible to directly compare

experiments performed at different temperatures which is not possible by comparing the gas

composition alone.

Equation (4.1) was used for the calculation of the deviation and is based on the equation

established by Fuchs et al. [88].

pδeq,WGS (pi, T ) = log10

��
i p

νi
i

Kp(T )

�
(4.1)

The deviation from the WGS equilibrium is negative when less CO2 and H2 are present than

the equilibrium concentration at the current temperature dictates. A positive value means

that more CO2 and H2 were produced than the equilibrium dictates and the reaction direction

switches from the direction shown in Equation (2.6). The deviation is zero at equilibrium

concentration. The software HSC 6 was used to obtain necessary reaction data [89].

The WGS reaction is an important gas phase reaction occurring during gasification [18] (es-

pecially steam gasification) and was therefore chosen to quantify the catalytic activity. The

WGS reaction is also one of the main reactions for setting the right H2:CO ratio which is an

important index for downstream synthesis.

Another reaction influencing the H2 contents in the product gas is the reforming of tars

(Equation (2.8)) though it was shown in literature that bed material (layers) that are catalyti-

cally active regarding the WGS reaction also catalyse tar reforming [32, 62].
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4.6 Morphological and Elemental Analysis

4.6.1 XRF

The fuel ash composition was determined with a Panalytical Axios X-ray tube via X-ray

fluorescence (XRF). Therefore, 1 g of fuel ash is mixed with 9 g Li2B4O7 and melted in a Pt

crucible at 1050 ◦C under air atmosphere. The mixture is cast to a tablet and measured under

vacuum. The excitation voltage was 50 kV and the tube current was 50 mA. Evaluation was

done with standards provided by Panalytical.

4.6.2 XRD

X-ray diffraction (XRD) data for bed material samples were collected using a PANalytical

Xpert Pro Diffractometer equipped with monochromatised Cu Kα-radiation (λ = 1.54 Å).

The analysis was carried out in the scan range from 5°–65° 2θ with a scanning step of 0.02°

2θ. The samples were measured without further preparation as grains. XRD analysis soft-

ware HighScore by Malvern PANalytical was used for peak assignment [90].

The bed ash (including some bed material) and cyclone ash were subjected to powder XRD

analysis using a PANalytical Empyrean diffractometer, employing Cu Kα-radiation and a

Pixel3D array detector. The samples where lightly crushed to a size of approximately 10 µm.

Data collection was made with a rotating sample for a total acquisition time of 1 h for each

sample. Data collection was performed at a 2θ between 10° to 70° with a scan interval of

0.007°. PANalytical HighScore Plus 4.8 [90] together with ICDD PDF-4 [91] database was

used for identification and quantification of the main crystalline phases. Quantification was

performed with Rietveld analysis coupled with the K-factor method to estimate the amount

of amorphous material [92]. Pure crystalline Si was used as the external standard to measure

the K-factor at the time of measurements.

4.6.3 SEM/EDS

Bed material samples were positioned on a sample holder and investigated using scanning

electron microscopy (SEM) analysis. The analysis was used to determine the morphology

of the bed particle surface. The surface morphology assessment was carried out with a FEI

Quanta 200. Prior to analysis, the samples were applied onto a graphite band and degassed at

10 mA and 0.1 mbar for about 30 s. The acceleration voltage ranged between 0.2 kV–30 kV

but was typically set to 20 kV as those settings yielded the best image quality. Measurements

were operated in “low vacuum mode” at 80 Pa. Secondary electron images were taken by
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the installed Large Field Detector, and backscattered electron images were taken by a Solid

State Backscattered Electron Detector.

Collected bed samples were additionally embedded in an epoxy-based resin. The epoxy disc

was subsequently polished to obtain cross-sections of bed particles, which consist of both

ash and bed material, which could be used for determination of layer growth and composi-

tion. Elemental analyses of the bed material layers and ash particles were carried out with

a Carl Zeiss Evo LS15 SEM equipped with Energy-dispersive X-ray spectroscopy (EDS)

X-Max 80 by Oxford. The measurements conducted were line scans over the layers and

area analysis (mappings) to obtain a distribution of elements. For each sample, at least three

typical K-feldspar bed material particles were chosen randomly, and EDS line analysis was

done across the layers on three evenly spaced locations on each particle. Layers were anal-

ysed similar to the procedure described by Faust et al. [56] and Hannl et al. [57]. Start

and end of the layers were selected (approximately in the middle of the transition area of

concentrations). The elemental concentrations were determined for constant sections inside

the selected layers. If applicable, several layers were selected on a single line scan. To ob-

jectively sort the obtained layers into categories a clustering algorithm was used. The chosen

clustering algorithm was DBSCAN (Density-Based Spatial Clustering of Applications with

Noise) which grouped the layers according to similar concentrations [93]. This approach is

dependent on a visible difference in elemental concentration in EDS line scans to be able

to select an area. Selected layers were also studied with custom area analyses. These cus-

tom area analyses were performed post-analysis from area mappings. By manually selecting

an area of interest, e.g. a layer section, the composition of this layer can be obtained. All

elemental compositions are given on a C- and O-free basis to exclude the influence of the

epoxy-based resin used for mounting.

EDS mappings are presented when layers were not yet thick enough to sufficiently quantify

changes in line scans. The brightness in an EDS mapping gives the concentration distribu-

tion of the shown element; brighter areas show a higher concentration of the element while

darker areas indicate a lower concentration. The brightness is only an indicrect measure of

concentration and only gives the distribution of an element in the specific mapping. The

same brightness can correspond to very different concentrations for different elements in the

same mapping but also for the same element for different mappings.

For the ash samples a Zeiss Evo LS-15 and JEOL JSM-IT300 were used for SEM analysis

in backscattered mode together with EDS to perform elemental analysis. The ash particles

found in the bed and cyclone fractions were analysed for both morphology and elemental

composition through mapping, point, and area analyses. The analyses were made on both

epoxy-encased particle cross sections and crushed particles mounted on carbon tapes. Partic-

30



CHAPTER 4. EXPERIMENTAL SETUP AND METHODOLOGY

ulate matter collected from the impactor was also analysed for elemental composition. The

stages 5 and 13, corresponding to the main peaks of fine and coarse modes of particulate

matter were analysed. EDS analyses were made using a combination of elemental mapping,

point, and area analyses. The elements included were K, Na, Ca, Mg, Fe, Al, Si, P, S and Cl.

The elements C and O were excluded as they are present in the epoxy resin and carbon tapes

used for sample mounting.

Samples from gasification experiments including limestone particles were studied with a FEI

Quanta 250 field emission gun. Sample preparation was the same as for the other samples

though the samples were also coated with a AuPd-coating before being analysed.

4.6.4 BET

Brunauer-Emmet-Teller (BET) measurements were conducted with a Micromeritics ASAP

2020 V4.00 and N2 sorption at 77 K. Prior to analysis, the samples were degassed under

vacuum at 350 ◦C for 8 h. Analyzed sample weights amounted to around 1000 mg.
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Chapter 5

Results and Discussion

5.1 Fluidised Bed Performance

This section is based on Papers I and IV. Additional data was included for more insights.

5.1.1 Fluidised Bed Combustion

To further study the layer formation on K-feldspar a variety of combustion experiments with

different ash-rich fuels were performed. Apart from fuel ash layer characterisation, a major

focus lay on the study of catalytic activation by fuel ash layers. To facilitate faster fuel

ash-bed material interactions, the experiments were performed in a 5 kW bubbling fluidised

bed with a comparably low amount of bed material. During the combustion of the fuels

a significant amount of ash was produced, in total between 1/4 and more than 7 times the

amount of bed material.

Table 5.1 gives a summary of the experiments performed in the combustion plant at Umeå

University. The table gives an overview of the available bed samples, the average bed

temperature, when and if the bed defluidised and the amount of ash produced in the fluidised

bed during combustion. It can be seen that the experiment with WS defluidised after a

relatively short time of 5.5 h. This was caused by agglomerates forming due to the ash

melting behaviour of WS (see Table 4.1). The addition of CM allowed for a prolonged

operation time of 9.6 h for S7C3. The experiment with pure CM had to be stopped

prematurely due to the accumulation of fuel ash in the reactor. An adapted bed ash removal

would be necessary to be able to run CM for longer times. The experiment with bark (BA)

defluidised as well after 36.5 h. No agglomerates could be found in the bed ash afterwards

allowing for the assumption that the fluidization problems observed were not caused by the

ash. The only fuels not leading to problems during operation were B9C1 and B7C3. It was
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Table 5.1: Experimental results of the combustion experiments. An X in the hour columns indicates
an existing bed sample, - indicates that no sample could be taken due to stopped operation beforehand.

bed material sample time in h Tbed tdef ash created by fuel
combustion

2 4 8 16 24 32 40 in ◦C in h in g

BA X X X X X X - 826 ± 8 36.52 1501
WS X X - - - - - 735 ± 21 5.52 231
CM X X X - - - - 804 ± 4 10.83 2039
B9C1 X X X X X X X 798 ± 3 - 2558
B7C3 X X X X X X X 795 ± 4 - 4027
S9C1 - high T X - - - - - - 778 ± 7 2.23 127
S9C1 - low T X X - - - - - 753 ± 11 5.48 287
S7C3 X X X - - - - 790 ± 10 9.55 828

possible to operate the test plant with both fuels for the planned 40 h.

To better understand the influence of operating temperature on the defluidisation time, the

combustion experiment with 0.9 kg kg−1 straw and 0.1 kg kg−1 chicken manure on a dry

basis (S9C1) was performed at two different temperatures, labeled "high T" and "low T" in

Table 5.1. The reduction of the combustion temperature to 750 ◦C more than doubled the

time until defluidisation to 5.5 h highlighting the influence of temperature on agglomeration

tendencies. Additionally, an agglomeration test was performed with 0.7 kg kg−1 bark and

0.3 kg kg−1 chicken manure on a dry basis (B7C3), since it did not agglomerate during

normal operation. After the experiment the reactor was heated up to 970 ◦C and still no

agglomeration could be observed.

Bed Material Characterisation

A variety of large scale SEM images were obtained for the samples after the combustion

experiments (Figures 5.1–5.6). Figure 5.1 shows the sample obtained after the combustion

of BA. Layers forming on quartz particles (�) and, to a lesser extent, on K-feldspar

(�) can be discerned. Fe particles (•) most likely originating from the reactor walls can

also be seen in this image as bright white particles. More Fe from the reactor walls was

released due to the more rigorous cleaning before the experiment compared to the other

experiments performed in this study. It is assumed that these Fe particles are the cause for

the defluidization of the experiment with BA. De Geyter et al. [58] previously performed

the combustion of BA with K-feldspar for the full 40 h without observing problems or

these Fe particles. In the subsequent agglomeration tests they determined a defluidisation
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Figure 5.1: SEM stitching showing a big section of the K-feldspar bed material sample obtained after
BA combustion. Several particle types are marked throughout the image: � K-feldspar, � quartz, ⋆
porous ash particle, • Fe particles. Layers can be seen on K-feldspar and quartz particles, as well as
on the porous ash particle.

temperature of 865 ◦C–875 ◦C which is also higher than the temperature the fluidised

bed was operated at here. Apart from layers developing on K-feldspar and quartz, layer

development can also be identified on ash particles (⋆).

Figure 5.2 clearly shows the reason why the experiment with WS defluidised. Big ash melt

particles (+) can be seen, partially also sticking to bed material particles. The ash melt

particles are enriched in Si and K. The high contents of these elements led to a low ash

melting point, explaining the ash melt formation. Apart from melt formation, initial layer

formation can be seen for some quartz particles.

Figure 5.3 shows a section of the K-feldspar bed material sample obtained after CM

combustion. It can be seen that, compared to the other samples, the bed sample contains a

higher fraction of ash particles(⋆ and +). This increased amount of ash particles correlates

to the observed increase of fluidised bed height, which led to the stop of the combustion

with CM. Two different types of ash can be distinguished, ash melt particles similar to the

ones seen for WS and big circular porous particles. The porous particles mainly consist of

Ca and are assumed to originate from Ca-additives typically added to chicken feed. Layer

formation can be seen on both K-feldspar and quartz.

The samples from B9C1 (Figure 5.5) and B7C3 (Figure 5.6) combustion show layers

forming on bed material and ash particles. Unlike to the other samples the bed material here

shows small bumps in the layer surface giving the particle a more irregular shape. It can
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Figure 5.2: SEM stitching showing a big section of the K-feldspar bed material sample obtained after
WS combustion. Several particle types are marked throughout the image: � K-feldspar, � quartz, +
ash melt. A considerable share of quartz particles are involved in agglomeration formation with the
ash melt.

Figure 5.3: SEM stitching showing a big section of the K-feldspar bed material sample obtained after
CM combustion. Several particle types are marked throughout the image: � K-feldspar, � quartz,
⋆ porous ash particle, + ash melt. The ash melt and porous ash particles show the reason why the
experiment had to be stopped prematurely.
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Figure 5.4: SEM stitching showing a big section of the K-feldspar bed material sample obtained after
0.7 kg kg−1 straw and 0.3 kg kg−1 chicken manure on a dry basis (S7C3) combustion. Several particle
types are marked throughout the image: � K-feldspar, � quartz, ⋆ porous ash particle, + ash melt.
Big ash melt particles formed, causing the observed defluidisation.

Figure 5.5: SEM stitching showing a big section of the K-feldspar bed material sample obtained after
0.9 kg kg−1 bark and 0.1 kg kg−1 chicken manure on a dry basis (B9C1) combustion. Several particle
types are marked throughout the image: � K-feldspar, � quartz, ⋆ porous ash particle. Bumps
formed on the surface of K-feldspar particles giving the particles an irregular surface.
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Figure 5.6: SEM stitching showing a big section of the K-feldspar bed material sample obtained after
B7C3 combustion. Several particle types are marked throughout the image: � K-feldspar, � quartz,
⋆ porous ash particle, + ash melt.

be assumed that these bumps originate from ash adhering to the particle at certain positions

promoting layer formation at these regions. The samples also contain the Ca-rich particles

observed for CM combustion, highlighting the high fraction of CM ash in the used fuels.

Different to the Ca-rich particles observed for CM combustion, these particles also show

a layer forming on them. These layers are rich in K, S, P, Si and Mg apart from the Ca

forming the particles.

No layer formation could be observed on K-feldspar bed material samples for S7C3

combustion, see Figure 5.4. However, the adhesion of ash melt onto bed material particles

can be identified, which led to a bigger particle size. The increase in particle size is also

the cause for the defluidisation observed during S7C3 combustion. It can also be seen

that the quartz impurities in the bed material are affected by ash melts to a higher degree

compared to K-feldspar. The agglomerates formed during S7C3 combustion also vary from

the agglomerates formed during WS combustion by their appearance.

5.1.2 Fluidised Bed Gasification

A wide range of gasification experiments were executed in the 100 kW DFB steam gasifica-

tion pilot plant at TU Wien for this thesis. Several admixture ratios of limestone to K-feldspar

were studied for their influence on gasification performance. For comparison experiments
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were also carried out with fresh and activated olivine. DFB steam gasification was oper-

ated without problems for most experiments. Fluidization problems were observed for the

experiment with BSC and K-feldspar as bed material as well as the experiment with CM

and activated olivine as bed material. It was not possible to obtain a stable operation with

CM with activated olivine. The cause for fluidisation problems is not entirely clear but it is

assumed that the high ash content is the main cause since the plant is not equipped with any

bed ash removal possibilities.

Table 5.2 summarises the obtained product gas yield, the overall cold gas efficiency as well

as the observed temperatures in the gasification reactor for all experiments except CM with

activated olivine as bed material since it was not possible to obtain stable operation for this

experiment. Most of the experiments were performed at around 770 ◦C in the gasifier bub-

bling bed, with only some experiments having temperatures above 800 ◦C in the bubbling

bed. The overall cold gas efficiency is in a similar range for all experiments but no trend can

be discerned regarding bed material or fuel. An increase in product gas yield can be seen for

more active bed materials as well as ash-rich fuels. The higher product gas yield observed

for activated olivine can also be linked to an increased gasification temperature which is

attributed with higher product gas yields [94].

Table 5.2: Experimental results of the gasification experiments. The experiment with CM and acti-
vated olivine did not achieve stable operation. Already published data was adapted from Mauerhofer
et al. [65].

Fuel Bed material product gas yield overall cold
gas efficiency

Tmean in
GRlower

T in
GRupper

T at
CRoutlet

in m3
stp,dbkgfuel,daf

−1 - in ◦C in ◦C in ◦C

SW K-feldspar 1.17 0.71 772 934 923
BSC K-feldspar 1.34 0.78 761 961 949
SW K-feldspar (90),

limestone (10)
1.36 0.72 771 933 942

B7C3 K-feldspar (90),
limestone (10)

1.4 0.74 777 964 973

CM K-feldspar (90),
limestone (10)

1.5 0.7 766 933 939

SW K-feldspar (50),
limestone (50)

1.44 0.71 797 967 977

SW limestone 1.43 0.73 769 991 1010
SW fresh olivine 1.35 0.71 836 951 954
SW activated olivine 1.46 0.72 810 905 916
B7C3 activated olivine 1.68 0.69 821 920 932
CM activated olivine - - - - -
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5.1.3 Summary

In summary, the experiments with K-feldspar showed that it is a possible candidate to be used

as bed material in thermochemical fluidised bed applications. Problems could be observed

when the fuels CM and WS were used. Due to the high ash content of CM both the operation

of the fluidised bed combustion and the DFB steam gasification pilot plant showed problems

due to ash accumulation in the system. The experiments with WS (and WS mixtures) showed

problems due to low melting eutectica. It is therefore of major importance to further study

alternative fuels and their impact on fluidised bed applications.

5.2 Layer Formation on K-Feldspar

This section is based on Papers I-V, supervised Master Theses as well as unpublished data.

5.2.1 Comparison of Layer Formation during Combustion and Gasifi-

cation

Figure 5.7 compares several SEM images and EDS mappings for combustion and gasifi-

cation experiments as well as a sample from the industrial plant Senden. The K-feldspar

particle depicted is an impurity in the used olivine bed material from the Senden plant [38].

Layers can be seen for all experiments. For all samples layers rich in Ca formed. P was

also incorporated into the layers if P was available from the fuel ash. For the combustion

experiments with B7C3 and CM it was also possible to detect S discontinuously in the

layers.

Exemplary line scans corresponding to the experiments shown in Figure 5.7 are depicted in

Figure 5.8. Some of the particles show both inner and outer layers, which is mainly depen-

dant on the interaction time between fuel ash and bed material. Though, the composition of

these layers is independent of layer thickness and interaction time [54] but outer layers are

only formed after a minimal operation time. As soon as sufficiently thick layers formed it

is therefore possible to compare different experiments. The layers shown in Figure 5.8 all

exceed this minimal needed layer thickness and are therefore comparable.

For the line scan for BA combustion it can be observed that the concentration of Ca increases

towards the surface while K is depleted. This can be seen from the deviation of the inherent

K-feldspar K:Al ratio from 1 to 0.33 in the layers formed. Since Al in the K-feldspar

(KAlSi3O8) does not participate in layer formation processes it is possible to describe a

change in K concentration in the K-feldspar matrix by the K:Al ratio [54, 56].
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Figure 5.7: SEM and EDS analysis of K-feldspar particles for the experiments with BA, B7C3, and
CM in combustion and gasification atmospheres.
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Figure 5.8: Line scans measured on K-feldspar for samples from combustion and gasification of BA,
B7C3 and CM. The given distance starts at the outside of the particle and points towards the core.
The sample for the gasification of BA originates from a K-feldspar impurity from an olivine bed from
Senden where gasification is performed with BA-rich logging residues.

The substitution of K by Ca is typical for woody biomass ash interacting with K-feldspar

[38, 54]. Apart from Ca and the elements naturally contained in K-feldspar, only Mg is

found in a relevant amount. The line scan measured for K-feldspar in the sample used

for the gasification of BA-rich logging residues is shown as well. Similarly to the results

observed for the combustion of BA, enrichment with Ca was detected while K was depleted.

The depletion can again be characterised by a K:Al ratio of 0.47. In this sample, no Mg was

observed in the layer. This can be explained by the lower Mg concentrations in the fuel used

for gasification compared to the fuel used for combustion (see Figure 4.1). Since reduced

amounts of Mg are available during gasification, a reduced interaction with the bed material

is anticipated. Even though K-feldspar was contained only as an “impurity” in the olivine

bed used for the gasification of BA-rich logging residues at the CHP in Senden, the same

layers formed during combustion when no olivine was present. The impurity K-feldspar

particles are also the particles that have been exposed to ash for the longest time in this study.
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Though, with the data available it is not possible to state whether initial layer formation is

the same for pure beds and impurities but long-term layer formation is comparable. The

layer formed during the combustion of B7C3 is mainly dominated by Ca, P, and Mg. Ca

seems to be found further inside the K-feldspar compared to Mg and P. The same can be

said for the layer formed during the gasification of B7C3. Even though the layer is thinner,

Ca is again measured further inside the particle compared to P and Mg. The Ca, P, and Mg

levels are considerably lower for the gasification case. This might be due to the electron

beam measuring a small area and not a single dot. The influence of surrounding K-feldspar

is therefore bigger for thin layers compared to thick layers. Besides Ca, P, and Mg, no other

elements could be found in a relevant amount. Additionally, little to no K-depletion (K:Al

ratio of 0.85 for combustion and 0.71 for gasification) could be observed for B7C3.

Similar observations can be made for the layers studied after the combustion and gasification

of CM. Ca is again found further inside the particle, while P and Mg are enriched in

the layer at the same location and no K depletion (K:Al ratio of 1.81 for combustion and

0.90 gasification) is occurring. The K:Al ratio of 1.81 for the combustion of CM even

indicates that additional K is deposited on the bed particle. The lower concentration of

Ca, P, and Mg in the layers from CM gasification can again be linked to the thinner layers

formed. Even though B7C3 and CM were used successively during gasification it is not

possible to discern two different layers in the bed material sample for CM gasification.

This is either caused by the fact that the layers are too thin to discern them or that the

composition of the layers formed is too similar to distinguish them. Since the layers

formed during the combustion of B7C3 and CM are similar, it can be concluded that a

similarity in layer formation is the cause for only one layer being observable CM gasification.

5.2.2 Time-Dependent Layer Formation

SEM images were obtained for several bed material samples from B7C3 combustion (see

Figure 5.9). It can be seen that longer operational times lead to thicker layers. While no

layer was observed for 0 h–4 h on K-feldspar particles, initial layer formation can be seen on

the quartz particle (darker grey compared to K-feldspar) after 4 h, see Figure 5.9 c). After

8 h, Figure 5.9 d), a continuous layer formed on K-feldspar particles.

A growth in layer thickness was also observed for BA combustion (see 5.10, but, overall,

the layers remained thinner compared to B7C3. While a continous layer on K-feldspar was

achieved after 8 h for B7C3 combustion continuous layers were only observable after 16 h for

BA combustion. The slower ash layer formation can be explained by the lower ash content
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Figure 5.9: SEM images of bed material samples from B7C3 combustion after a) 0 h, b) 2 h, c) 4 h,
d) 8 h, e) 16 h, f) 24 h, g) 32 h, h) 40 h
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of BA compared to B7C3 (see Table 4.1).

Figure 5.11 depicts the layer formation for CM combustion (Figure 5.11 a)-c)) as well as

S7C3 combustion (Figure 5.11 d)-f)). Initial layer formation can already be seen after 4 h of

CM combustion. After 8 h a continuous layer formed around the K-feldspar bed material.

For S7C3 combustion initial layers can be observed after 4 h but only for quartz impurities.

Figure 5.10: SEM images of bed material samples from BA combustion after a) 4 h, b) 8 h, c) 16 h,
d) 24 h, e) 32 h, f) 36.5 h
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Figure 5.11: SEM images of bed material samples from CM combustion after a) 4 h, b) 8 h, c) 11 h,
and S7C3 combustion after d) 4 h, e) 8 h, f) 9.5 h
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Figure 5.12: Growing layer thickness over time for BA, B9C1, B7C3 and CM. The dashed line gives
the inner layer thickness (interaction layer) and the solid line indicates the thickness of both inner and
outer layer combined. The standard deviation given for the line inner+outer layer shows the standard
deviation for the outer layer only.

After 8 h a continuous layer formed around quartz impurities and initial layer formation can

be observed for K-feldspar bed material particles. After 9.5 h, when the bed defluidised due

to agglomeration, only some K-feldspar particles showed observable beginnings of layer

formation.

5.2.3 Layer Thickness

Layer thicknesses of fuel ash layers were determined from EDS line scans for samples from

BA, CM, B9C1 and B7C3 combustion. Figure 5.12 depicts the development of the layer

thickness over particle age. Short operational times of the fluidised bed led to thin fuel ash

layers and therefore to comparably large standard deviations of the average layer thickness.

Figure 5.12 depicts both the inner layer thickness as well as the thickness of inner and outer

layer combined. It must be stressed that the average total layer thickness detected is smaller

than the sum of inner and outer layer since not all samples showed both an inner and outer

layer. Due to clarity the actual average layer thickness is not depicted in Figure 5.12.

The layer thickness after 4 h is in the same range for all samples studied, probably caused
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by the evaluation method used. Layers were assigned manually so a certain thickness has

to be reached for a layer to be detectable. Additionally, layer starting and ending points

were defined in the middle of the transition area between to distinct concentration levels,

therefore being the reason for the minimal layer thickness. For older particles a difference

between layer thickness for BA, B9C1 and B7C3 can be discerned. As expected, the slowest

layer growth was observed for BA, and B7C3 combustion showed the fastest layer growth.

CM combustion showed fast layer growth as well, but due to the short operational time it is

not possible to compare it to the other samples.

The layer composition of the inner layer detected for BA combustion is depicted in Figure

5.13. Bed materials from BA combustion exhibited no outer layer. This is in accordance

with Faust et al. [56] who only observed a continous outer layer after 51 h. The only element

being added in a relevant amount is Ca. Starting at 16 h a depletion of K can be detected as

well. The depletion of K is typical for woody biomass.

Figure 5.14 shows the inner and outer layer composition determined for B9C1 combustion.

In contrast to BA combustion, no diffusion of K could be detected for the inner layer. Higher

contents of P and Mg were detected for the inner layer as well. The outer layer shows an

enrichment of P, Mg and S. Additionally, an addition of fuel ash K and Al can be assumed,

since the Si:K and Si:Al ratios are lower than 3, deviating from K-feldspar.

Similar effects were observed during B7C3 combustion, see Figure 5.15. The only inconsis-

tency is the inner layer for 40 h. This inner layer was detected to be significantly richer in

Ca, P and Mg and the concentration of K-feldspar is reduced. For the outer layers formed

during B7C3 combustion more K was detected compared to B9C1 combustion. This might

be caused by the higher K content of B7C3 compared to B9C1. For the other elements the

composition is similar to the outer layer from B9C1 combustion.

During CM combustion an outer layer was only detected after 10.8 h (Figure 5.16). For the

inner layer only Ca and P were detected. The outer layer showed higher contents of Ca, P

and Mg compared to the inner layer.
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Figure 5.13: Layer composition over time during BA combustion. No outer layer could be detected
during BA combustion.

Figure 5.14: Layer composition over time during B9C1 combustion. Both an inner (left) and an outer
(right) layer were detected for B9C1 combustion.
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Figure 5.15: Layer composition over time during B7C3 combustion. Both an inner (left) and an outer
(right) layer were detected for B7C3 combustion.

Figure 5.16: Layer composition over time during CM combustion. An outer layer was only detected
for the final sample.
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5.2.4 Surface Characterisation

The quantified results from BET analysis for BA, CM and B7C3 combustion are shown in

Figure 5.17. No clear correlation can be seen for particle age and BET surface area. Still,

for each separate sample an increase in surface area over particle age can be seen. The

combustion of CM led to the fastest rise in surface area, probably caused by increased ash

layer formation with ash-rich fuels. This is further supported by the fact that BA combustion

led to the lowest increase in BET surface area. Layer formation might also explain the

decrease in surface area observed after 4 h of BA combustion.

Figure 5.18 shows SEM images of the surface area of native K-feldspar, as well as samples

after 8 h of BA, B7C3 and CM combustion, 32 h of BA combustion and 40 h of B7C3

combustion. The 8 h samples were selected since they were the last samples that were

available for all experiments and the later samples for BA and B7C3 were selected since

they were the last samples from scheduled sampling. Irregularities on the particle surface

caused by the adhesion of fuel ash can be seen for all combustion samples. The irregular

surface created by these ash particles is a further reason for the increase in BET surface area.

Figure 5.18 a) shows the surface of fresh K-feldspar, where the crystal structure of

K-feldspar on the surface is clearly observable. Figure 5.18 b) and c) show the result of

Figure 5.17: BET surface area measured for bed material samples from BA, CM, and B7C3 combus-
tion.
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Figure 5.18: SEM images of the particle surface a) of fresh K-feldspar,b) after 8 h of interaction with
BA, c) after 32 h of interaction with BA, d) after 8 h of interaction with CM, e) after 8 h of interaction
with B7C3 and f) after 40 h of interaction with B7C3.
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interaction of K-feldspar with BA ash after 8 h and 32 h, respectively, Figure 5.18 d) shows

the particle surface of K-feldspar after 8 h of interaction with CM ash and Figure 5.18 e)

and f) show the interaction with B7C3 ash after 8 h and 40 h of interaction, respectively.

The SEM images of the surface at this magnification reveal ash particles adhering to the

K-feldspar surface after interaction with fuel ash. Increasing the interaction time between

K-feldspar and biomass, shown in Figure 5.18 c) for BA and in Figure 5.18 f) for B7C3, did

not significantly influence the visible amount and size of ash particles observable with SEM.

5.2.5 Detailed Layer Formation Observations

Figure 5.19 depicts a close-up of a K-feldspar from B7C3 combustion. The SEM image

shows three distinct layer regions which were not discernible by line analysis due to their

low thickness. With EDS area analysis it is possible to discern the outer outer layer (�)

from the inner outer layer (�). The thin inner layer (�) cannot be discerned with EDS area

analysis. Intrusions of Ca into the particle can be detected as well.

Another close-up for B7C3 combustion is depicted in Figure 5.20. This particle only shows

one outer layer (�) as well as the thin inner layer (�). This close-up also shows precipitated

crystals (⋆) inside the layer. These crystals highly deviate in composition from the fuel

ash layers. The compositions determined for the layers and the crystals detected for Figure

5.19 and Figure 5.20 can be seen in Figure 5.21. The crystals are rich in K, Ca and Si.

They additionally contain considerably higher contents of S as well as Na. The P content is

similar to the content in the inner layers. All three outer layers (the outer outer and inner outer

layer detected in Figure 5.19 and the outer layer detected in Figure 5.20) have a comparable

composition. No measurable difference could be detected between inner outer and outer

outer layer for the particle depicted in Figure 5.19. With the data currently available it is not

possible to explain why the inner and outer outer layer are distinguishable with SEM but not

with EDS.

The inner layers are richer in K, Al and Si indicating a higher fraction of native K-feldspar

in this inner layer. Apart from K-feldspar a considerable amount of Ca as well as some P

were detected as well. Overall the composition of these inner layers is comparable for both

samples. It has to be mentioned that the K:Al ratio is close to 1 in both the inner and outer

layers, indicating changes in layer formation compared to P-lean fuels.
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Figure 5.19: Close-up of a layer formed during B7C3 combustion. A SEM image as well as EDS
area mappings for several elements are depicted. The detected layers are an outer outer layer (�), an
inner outer layer (�) and an inner layer(�).

Figure 5.20: Close-up of a layer formed during B7C3 combustion. A SEM image as well as EDS
area mappings for several elements are depicted. Precipitated crystals (⋆) can be distinguished in the
fuel ash layers. The detected layers are an inner outer layer (�) and an inner layer(�).
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Figure 5.21: Elemental composition of several ash layer sections as well as the precipitated crys-
tals detected in Figure 5.20 as collected from manually selected areas in EDS area mappings. The
labelling of inner and outer layer was done according to the assumed layer formation mechanism
underlying the formation of the relevant layer.

5.2.6 Proposed Layer Formation Process on K-Fseldspar with P-rich

Fuels

With the data collected throughout this thesis it is possible to propose a first layer formation

mechanism for P-rich fuels on K-feldspar and compare it to the layer formation mechanism

with P-lean fuels. Faust et al. [56] proposed three phases of layer formation, depicted in

Figure 5.22 (top), with woody biomass on K-feldspar. Initially fuel ash deposits on the bed

particle and Ca reacts with the bed material surface (first phase). The reaction of Ca with

K-feldspar promotes the diffusion of Ca into the bed particle forming the Ca reaction layer

(second phase). Simultaneously a diffusion of K out of the bed material is observed, in-

dicated by a reduction of the K:Al ratio. The reactions of Ca with the K-feldspar lead to

stresses inside the crystal structure and eventually to the development of cracks from the

particle surface into the particle (third phase). The cracks open up new virgin surfaces for

Ca to penetrate into the bed material.

When sufficient quantities of P are available in the fuel ash, P dominates the reactions occur-

ring in the ash fraction due to the high stability of phosphates [52]. The first phase is similar
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Figure 5.22: Layer formation mechanism on K-feldspar with woody biomass as proposed by Faust et
al. [56] (top) and adapted for layer formation with P-rich fuels (bottom). (a) Initial accumalation of
fuel ash elements. The major element reacting in this phase is Ca. This phase is comparable for P-lean
and P-rich fuels. (b)Formation of continous layers. During this phase mainly an inner layer forms for
P-lean fuels while a thin inner layer and a thicker outer layer forms for P-rich fuels. Elements apart
from Ca now also participate in layer formation. (c) Onset of crack layer formation and formation of
an continous outer layer for P-lean fuels. No crack formation has yet been observed for P-rich fuels
due to shorter operational times.

to the first phase during layer formation with P-lean fuels. Ash deposits on the bed particle

surface and interacts with the surface. Due to the interference of P less Ca is available for

reactions with the particle surface, slowing down the development of a reaction layer. The

second phase for P-rich fuels differs more from the case with P-lean fuels. Due to the de-

creased rate of reaction between Ca and K-feldspar, the inner layer develops considerably

slower compared to P lean fuels. Figure 5.21 shows that an inner layer is in fact forming,

which is mainly rich in K-feldspar and Ca, as well as P. Due to the presence of P in the inner

layer it can be assumed that not only a variety of silicates make up the inner layer but also

some phosphates can be found. The outer layers (ash deposition layers) contain a variety of

elements. It has to be noted that the K:Al ratio is still around 1 in the outer layers leading to

the assumption that less K is diffusing out of the K-feldspar particle.

During the operational time of 40 h it was not possible to observe crack formation on K-

feldspar (third phase) with P-rich fuels. Since the overall interaction between fuel ash and

bed material is reduced, it can be assumed that considerably longer operational times will

be necessary with P-rich fuels for cracks to form, if any form at all. Further understanding

the mechanisms underlying fuel ash - bed material interactions is of major importance when
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broadening the fuels used during thermochemical applications. Long-term experiments will

make it possible to broaden the understanding of fuel ash - bed material interactions with

P-rich fuels and will make it possible to give a final recommendation about suitable fuels for

gasification and thermochemical applications in general.

5.2.7 Differences to Fuel Ash Fractions

This subsection summarises Paper V and correlates it to the found observations of Paper III.

Further analyses of the ash fractions from CM, B7C3 and S7C3 were performed to study the

differences in compounds forming during the combustion of these fuels. Special attention

was given to P during these analyses. The goal was to further understand the P-compounds

forming and how to influence the P speciation to promote the formation of plant available

compounds. The results of EDS analysis are summarised in Figure 5.23. For each experi-

ment the composition of bed ash, cyclone ash and coarse particulate matter is nearly iden-

tical. This is probably caused by the fact that the cyclone ash and coarse particulate matter

consist of the same compounds as the bed ash but are smaller particles produced by attrition

that were subsequently discharged. Still, the bed ash contains a higher fraction of the bed

material K-feldspar compared to the other ash fractions. The fine particulate matter mainly

consisted of KCl for all experiments.

For B7C3 and CM combustion P was mainly detected in particles also rich in K, Ca, Mg,

and S. Due to their smooth surface they are assumed to be melt precipitates and therefore

amorphous. Table 5.3 also summarises the phases detected in the various ash fractions as

well as in the bed material for CM and B7C3 combustion. During S7C3 combustion two

types of particles were observed in the coarse ash. One of them is rich in K, Ca, Si and P and

the other one is rich in K and Si. These particles can also be assumed to have been molten at

some point during operation due to their shape and their composition. P in crystalline com-

pounds was identified in apatite and whitlockite for CM and S7C3. Bark blends produced

ash with P located in apatite. From a plant availability point of view, co-combustion of CM

and WS is therefore an interesting route.

Compared to the fuel ash layers the composition of the ash fractions mainly deviates in Al

and Si. Only low levels of Al were detected in the ash fractions. The high levels of Al in

the fuel ash layers can be attributed to the Al in K-feldspar (KAlSi3O8). The differences in

Si-concentration observed in the ash fractions for different fuels cannot be identified in the

fuel ash layers, due to the high concentrations of Si originating from K-feldspar. The use of

a Si-free bed material would be necessary to study the behaviour of fuel ash-originating Si

in fuel ash layers.

57



Fuel Ash – K-Feldspar Interactions

Figure 5.23: Average elemental composition (error bars show standard deviation) of major ash-
forming elements for the bulk ash fractions and typical particles on a C- and O-free basis. Top:
CM, Middle: B7C3, Bottom: S7C3.
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Table 5.3: Detected phases in different ash and bed material fractions after CM and B7C3 combustion.

CM B7C3
Bed Bed material cyclone Bed Bed material Cyclone
ash 200 µm–250 µm ash ash 200 µm–250 µm ash

KAlSi3O8 XRD XRD XRD
K2SO4 XRD Raman XRD XRD Raman XRD
KCl XRD XRD
Na0.5K0.5Cl XRD
Na2SO4 XRD
Ca9MgK(PO4)7 XRD
Ca2SiO4 XRD XRD
CaSiO3 XRD
CaHPO4 XPS XPS
Ca5(PO4)3OH XRD XRD XRD XRD
CaCO3 Raman XRD XRD XRD
Ca(OH)2 XRD XRD
CaO XRD XRD,XPS XRD Raman

Raman
MgO XRD XRD XRD
SiO2 XRD XRD, XPS XRD XRD, XPS XRD
(PO4)3 – XPS XPS

Raman Raman
(CO3)2 – XPS XPS

Table 5.3 summarises the phases detected during the combustion of CM and B7C3 in the un-

sieved bed material sample (bed material and bed ash), the sieved fraction of 200 µm–250 µm

from the bed material, and the cyclone ash.

The bed material sample was sieved to 200 µm–250 µm to mainly obtain K-feldspar

bed material particles, which was sieved to this fraction before its use in the fluidised

bed. Table 5.3 shows several silicates detected in the sieved bed material sample, which

were not detected in the fuel ash. This is probably caused by the interaction of Si from

the K-feldspar bed material with ash components. The bed material surface also shows

less phases containing sulfur, compared to ash fractions. This indicates that sulfur is less

available for layer formation compared to reactions in the ash phase.

5.2.8 Comparison to Layer Formation on Quartz and Limestone

This subsection summarises observations from Paper I and supervised Master Theses.

Figure 5.24 depicts EDS mappings of various quartz particles that where detected during
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the combustion and gasification with K-feldspar as bed material. During these experiments

layers rich in K, Ca, P and S formed. P and S were only detected in layers when CM or a

mixture with CM was used as fuel. The mapping of WS combustion shows that quartz is

involved in agglomeration phenomena to a high degree.

Figure 5.24: EDS mappings from quartz particles detected from the combustion experiments with K-
feldspar (all but the last row) as well as the DFB steam gasification of 0.595 kg kg−1 bark, 0.15 kg kg−1

straw and 0.255 kg kg−1 chicken manure on a dry basis (BSC) with pure K-feldspar.
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Figure 5.25: EDS mappings of limestone particles detected in bed material samples from DFB steam
gasification.
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The thickest layers formed on quartz during the combustion of CM and B7C3. For CM thick

layers formed due to the high ash content of CM, for B7C3 the ash content as well as the long

operational time played a major role. For these samples it is also possible to discern inner

and outer layers on the quartz particles. The layers formed on quartz particles are also thicker

compared to layers formed on K-feldspar. This indicates that K has a reduced layer formation

tendency. This might lead to a prolonged time until negative effects of layer formation (i.e.

crack formation) becomes relevant. Crack formation was attributed to increased bed material

deposition in cyclones and therefore the necessity to regularly exchange the bed material

[95].

Figure 5.25 shows several limestone particles detected from various DFB steam gasification

experiments. Discontinous layer accumulation of elements on the limestone surface could be

detected. The clearest signs of intial layer formation can be seen for Mg and an enrichment

of Al can be seen as well. P enrichment was only detected for B7C3 gasification, where

sufficient P was available from the fuel ash.

Even though limestone is a soft mineral that is prone to attrition, it was possible to detect

initial layer formation on the particles. Long-term experiments are necessary to determine

what influence fuel ash layers have on the catalytic activity of limestone. Currently, literature

indicates a negative effect of fuel ash layers, since fuel ash layers led to deactivation of

dolomite [69]. This deactivation as well as the increased attrition of limestone makes long-

term operation with limestone more challenging compared to K-feldspar.

5.3 Bed Material and Ash Layers Catalytic Activity

This section is based on results from Papers III and IV.

5.3.1 Catalytic Activity during Gasification

When new bed materials are first used for DFB steam gasification in the 100 kW DFB steam

gasification pilot plant at TU Wien they are always tested with a fraction of limestone added

as bed material first. This is done to ensure a certain level of catalytic activity and a reduction

of tars in the system. The DFB steam gasification reactor can only handle certain amounts of

tar due to design as a test-plant only in operation 1 day at a time. Therefore, K-feldspar was

first tested in a K-Feldspar (0.9)/limestone (0.1) mixture with SW as fuel. These experiments

showed a higher catalytic activity and lower tar contents than fresh olivine with SW. Due to

these promising results experiments with pure K-feldspar as bed material were performed as

well.
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Figure 5.26: Summary of the performed gasification experiments. The experiments are sorted by their
deviation from the WGS equilibrium (see upper picture). The lower image depicts the tar content in
the product gas as well as the tar dew point.

As a reference gasification experiments were also performed with used olivine, pure lime-

stone and a 50:50 mixture of K-feldspar and limestone. A comparison of all these experi-

ments can be seen in Figure 5.26. The experiments were arranged according to their catalytic

activity (indicated by the deviation from the WGS equilibrium). The upper part of the pic-

ture depicts the deviation from the WGS equilibrium, calculated according to Equation 4.1,

as well as the temperature in the counter-current column closest to the gas sampling point.

The WGS equilibrium was chosen as criterion to quantify the catalytic activity since it is

possible to compare experiments performed at different temperatures easily. The WGS equi-

librium is also an indicator on the H2:CO ratio, which is important for downstream synthesis.

The lower part shows the corresponding tar contents measured for each experiment. It can

be seen that, overall, an decrease in the deviation from the WGS equilibrium also means

lower tar contents. Though it can be seen that the gasification temperature has an additional

influence on the tar levels with higher temperatures further decreasing the tar content (see
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SW with olivine and BSC with K-feldspar).

K-Feldspar (0.9)/limestone (0.1) mixture was also used as bed material for the gasification

of B7C3. The use of B7C3 led to an increased occurrence of the WGS reaction, caused by

an increased amount of fuel ash available compared to SW. The experiment was concluded

with pure CM. While the use of CM also led to an increased occurrence of the WGS reaction

the high ash contents of CM with 0.254 kg kg−1 led to problems with fluidization of the bed

material. The reactor is not equipped with bottom ash removal, making long-term operation

with ash-rich fuels challenging.

The next step in evaluating K-feldspar was using it as pure bed material, without the addition

of limestone. During the experiment with SW the catalytic activity was reduced and the tar

content was elevated compared to the experiments with limestone addition. The observed

negative deviation of the WGS equilibrium as well as the high observed tar contents show

that the used K-feldspar is an inactive bed material. Switching the fuel to ash-rich BSC

showed a suprising behaviour. Even though the temperature inside the reactor was kept con-

stant a rise in H2 and a decline in CO was observed. A direct comparison between SW and

BSC gasification can be seen in Figure 5.27. It becomes clear that the increased ash content

of BSC is influencing the catalytic behaviour inside the reactor.

To further understand the significance of fuel ash layers on the catalytic activity, layered

olivine from the DFB steam gasification plant in Senden, Germany was used in additional

DFB steam gasification experiments. Experiments with SW showed that the negative devi-

ation from the WGS equilibrium and the tar content is reduced compared to fresh olivine,

proving the positive effect of fuel ash layers. The addition of the ash-rich fuel B7C3 only

led to a small further increase in catalytic activity. Due to the already existing ash layer, a

further addition of ash is only leading to a small increase in catalytic activity. During the

subsequent experiment with CM no stable operation could be achieved. It was assumed that

the high ash contents of CM led to problems with fluidization inside the reactor. No data

evaluation regarding the gas composition could be performed for this experiment, and it is

therefore not included in Figure 5.26.

Pure limestone as well as a 50:50 K-feldspar/limestone mixture were used as bed material

with SW to complement the already performed experiments. As expected, limestone led to

the lowest tar contents in the product gas followed by the 50:50 mixture.

The layers that developed during gasification are one reason for the increase in catalytic

activity during operation [71]. This is especially clear for the experiments with fresh and

layered olivine. Though, it can still be assumed that for the experiments presented in Fig-

ure 5.26 layer formation plays a minor role due to the short operational time. No change

in product gas composition was yet observed during the course of the experiments, which
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Figure 5.27: Comparison between operation with SW and a BSC with K-feldspar as bed material.

should occur, if sufficient layers had already formed during operation. The only exception

was the experiment with K-feldspar and BSC where a change in product gas composition

was observed over time (Figure 5.27) due to the low initial catalytic activity of K-feldspar.

Therefore, in the first hours of operation the fuel ash and limestone fractions in the bed

material have a considerably higher impact on the catalytic activity than the bed material

K-feldspar and first layers forming on the bed material.

5.3.2 Activation of Different Bed Materials during Gasification

Several samples from DFB steam gasification were also examined in isolated WGS exper-

iments. Sorting the experiments by the deviation from the WGS equilibrium yields Figure

5.28. Bottom ash samples were chosen for this investigation since they mainly consist of bed

material and only low fractions of fuel ash, making it possible to focus on the bed material

and fuel ash layers in more detail. Fresh bed materials and layered olivine were also tested

in these experiments. They can be seen as approximation for DFB steam gasification with
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Figure 5.28: Deviation from the WGS equilibrium determined in isolated WGS experiments.

SW, since SW does not contain relevant amounts of ash.

Figure 5.28 shows a similar order of experiments compared to the catalytic activity observed

during gasification (Figure 5.26). This highlights the relevance of the WGS reaction occur-

ring during DFB steam gasification.

Layered olivine is the only sample that is more active than it should be according to the re-

sults obtained during DFB steam gasification. A possible explanation is that fuel ash layers

might be especially catalytically active towards the WGS reaction, compared to other reac-

tions occurring during gasification. Since fuel ash layers contain a considerable amount of

Ca, this might also explain the high catalytic activity of limestone. Though, at this moment,

no definite answer can be given why layered olivine shows a higher catalytic activity than

predicted.

5.3.3 Time-Dependent Activation of Bed Material by Fuel Ash Layers

Experiments were conducted to determine the catalytic activation of layered K-feldspar over

time from BA, CM and B7C3 combustion. As already established in subsection 5.2.1 layer

formation during combustion and gasification is comparable. It is therefore possible to use

samples from fluidised bed combustion to determine the catalytic activity for gasification.

Figure 5.29 gives the deviation from WGS equilibrium when leading CO and H2O over the

bed material samples.

The correlation between particle age and WGS deviation was determined according to

Kendall rank correlation. A τ value of 0.8 and a p-value well below 0.05 indicate a strong

correlation between particle age and WGS deviation. The determined p-value has to be stud-

ied carefully, since the evaluation of the Kendall rank correlation with several data points of
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Figure 5.29: Catalytic activity determined for layered K-feldspar particles shown by the deviation
from WGS equilibrium

the same x-value is only possible to a certain degree.

Fresh K-feldspar (0 h) showed nearly no catalytic activity but the other samples show a bed

material activation. This observed activation effect that occurs due to bed material-ash in-

teractions is well established [55, 72, 96]. Already short operational times of 4 h led to an

observable increase in catalytic activity for all fuels. The catalytic activity further increased

for longer operational times. After 10 h of combustion, the highest catalytic activity can be

observed for the bed material samples from CM combustion. For operational times of more

than 10 h, the samples from B7C3 and BA combustion reached a comparable WGS devia-

tion.

With the samples available it was not possible to detect the final reachable deviation from

WGS equilibrium possible with layered K-feldspar. The final WGS deviation reachable with

long-term operation would give additional information on the suitability of ash-layered bed

materials for biomass gasification.

Figure 5.30 depicts the correlation between the observed BET surface area (Figure 5.17) and

deviation from WGS equilibrium (Figure 5.29).

Kendall rank correlation shows a strong correlation between BET surface area and

the deviation from WGS equilibrium (τ=0.45, p=0.02). Higher BET surface areas have a
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Figure 5.30: Correlation between BET surface area and catalytic activity, quantified by the H2 yield
regarding the WGS equilibrium

tendency to lead to a higher catalytic activity. This is in accordance with the fact that higher

surface areas on catalysts lead to a higher yield. The deviations from a linear correlation

can probably be traced back to the differences in surface composition caused by different

fuels. It can be seen that layers formed by BA combustion lead to the same deviation from

WGS equilibrium with lower BET surface areas compared to B7C3 and CM combustion.

Studies focused on dolomite from air gasification observed a different connection between

BET surface area and catalytic activity [69]. For used dolomite, the catalytic activity

regarding benzene steam reforming was decreased by 24 % compared to unused (but

calcined) dolomite while the BET surface area increased from 0.4 m2 g−1–19.5 m2 g−1 during

gasification. They explained the results by a deactivation of the CaO and MgO sites by SiO2

deposition from the fuel ash.

In summary, layers forming on K-feldspar showed a similar catalytic activity to small

admixtures of limestone to the bed material. The activation observed over time that was

observed both in the DFB steam gasification pilot plant as well as WGS experiments with

samples with fuel ash layers originating from combustion is promising for the further use of

K-feldspar as bed material for DFB steam gasification.
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Future Work

Several steps have to be performed in the future before K-feldspar can be established as new

bed material in DFB steam gasification plants. This chapter gives a short timeline for those

steps.

6.1 K-feldspar as Bed Material in Industrial Plants

Before a final recommendation can be given regarding the suitability of K-feldspar it is

necessary to perform long-term experiments. This can be carried out in two ways. One way

is to substitute a part of active or activated bed material (e.g. layered olivine bed material)

during operation of a DFB steam gasification plant using woody biomass and observe the

changes in gas composition and tar content. When the performance of the gasification

process is still satisfactory it is possible to substitute another part of the bed material by

K-feldspar. This can be repeated until K-feldspar is substituted for all of the bed material

and only has to be stopped if the product gas composition is not reaching desired qualities

anymore. If it is possible to replace all olivine with K-feldspar without negative effects on

the product gas composition K-feldspar proved to be a suitable bed material.

The other approach would be to use K-feldspar as bed material from the beginning and add

additives like limestone during start-up and whenever necessary during operation. Ideally

the frequency of limestone additions reduces during long-term operation and can be stopped

as soon as sufficient layers formed on the K-feldspar bed material particles.

After using K-feldspar in an industrial plant for an extended period of time it will also be

possible to study the long-term layer formation of K-feldspar. The final surface composition

can be determined as well as the tendency of K-feldspar to form cracks. Cracks on bed

material particles make it necessary to replace the bed material before pieces of the bed
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material can break of. Therefore it is necessary to use a bed material with a low tendency

for crack formation to prolong the life-time of bed material particles before they have to be

replaced. Faust et al. [56] detected initial crack formation for K-feldspar after 51 h so it is

necessary to focus attention to fragmentation of bed material occurring.

With samples from long-term exposure it will also be possible to determine the final

reachable catalytic activity with K-feldspar and woody biomass. Comparing these results to

layered olivine and limestone will further show the suitability of K-feldspar.

For combustion applications K-feldspar might also prove interesting to replace quartz

bed materials. Due to its decreased interaction with the fuel ash the formation of cracks

seems to be reduced. Replacing of used bed material can therefore be reduced compared to

quartz, leading to lower costs of the bed material.

6.2 Long-term Experiments with Alternative Fuels

If the use of K-feldspar with woody biomass proofed successful it will next be necessary

to use K-feldspar with ash-rich alternative fuels. The changes in ash content will make it

necessary to further focus on ash removal both from inside the reactor as well as from the

product gas stream. It might be possible to tackle the increased ash content with changes

in operation alone but it could also be necessary to install additional cyclones or other ash

removal equipment.

The influence of ash composition on both ash melting behaviour and ash layer formation are

other aspects that have to be considered as soon as alternative fuels are being used. After

successful operation with alternative fuels the influence of fuel ash composition on the final

reachable catalytic activity can be studied. Fuel mixtures are one possibility to use otherwise

problematic fuels like straw. By mixing problematic fuels with other fuels with high melting

ash it might be possible to use these fuels at least in small quantities. The co-combustion of

straw and chicken manure also led to the formation of plant available compounds that did

not form during chicken manure mono-combustion.

6.2.1 Sewage Sludge

Sewage sludge is a waste stream that could be upgraded by gasification to a valuable product.

It is also a challenging fuel due to its fuel properties. The heavy metal content as well as the

increased water content have to be considered during operation. Sewage sludge also contains
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considerable amounts of P. By using sewage sludge as fuel it might be possible to enrich P

in the fuel ash by further treatment, making it more feasible to further utilise it.

6.3 Further Characterisation of Ash Fractions

The use of a heavy metal-free bed material makes it possible to further utilise the accruing

ash fractions. One possible application is the use as fertiliser. First tests showed that ash

from co-combustion of chicken manure and straw produces plant available P-compounds.

More dedicated experiments are necessary to further understand how the speciation of ash

elements in the ash can be influenced. Especially the influence of gasification atmosphere on

the forming ash compounds has only been studied insufficiently until now.

6.4 Further Development of Micro-Scale Test-Rig

The WGS reaction tests on the micro-scale test-rig proved important for the characterisation

of catalytic activity of bed materials. Though, the results showed that some differences

in catalytic activity towards the WGS reaction can be observed during gasification and

isolated WGS experiments. Understanding the causes for these differences might make

these isolated experiments even more valuable since a wide variety of bed materials could

be screened without using them in time-consuming gasification experiments. Further

developing the method to include a variety of reactions (e.g. tar reforming) can also be an

important factor in future characterisation of bed materials.
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Conclusions

K-feldspar was studied for its suitability as alternative bed material for fluidised bed applica-

tions. Combustion experiments with a variety of alternative fuels showed promising results

regarding the applicabilty of K-feldspar as bed material a long as the ash melting point of the

fuel ash isn’t too low. DFB steam gasification and WGS experiments showed that K-feldspar

is an inactive bed material regarding gasification reactions. Still, it was possible to observe

activation of K-feldspar in a variety of experiments. In-situ activation of K-feldspar could be

achieved with the aid of an ash-rich fuel mixture in the time-scale of several hours reaching

similar catalytic activities to activated olivine, which is the current bed material in DFB bed

steam gasification plants.

Several specific results could be obtained throughout this thesis:

• Combustion experiments dedicated to the formation of fuel ash layers were performed

with a variety of alternative fuels to further study the influence of fuel ash composition

on layer formation. The experiments showed that P originating from CM changes

the layer formation mechanisms by promoting ash-ash reactions instead of ash-bed

material reactions typical for P-lean fuels. The addition of CM to WS also showed an

improvement in ash melting behaviour by elevating the ash melting point of the fuel.

• Experiments with pure CM highlighted the challenges of ash-rich fuel on the opera-

tion of fluidised bed systems. Both the combustion and the DFB steam gasification

experiments exhibited problems due to the high ash content and had to be stopped

prematurely due to it. Regular bottom ash removal has to be realised if CM or other

ash-rich fuels are to be used in fluidised bed systems. Fly ash removal is not sufficient

in removing enough ash from the system.
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• Comparisons between layer formation during combustion and gasification showed no

remarkable differences between those two operation modes. Differences in layer com-

position were only observed for different fuels. While woody biomass (BA, BA-rich

logging residues) led to an exchange of K+ with Ca2+ inside the particle no such ex-

change was observed for CM, B9C1 and B7C3. Due to the similarities in layer for-

mation during combustion and gasification it was possible to use samples from flu-

idised bed combustion for further analysis regarding gasification suitability of layered

K-feldspar.

• The addition of CM to BA led to the development of thicker layers in the same time-

scale compared to pure BA combustion. Older particles showed a differentiation into

inner and outer layer for the samples from CM, B9C1 and B7C3 manure combustion.

BA combustion did only show inner layer formation. Inner layers were enriched in Ca

for all samples but K depletion could only be detected for BA combustion. The outer

layers were rich in Ca, P, Mg, S and often K.

• Dedicated experiments regarding the WGS reaction showed a catalytic activation of

K-feldspar by bed material-fuel ash interactions. This effect was more pronounced

for the samples from combustion, since they were performed for a longer time-frame.

The bed material from CM combustion showed the fastest activation followed by the

bed materials from B7C3 and BA combustion. During these experiments the catalytic

activity still increased for the oldest samples so it was not possible to obtain the final

reachable catalytic activity of layered K-feldspar. Longer experiments will be neces-

sary to clarify this question.

• Several differences in composition were detected between fuel ash layers and ash frac-

tions. The fine fly ash fraction mainly consisted of KCl while the bottom ash fraction

was closer to the layers in composition. No Al could be detected in the ash fraction

compared to the fuel ash layers where the Al originates from K-feldspar. S was only

detected in the ash fraction indicating that it is less available for interactions with the

bed material.

• The layer formation mechanism for K-feldspar with woody biomass proposed by He

et al. [54] and Faust et al. [56] could be further confirmed. The presence of P in

the fuel ash changed the layer formation mechanism from the development of an in-

teraction layer to the formation of a deposition layer. Long-term experiments will be

necessary to show the impact of the changes in layer formation on fluidised bed be-
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haviour (agglomeration, bed material fragmentation) and the catalytic activity during

gasification.

It was also possible to answer the set research questions of this thesis:

1. Can K-feldspar be used as alternative bed material in DFB steam gasification to re-

place olivine?

Overall, it was possible to use K-feldspar as bed material in fluidised bed applications.

The fluidization problems observed during operation could all be related to the fuel

ash and not the used bed material. It was also possible to obtain comparable catalytic

activities with K-feldspar with an ash-rich fuel mixture (BSC) compared to activated

olivine.

2. What are the mechanisms behind fuel ash layer formation on K-feldspar?

It was possible to further support the proposed layer formation for P-lean fuels, where

layer formation is mainly promoted by Ca diffusion into and K diffusion out of the

particle. The presence of P interferes with the diffusion of Ca into the particle, leading

to thinner inner layers. Following, the formation of outer layers is more pronounced

for P-rich fuels. The diffusion of K out of K-feldspar could also not be detected, further

showing a reduced inner layer formation.

3. How is the catalytic activity and time-dependent activation of fuel ash layers influ-

enced by different fuels?

Higher ash contents of the fuels generally led to a higher initial catalytic activity dur-

ing DFB steam gasification. It could also be shown that the development of a layer on

K-feldspar positively affects the catalytic activity of the bed material, suggesting that

long-term performance with ash-rich fuels leads to further improvement of gasification

performance.
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Nomenclature

Abbreviations and Acronyms

B7C3 0.7 kg kg−1 bark and 0.3 kg kg−1 chicken manure on a dry basis

B9C1 0.9 kg kg−1 bark and 0.1 kg kg−1 chicken manure on a dry basis

BA bark

BET Brunauer-Emmet-Teller

BFB bubbling fluidized bed

BSC 0.595 kg kg−1 bark, 0.15 kg kg−1 straw and 0.255 kg kg−1 chicken manure on a dry

basis

CM chicken manure

CR combustion reactor

db dry mass basis

DFB dual fluidised bed

EDS Energy-dispersive X-ray spectroscopy

GR gasification reactor

K-FS K-feldspar

MFC mass flow controller

n.d. not determined

n.o. not observed

S7C3 0.7 kg kg−1 straw and 0.3 kg kg−1 chicken manure on a dry basis

S9C1 0.9 kg kg−1 straw and 0.1 kg kg−1 chicken manure on a dry basis

SEM scanning electron microscopy

SER sorption enhanced reforming
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SW softwood

T temperature

WGS Water-Gas-Shift

WS wheat straw

XRD X-ray diffraction

XRF X-ray fluorescence

Symbols

Symbol Description Unit
Kp(T ) Equilibrium constant of a specific chemical reaction (dependent on T) -
pi Partial pressure of component i bar
pδeq,WGS Logarithmic equilibrium deviation of the WGS reaction -
T temperature K
λ air excess number -
νi Stoichiometric factor of component i -
τ Kendall rank correlation coefficient -
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