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Abstract 
Besides producing a carbon-neutral gas suitable for several applications, gasification of biomass in 

fluidized beds also leads to the formation of aromatic hydrocarbon compounds (tars). When 

condensing the gas, tars are plugging pipes and other process equipment which increases the need of 

high-cost gas cleaning systems.  

The aim of this thesis was to improve the understanding of how tar compounds can be decomposed 

by using catalytically active bed materials. Earlier studies concluded a significant increase of reactivity 

by using bed material with outer layers rich in calcium. In this study, several materials with outer 

calcium-enriched layers were compared with fresh, non-coated, materials.  

The materials catalytic performances were investigated in a fluidized bed lab-scale reactor by 

applying two reactions; water-gas shift and steam reforming of a model tar compound. The materials 

investigated in the water-gas shift reaction were two fresh samples and five coated samples. The fresh 

samples were silatherm (aluminosilicate) and k-feldspar (potassium aluminum silicate), and the 

coated materials were three samples of quartz sand and two samples of impurities. The quartz sand 

samples were gathered from different fluidized bed combustion plants while the impurities samples 

were gathered from one fluidized bed gasification plant and further separated from olivine particles.  

1H-indene was used as model tar compound in the steam reforming reaction, where four bed material 

samples with varying calcium-layer thickness were investigated.  

From the experiments with water-gas shift reaction the catalytic enhancement was proved by using 

calcium-enriched materials. Similar gas compositions could be measured for two of the three quartz 

sand samples. The third sample showed a lower catalytic activity due to a thinner outer layer of 

calcium. The two samples of impurities showed the highest catalytic activity of all investigated 

materials. At a temperature of 850°C the maximum carbon conversion was 42% for one of the 

impurities samples. At the same temperature the corresponding CO conversion for k-feldspar was 

0,6%. Silatherm had a slightly increased CO conversion compared to k-feldspar, but the catalytic 

performances of the fresh materials are significantly lower compared to the coated materials. 

In the steam reforming reaction, 98,9% of 1H-indene were decomposed in the reaction when a calcium 

oxide was used as bed material. In contrary, 0% of 1H-indene was decomposed when feldspar was 

used. 

From the experimental results it can be concluded that the materials coated with outer layers rich in 

calcium had excellent catalytic performance compared to the fresh materials. Although further 

investigations must be conducted, it can be confirmed that calcium is a component which significantly 

increases the decomposition of tars in fluidized bed gasification processes.  
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1 Introduction  

Research towards renewable energy has risen tremendously during the last years. The awareness of 

global warming occurred by fossil fuel combustion has increased the development of technologies 

using biomass since it is considered as a major source of renewable energy[1].  

Gasification of biomass is a renewable energy technology which converts the biomass feedstock into a 

carbon-neutral gas that can be used for several applications such as co-firing, electricity generation, 

and production of gaseous/liquid fuels or chemicals [2].  

Biomass is basically solar energy stored in organic materials such as forestry-, saw and/or pulp mill 

and agricultural residues, certain crops, manure and other organic waste products. It is the only 

renewable source that contains carbon, essential for the production of gaseous (natural gas) and liquid 

(diesel, gasoline, kerosene, heavy fuel oil and alcohols) fuels [3]. As the chemical properties of biomass 

are not completely similar to those of fossil fuels, it is not possible to directly adjust the feedstock in 

existing gasification plants without modifying the plant operation conditions. Compared to fossil fuels 

such as coal, biomass contains higher amounts of low-melting ashes and it also produces tars during 

gasification [4]. These undesirable by-products are causing operational problems in downstream 

equipment and must be removed [5]. 

Fluidized bed (FB) gasifiers are perceived as a suitable technology when a feedstock of solid biomass 

with large variations in fuel properties is used, e.g. woody biomass [1]. The bed consists of inert 

particles (bed material) which are being smoothly mixed with biomass. By supplying steam, air or 

carbon monoxide into the reactor, biomass decomposes into syngas [6].  

One major disadvantage according tar formation in this type of gasifier is that the reactor works at 

relative low temperatures compared to other gasifiers. This, in fact, lowers the risk for ash melting but 

instead increases the formation of tars [7]. Commercial breakthrough of biomass gasification is 

expected as soon as tar removal technologies are developed wherefore a lot of on-going research 

focuses on this specific target [8].  

Researchers at Bioenergy2020+ GmbH have observed that, by using good catalytic bed materials the 

chemical reaction rates in a FB increases, with increased conversion of tars as a result. Hence, a kinetic 

test rig has been built in order to measure the catalytic activity of different bed materials to enable a 

comparison between materials and to conclude beneficial bed material properties from a tar reducing 

point of view [5].   

This thesis has been carried out in cooperation with Bioenergy2020+ GmbH. The purpose of the work 

is based on solving problems occurred in commercial dual fluid steam gasification plants. It can 

however be applied to all types of fluidized beds. 

Dual fluid (DF) steam gasification is a technology that has been developed by the Technical University 

of Vienna (TU Vienna). By separating the gasification and oxidation zones, increased overall reactor 

efficiency can be achieved and, in addition, by using steam as oxidization agent nitrogen can be 

effectively minimized in the product gas[1]. The technology has not only been successfully 

demonstrated at several plants in Austria, semi-commercial demonstration plants are also operating in 

Sweden and Germany respectively. Figure 1.1 schematically explains the process of a DF gasifier [9]. 
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Figure 1.1 Schematic of a dual fluid bed steam gasification process[9]. 

Several lab-scale reactors and pilot-plants are operating with the purpose to investigate the catalytic 

activity of different bed material. One study made by Bioenergy2020+ GmbH concluded a 

significantly increased rate of reaction with the use of coated bed material, mainly consisting of 

calcium [10]. This observation has attracted considerable attention for further investigations, and there 

are several ongoing experiments aiming to understand the relationship of catalytic layer 

formations[11].  

Water-gas shift reactions with several types of bed materials have been studied and compared, which 

gives useful information regarding the reactivity enhancement of coated materials. However, there is 

a lack of studies showing results from steam reforming reactions of model tar compounds. 

Accordingly, experiments using a model tar compound has to be carried out in order to fully prove 

that layer formation of bed materials are successful in order to eliminate tars. 

1.1 Aim & objective 

The aim of the thesis is to get a better idea of how different bed materials perform as catalysts in a 

fluidized bed steam gasifier with respect to decrease the formation of tar compounds, thus 

minimizing the need of secondary cleaning equipment.  

The main objective is to determine whether or not calcium enriched outer layer formation is required 

to achieve a bed material that successfully and efficiently reduces tars. 

Experiments have been conducted in order to compare coated bed materials with fresh, non-coated 

materials. 

1.2 Scope 

The project corresponds to 20 weeks of study, where all experimental work has been carried out in a 

test laboratory at Vienna University of Technology. The main limitations of this work are that: 
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 The investigated reactions are water-gas shift as well as steam reforming of 1H-indene as the 

only model tar compound.  

 Choices of model tar and bed material respectively are based on the assumption that a 

feedstock of solid woody biomass is used.  

 Economics and bed material availability have not been discussed.  
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2 Theory 

In this chapter fundamentals of biomass gasification relevant for this thesis are provided. Based on 

research papers and other available literature, information regarding chemical mechanisms behind tar 

formation and the catalytic activity of bed materials during gasification is given. 

 

2.1 Biomass gasification  

Gasification of biomass is a thermo-chemically complex process that normally occurs in the range of 

800-1200°C. By using an oxidation agent such as steam, air or carbon dioxide, biomass decomposes to 

a product gas. The gas mainly consists of hydrogen (H2), carbon monoxide (CO), carbon dioxide 

(CO2), and methane (CH4) but by-products such as condensable tars, nitrogen compounds and solid 

particles are also formed [8].  

When cooling the gas to below 350-400°C, tars occur as an aromatic and high-viscous liquid that may 

cause operational problems such as corrosion and plugging of pipes and other process equipment 

[12]. These problems can significantly decrease the total efficiency of the plant and also increase the 

operational cost of the process [13].  

There are three main groups of gasification reactors suitable for solid biomass; fixed bed (updraft and 

downdraft), entrained flow, and fluidized bed gasifiers [8]. Independent of gasifier type, the biomass 

feedstock goes through four different steps during its process of gasification, i.e. drying, pyrolysis, 

reduction and oxidation [1].  

In fluidized beds (FB) these zones occur uniformly throughout the bed due to great mixing of bed 

particles. Compared to other solid biomass gasifiers, FBs can generally achieve higher reactivity, 

efficiency and heat- and mass transfer. It also has the possibility to handle large variations of fuel 

feedstock which simplifies for up-scaling of this application. Woody biomass tends to have large 

variations in fuel properties such as moisture content, particle size, chemical composition etc. This is 

why FBs are commonly used for a feedstock of solid biomass [1].  

The operating temperature in a FB reactor is considered as the major drawback of this technology. 

Since the gasifier operates at lower temperatures it is unable to properly decompose all tars that are 

formed. Therefore, tar reducing methodologies are under development [8].  

 

2.2 Gasification reactions 

To get a better understanding of the process of tar formation, it is useful to know the main reactions 

that take place during biomass gasification. As mentioned earlier, biomass goes through different 

steps on its way to transform into gas. After drying of the fuel by evaporating the water inside, the 

thermal decomposition (pyrolysis) begins. No major chemical reaction with the oxidation agent 
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(steam) take place during pyrolysis which leads biomass to thermally decompose into the final 

products; char and gas (both condensable and non-condensable)[14].  

In this step, the hydrocarbon molecules of biomass break down into smaller molecules. The parts of 

smaller molecules which are condensable are commonly referred as tars[14]. The phenomena of tar 

formation are more in detail discussed later on in this thesis.  

Next step in the process is the gasification of char. In this step, several chemical reactions take place 

between the char and the oxidizing agent. One of the most important reactions is the water-gas reaction 

where the main gas products are CO and H2. In this reaction, char oxidizes with steam associated from 

different sources, e.g. from vaporization of water in the fuel or, depending on oxidizing agent, from 

the air/steam supplied to the reactor. The reaction is endothermic, which means that it requires 

external heat in order to occur[14], see Eq. (2.2.1). 

             (∆H = +131 kJ/mol) (2.2.1) 

Another endothermic reaction is the one when char becomes gasified with carbon monoxide. The 

reaction is called Boudouard reaction and is shown in Eq. (2.2.2). However, this reaction dominates in 

absence of steam, i.e. when the oxidation agent consists of air or oxygen [14].  

           (∆H = +172 kJ/mol) (2.2.2) 

Further reactions and the quality of the product gas are even more distinguished depending on 

specific reactor type and process parameters, e.g. biomass composition, particle size and moisture 

content. Furthermore, it also depends on parameters such as reactor temperature, residence time, 

pressure etc[15].  

The product gas produced at high-temperature gasification usually characterizes with high 

concentrations of carbon monoxide and little methane. For the purpose of producing a gas similar to 

natural gas, the methanation reaction is of interest. The product gas is called synthetic natural gas (SNG) 

and happens in the catalytic reaction of CO and/or CO2 with H2[1]. From the reaction, which is 

exothermic and thus releases heat, CH4 and H2O are formed. See reaction formula in Eq. (2.2.3). 

                (∆H = -206 kJ/mol) (2.2.3) 

The reaction is enhanced at lower temperatures and usually needs longer residence time. In this work, 

H2 was the desired gas product wherefore the methanation reaction was not considered. 

Synthetic gas, or syngas, is the gas produced from a gasification process with H2 and CO as the main 

considered gas components. In fact, a fuel composed of mainly H2 is appropriate for engine 

application as it only forms water when it becomes combusted [16].   

2.2.1 Water–gas shift reaction 

Another chemical reaction, commonly occurring in the gasification process, is the water-gas shift 

reaction, see reaction formula in Eq. (2.2.4). In the reaction, carbon monoxide reacts with steam to 

produce carbon dioxide and hydrogen.   
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(∆H = -41,2 kJ/mol) (2.2.4) 

This, slightly exothermic, reaction is an intermediate step in producing a H2-rich syngas which makes 

it an important step in a process where hydrogen is the desired gas. Depending on several parameters 

such as reactor temperature, pressure, bed catalyst structure and composition, different rate of 

reaction can be obtained. In order to maximize the H2 production, some adjustments can be done. For 

example, when high amount of tars are detected, extra steam can be added into the reactor which 

enhances the, so called, steam reforming reaction and hence enable further conversion of CO into H2 

and CO2 [1]. 

2.2.1.1 Steam reforming reaction  

The steam reforming reaction is interesting for the purpose of tar reforming in biomass gasification as 

the hydrocarbons (tars) are able to react with steam to produce H2 and CO. Eq. (2.2.5) shows the 

general reaction formula, where the number of   and   represents number of carbon and hydrogen 

moles in the specific tar component. 

              
 

 
        

(2.2.5) 

The purpose of this reaction is thus to supply as much steam that is needed to finally convert the tars 

into CO2 and H2 through water-gas shift reaction. Furthermore, with presence of catalytic active bed 

material the reaction is enhanced and even more attractive as it reduces the energy needed for steam 

production [1]. 

2.2.2 Chemical equilibrium 

Besides burning of gas for heat production, co-firing in fossil fuel power plants, or producing 

electricity in turbine processes, further utilization of the product gas is possible for the production of 

standardized liquid or gaseous fuels[14]. 

As mentioned earlier, syngas is a mixture of H2 and CO and is commonly used in the production of 

liquid fuels.  For the utilization of syngas, it is important to know the composition of the product gas 

[14]. 

The product gas composition is difficult to predict, but a good way is by considering the composition 

when the reaction reaches chemical equilibrium. When equilibrium state is reached, the chemical 

conversion for a given condition is considered to be at maximum. In other words, the concentration of 

products and reactants remain constant during this state [14].  

At each temperature and at sufficient time, the equilibrium constant for each reaction can be 

determined. For example, the equilibrium constant for the water-gas shift reaction are written in 

Eq. (2.2.6). 

     
         

         
 

(2.2.6) 

where [CO], [H2O], [CO2] and [H2] are equilibrium concentrations of the gases at partial pressure in 

the reaction [14].  
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By changing the temperature, the reaction shifts in either direction depending on temperature. For 

instance, an increase of temperature in exothermic reactions results in a decrease of Keq and the 

reaction shifts to the left. Oppositely, by decreasing the temperature the reaction shifts to the right. In 

fact, even though the water-gas shift reaction is favored at lower temperatures, fluidized bed gasifiers 

usually operate at higher temperatures[17]. This can be studied in Figure 2.1 where the 

thermodynamic equilibrium gas composition at various temperatures is shown. 

 

Figure 2.1 Thermodynamic equilibrium composition of the water-gas shift reaction [17]. 

 

2.3 Tars 

The major issue in fluidized bed gasification is the formation of organic and high molecular weight 

hydrocarbon compounds, commonly referred as tars.  

Tar compounds can be classified into different groups in various ways. For instance, different tar 

compounds are formed at different temperatures during gasification. Some researchers suggest that 

tars which are formed at temperatures between 200-500°C are the primary tars. The main constituents 

of wood, i.e. lignin, hemicellulose and cellulose, are considered as the main source to tars formed at 

this temperature level [18]. 

At higher temperatures and with presence of an oxidation agent a part of the primary tars reacts into 

smaller gas molecules, while the residual forms into secondary tars. At temperatures over 800°C, 

tertiary tars are formed. Typical tertiary tars mainly consist of stable polynuclear aromatic 

hydrocarbons (PAH) which are difficult to catalytically crack [18]. Figure 2.2 shows how tar 

compounds can be sorted regarding different temperatures. 
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Figure 2.2 Classification of tars regarding temperature [13]. 

According to various research groups it was agreed that all organic compounds found in the product 

gas with a molecular weight larger than benzene are defined as tars.  

Table 2.1 shows how tar products can be sorted into different classes depending on their molecular 

weight. The list has been developed through measurements of tar dew point [13].  

Table 2.1 Classification of tar products depending on molecular weight [13] 

Tar class Class name Property Representative compounds 

1 GC-undetectable Very heavy tars Determined by subtracting the 

GC-detectable tar fraction from 

the total gravimetric tar 

2 Heterocyclic aromatics Highly water soluble 

compounds 

Pyridine, phenols, cresols, 

quinoline, isoquinoline, 

dibenzophenol 

3 Light aromatic (1 ring) Usually light hydrocarbons with 

single ring 

Toluene, ethylhenzene, xylene, 

styrene 

4 Light PAH compounds (2-3 

rings) 

Condenses at low temperature 

even at very low concentration 

Indene, naphthalene, 

methylnaphthalene, biphenyl, 

fluorine, phenanthrene, 

anthracene 

5 Heavy PAH compounds (4-7 

rings) 

Condenses at high temperatures 

at low concentrations 

Fluoranthene, pyrene, chrysene, 

perylene, coronene 

*PAH=poly-aromatic hydrocarbons 

From Table 2.1 it can be seen that tar class 1 is GC-undetectable, which means that the measurement 

system of today are unable to detect tar components as heavy as these. Though, it is believed that 

class 1 tars start to condense at around 300-350°C [13].  

The typical tar compounds formed by steam gasification at temperatures between 700-1000°C are the 

aromatic single ring compounds and polycyclic PAH compounds, i.e. tar class 3, 4 and 5 [13]. 



9 

 

2.3.1 Poly-aromatic hydrocarbon compounds  

High temperature tars, or tertiary tars, are usually formed at temperatures over 800°C. These tars are 

typically poly-aromatic hydrocarbons (PAH) such as benzene, naphthalene, phenanthrene, pyrene, 

and benzopyrene. In biomass steam gasification the average tar composition in the product gas 

contains about 40% of naphthalenes[19].  

Naphthalene is one of the most stable PAH compound and thus the most difficult to decompose 

wherefore several studies has focused on the mechanism of naphthalene conversion. The exact 

reaction pathway is still unknown, but from experimental studies reasonable descriptions of 

naphthalene decomposition can be found. Although the kinetic data for naphthalene decomposition is 

highly dependent on parameters such as reaction medium and reaction conditions, it can be observed 

that the reaction often initially leads to ring opening. By ring opening means C – H cleavage into 

lower hydrocarbons, see a proposed reaction scheme in Figure 2.3[20]. 

 

Figure 2.3 Naphthalene decomposition reaction scheme[20]. 
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During naphthalene decomposition, indene is considered to be the first stable product since it is 

formed under all gasification conditions investigated. Indene, which contains one less carbon atom 

compared to naphthalene, is considered as an intermediate compound for the production of other 

stable PAH compounds, e.g. benzene and toluene. Steam gasification also often leads to the formation 

of chrysene[20].   

Since tars consist of a complex mixture of hydrocarbons, model tars are commonly used as substitutes 

for real tar mixtures. Naphthalene, benzene and toluene are examples of typically model tar 

compounds studied. To get a deeper knowledge of the decomposition scheme of tar compounds in 

gasification reactions, further investigations are required[20].   

2.3.2 Measures for reducing tars in product gas 

To minimize the need of extensive gas cleaning equipment, measures to minimize tar formation 

already in the gasification reaction zone are being investigated [13]. 

There are two main process methods for reducing tars in the product gas. The primary measure is by 

modifying the gasifier design, add bed catalysts or by adjusting the operating conditions in the reactor 

such as pressure, temperature, gasifying agent, residence time etc. The secondary measure is by 

adjusting the physical- and thermal-catalytic processes. By physical process method means using 

cyclones, filters, electrostatic precipitators or scrubbers, and the purpose of the thermal-catalytic process 

is to boost the thermal breaking reaction by partial oxidation, catalytic reforming and plasma 

processes [21]. 

By using catalytic bed materials the reduction of tars in the production gas is noticeable as it enhances 

the process of breaking the hydrocarbon bounds. The higher temperature in the reactor, the higher 

thermal breaking reaction is obtained which lowers the tar content in the product gas. Hence, by 

utilizing a highly catalytic active bed material the method of adjusting the thermal-catalytic process is 

preferable as it minimizes the need of high-cost cleaning equipment [11].  

 

2.4 Bed material properties 

The main function of bed materials is to effectively transfer heat to the biomass fuel particles in order 

to make reactions to happen. Enhanced rate of reaction can be achieved when using catalytic active 

materials, often referred as bed catalysts. Catalysts enable gasification of biomass at lower 

temperatures; hence retains high conversion and high thermal efficiency [14]. Depending on specific 

properties of the bed material and the process operating parameters, different performance of the 

gasification products can be obtained [22]. 

Generally, good bed catalysts effectively remove tars, and are inexpensive and able to easily 

regenerate. They should also be capable of reforming methane in case syngas is the desired product. 

Deactivation of bed catalysts occur due to fouling and sintering of bed particles and are affected by the 

ash content of biomass. This makes it important to also have a bed material resistant to 

deactivation [22].  

Quartz sand is the most commonly used bed material in fluidized bed combustion reactors. However, 

since the catalytic activity of quartz sand is poor, it is not useful for gasification purposes. Instead, a 

mineral known as olivine with similar mechanical strength as quartz sand but with significantly 
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higher catalytic qualities has been widely used. Olivine is mainly composed of (Mg,Fe)2SiO4 and the 

high content of magnesium and iron is assumed to be the main reason to the increased catalytic 

performance compared to quartz sand [23]. 

Even though olivine shows advantageous performance compared to other minerals, its catalytic 

activity is not optimal. Furthermore, olivine is relatively expensive wherefore better alternatives of 

bed material or bed material additives are under investigation.  

2.4.1 Coated bed materials 

A comparison between fresh olivine and coated olivine has been studied where it was found that 

coated olivine enhanced the catalytic reaction rate in water-gas shift reaction. Hence, the measured tar 

content in the product gas was 82% less compared to when fresh olivine was used [11].  

The coated olivine particles were gathered from the DF in Güssing after a period of regular operation 

and it was seen that the particles had formed an outer layer rich in calcium which was induced by the 

biomass ash. In this study, it was concluded that layer elements such as calcium, magnesium, and 

potassium are all catalytically active and therefore promising elements in bed materials [5]. The outer 

layer for one olivine particle gathered from Güssing is shown in Figure 2.4, where the light-grey area 

on the particle surface is the calcium-rich layer that was formed during operation. 

 

Figure 2.4 Polished micrograph of coated olivine particle after operation Güssing[11].  

Alkali catalysts can be directly added to the biomass to reduce the tar content. But, even though the 

reaction rate of gasification increases significantly, the recovery of the catalysts is difficult and costly. 

As the biomass ash inherently contains concentrations of alkali metals, additional alkali catalysts are 

subject to particle agglomeration. This is a considerably disadvantage as the priority is to utilize bed 

materials which are flexible for various biomass properties [22]. 

Other bed materials that have been proved to be highly reactive for tar conversion are metals, such as 

nickel. But, due to the high material cost and long required reaction time, nickel catalysts are not 

suitable in commercial scale reactors [8].   
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3 Methods 

The work presented in this thesis is mainly constituted of experimental work. Lab-scale experiments 

were conducted at Vienna University of Technology to evaluate the catalytic performance of different 

bed material samples. In addition to this, steam reforming of a model tar compound was investigated 

in order to analyze the bed material ability to decompose tars. 

3.1 Experimental set-up and operating conditions 

For the experiments, a lab-scale fluidized bed reactor was used. A detailed manual for the test rig can 

be found in Appendix D. Figure 3.1 shows the flow sheet of the process where input 1 and input 2 are 

used depending on whether water gas shift reaction or steam reforming reaction is desired. When 

referring to either input 1 or 2, the term reacting gas is used.  

 

Figure 3.1 Flow sheet of experimental set-up.  

The reactor zone is of cylindrical shape and has an inner diameter of 10 cm. In the center of the reactor 

zone, a glass tube (10 mm in diameter) filled with bed material was placed. About 10 g of bed material 
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was used and fixed at reactor height by quartz wool. This corresponded to a fixed bed height of 7 cm. 

Figure 3.2 show a schematic cross section of the reaction zone. 

 

Figure 3.2 Schematic cross-section of the reaction zone. 

The reactor was heated by electrical heaters and controlled by thermocouples of type K. Additional 

heating bands were used on the outside of the glass tube in order to avoid condensing of steam and 

gas. The heating band can be observed to the right in Figure 3.3 where it is twisted around the glass 

tube before inlet to reactor.  

 

Figure 3.3 The reactor zone with heating band twisted around the glass tube before the reactor inlet.  
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The flow of steam and the reacting gas were supplied from top of the reactor by the carrier gas 

nitrogen (N2). LabView dataflow program was used in order to control the flow and to record the 

experimental data. Steam temperature was set to 135°C to ensure no appearance of liquid water in the 

reaction zone.  

After the reactor, where the gas mixture passes through the bed material, the gas stream flows into a 

Liebig cooler (condenser). In the cooler all water in the gas condenses before it goes further into the 5 

component gas analyzer.  

The gas analyzer was set to start data recording as soon as the experiment started, i.e. when the 

reacting gas and steam flow was let into the reactor. When chemical equilibrium was reached the total 

gas flow and its composition was noted. The reaction equilibrium was held in 15 minutes at the 

different temperature steps in order to get good average values.  

3.1.1 Gas measurement system 

The 5 component gas analyzer (model NGA2000 made by Rosemount) is equipped with infrared, 

ultraviolet, thermal conductivity and paramagnetic sensor technologies in order to measure the 

concentration of the product gas components. The gas components; CO, CO2, H2, CH4 and O2 can be 

measured by combining the different technologies[24]. 

Before start of each experiment, a simple check of the gas measurement system was done in order to 

be sure that it worked correctly. This is of great importance as it otherwise may be difficult to evaluate 

the accuracy of the experimental results. A flow of CO and N2 was let into the bypass system of the 

reactor. The flow of the carrier gas N2 and CO was set equally to 15 NL/h. After a short while, when 

the gas measurement system is stabilized, it should measure a CO concentration of 50% (   ) if 

everything works correctly. If it does not measure 50%, something needs to be adjusted. For instance, 

if O2 is detected, there is a possibility for a leakage in the system that allows air to flow in. The 5 

component gas analyzer used in experiment is shown in Figure 3.4. 

 

Figure 3.4 The 5 component gas analyzer used in the experiment. 

3.1.2 Simplifications 

Even though some small temperature variations occur, it was assumed that the temperature in the 

reactor was uniform and kept constant.  
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The gas components measured in the 5 component gas measuring system are CO, CO2, CH4, H2 and 

O2. This makes it impossible to know the exact gas composition but, even though the gas may contain 

small amounts of hydrocarbons, it is assumed that N2 stands for all unmeasured gas. 

 

3.2 Comparison of bed material 

In the first experiments several bed materials were investigated at different temperatures (750°C, 

800°C and 850°C). A water-gas shift reaction was created since it is considered to be a convenient 

reaction to generate with help of two gases; carbon monoxide and steam.  

The purpose of the experiment was to support the hypothesis that catalytic activity increases with 

temperature as well as with the use of coated materials. Three samples of quartz sand and two 

samples of impurities collected from different FB combustion plants were tested and compared with 

two samples of fresh, non-coated particles. More information regarding the samples is given in 

section 3.2.1. 

For the water-gas shift reaction, Eq. (2.2.4), the number of moles of CO and steam is equal, wherefore 

equimolar amount of gas were supplied into the reactor. In this experiment a flow of 15 NL/h of the 

respective gas was supplied (represents 12,05 g/h of steam). Also, the flow of N2 was set to 15 NL/h 

which means that, based on dry gas volume; the input concentration of CO was 50% into the reactor.  

3.2.1 Bed materials  

Initially, all samples were sieved to particle sizes in between 400-800 µm. The bed materials 

investigated in the first experiments were two samples of fresh, non-coated materials and five samples 

of materials gathered from different FB gasification plants. These bed materials have varying layer 

thickness, although they are referred as coated materials in this thesis.  

The catalytic performance of the different materials was evaluated based on carbon conversion, see 

Eq. (3.2.1). 

                    
              

      
      

(3.2.1) 

where        and         are the input and output concentrations respectively. 

To know the chemical components of the samples an XRF analysis was made for each material. The 

process of doing a XRF analysis is to initially melt the samples at 1050°C in a Merck Spectromelt and 

then placed on a stainless steel plate at 400°C. To carry out the analysis a PANalytical Axios Advanced 

analyzer under vacuum atmosphere condition is used. The measurement is equipped with rhodium 

anode, an excitation voltage of 50 kV, and a current of 50mA [10]. 

The presented compositions in this chapter are calculated as oxides and are the results from the XRF 

analysis made. 
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3.2.1.1 Fresh samples 

Chemical components of the fresh bed material samples investigated in the experiments are listed in 

Table 3.1. The analysis was made through XRF analysis by respective manufacturer from where the 

samples were gathered.  

Table 3.1 Chemical components of the fresh bed material samples used in experiments [25, 26]. 

Reference name Silatherm (ST) K-Feldspar (FS) 

K2O <1% 14,7% 

SiO2 43% 66% 

Al2O3 55% 17,8% 

Other <2% 16,2% 

The main difference between silatherm and k-feldspar is the content of potassium. Silatherm is an 

aluminum silicate whereas k-feldspar is a potassium aluminum silicate [25, 26]. To simplify, in this 

thesis k-feldspar is referred as feldspar. 

3.2.1.2 Coated samples 

Five samples of coated materials were collected from different fluidized bed plants which are all using 

woody biomass as feedstock. The three samples of quartz sand (QS), were collected from combustion 

plants in Heiligenkreuz (HK), Timelkam (TK) and Simmering (SIM) respectively. The last two samples 

were collected from a gasification plant in Senden and had to be separated from olivine particles. The 

impurities are considered to be bed particles that came along with the biomass feedstock and are 

referred as IM 1 and IM 2.  

Table 3.2 shows the main chemical components of all coated bed materials investigated. The total 

composition can be found in Appendix A.  

Table 3.2 Chemical components of the coated bed material samples used in experiments. 

Reference name QS (HK) QS (TK) QS (SIM) IM 1 (SE) IM 2 (SE) 

Fe2O3 1,62% 1,69% 0,62% 2,46% 1,48% 

CaO 11,88% 12,36% 3,62% 22,91% 22,87% 

K2O 6,76% 1,84% 4,36% 8,18% 3,68% 

SiO2 69,70% 73,22% 83,88% 47,02% 52,53% 

Al2O3 2,09% 4,59% 5,20% 5,59% 5,74% 

MgO 2,34% 2,40% 0,57% 4,68% 11,48% 

Na2O 1,51% 1,17% 0,63% 3,89% 0,78% 

Other 4,10% 2,73% 1,12% 5,27% 1,44% 

According to the elemental composition of the materials it can be seen that silicon stands for the main 

component of the samples. Besides that, during the process of operation, all materials have formed 

outer layers rich in calcium and smaller amounts of potassium. 

3.2.2 Particle separation 

As described earlier, olivine contains iron and magnesium which gives magnetic properties. A 

method of separating impurities from olivine particles is by using magnets, see the step-by-step 

procedure in Figure 3.5. A mixture of olivine particles and impurities were transported by a vibratory 
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feeder (model DR 100) by placing magnets on the chute walls. The magnetic pathway allowed the 

impurities to move unhindered along the chute while the olivine particles moved in the lateral 

direction and stuck to the magnets due to the magnetic force. 

After separation, the impurities was sieved to particle sizes between 400-800µm. The impurities were 

collected at different dates of operation, thus separated from olivine particles at different times.   

 

Figure 3.5 Separation of impurities from olivine particles step-by-step; 1) – olivines mixed with impurities,  

2) – separation of particles with magnets, 3) – coated olivine particles, 4) – impurities. 

 

3.3 Steam reforming of model tar 

In the next experiments the hydrocarbon compound 1H-indene (chemical formula C9H8) was used as 

model tar compound in order to create a steam reforming reaction.  

3.3.1 1H-indene 

1H-indene belongs to the group of light, two-ring PAH compound. It has a density of 0,99 g/mL and  a 

boiling point at around 180°C[27].  

As mentioned earlier, 1H-indene is an intermediate product in the decomposition of tars and was 

found in high concentrations in the fluidized gasification plant in Senden, Germany. Since 1H-indene 

is most likely the first stable product during the decomposition of naphthalene it is here interesting to 

know whether or not 1H-indene should be found in the product gas if a good catalyst is being used.  

3.3.2 Materials and set-up 

In this investigation, both fresh and coated bed materials were studied to be able to compare their 

ability to decompose 1H-indene in a catalytic steam reforming reaction. The reactor temperature was 

in this experiment held constant at 800°C. 

Four samples with varying levels of catalytic activity were investigated. Two extreme cases; calcium 

oxide (CaO) which is known for its excellent catalytic performance, and feldspar which is expected to 

have low catalytic activity due to its non-calcium coated structure. Fresh and coated olivine particles 

were also investigated. According to earlier studies [5], these materials were expected to catalytically 

perform in between CaO and feldspar.  

From Eq. (2.2.5), the steam reforming reaction of 1H-indene is written as; 
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To increase the possibility of steam reforming and hence, reduce the risk for condensing of tars in the 

pipes, excess steam was supplied.  In other words, a steam to carbon ratio (S/C) of 2:1 was used. In these 

experiments, a flow of 8,2 mL/h of indene was supplied which correspond to a steam flow of 22,7 g/h. 

In fact, to further minimize the risk of condensing unconverted tars, additional equipment was used. 

Heating band and insulation was placed around the glass tube at the outlet of the reactor. Besides that, 

to be able to know the amount of decomposed tars during the reaction, two washing bottles filled with 

400 ml of toluene (200 ml in each bottle) was added before the gas entered the condenser.   

Toluene is another aromatic hydrocarbon compound which, in this experiment, works as tar collector. 

By letting the product gas stream wash through the washing bottles, 1H-indene and other 

hydrocarbon compounds in the gas becomes captured by the liquid. Furthermore, to ensure complete 

condensation of tars, the washing bottles were placed in a cryostat filled with glycol with a 

temperature of    . 

A flowsheet of the experimental set-up is shown in Figure 3.6. 

 

Figure 3.6 Set-up for the model tar experiment. 

Initially, the product gas from the reactor was sent through a by-pass system. When equilibrium was 

reached, the flow was switched to the other direction, i.e. through the analysis bottles.  

The collecting of tars in the analysis bottles was held in 10 minutes before the flow was switched back 

to by-pass again. The total amount of tars decomposed in the reaction was determined by analyzing 

the hydrocarbon compounds collected in the washing bottles. The analysis was made by the chemical 

testing laboratory at TU Vienna. Tar decomposition could then be evaluated based on the results 

provided by the testing laboratory. 
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Figure 3.7 Two washing bottles coupled in a raw and placed in a cryostat filled with glycol. 

By calculating the difference between the supplied amount of 1H-indene into the reactor and the total 

amount of tars collected in the washing bottles the total amount of decomposed tars could be 

determined. The total amount of 1H-indene into the reactor under a period of 10 minutes, which was 

the time of gas flow through analysis bottles, can be calculated by Eq. (3.3.1). 

                                
  

  
 

(3.3.1) 

From the analysis result the total decomposed amount of 1H-indene can be determined for each 

material investigated. The materials ability to convert tars is calculated as percentage of tars 

conversion, see Eq.(3.3.2). 

                      
                        

        
      

(3.3.2) 

where the collected amount of tars is expressed as                .   
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4 Results 

In this part, results from the experiments are presented in two sections. The first section provides 

result from experiments aiming to compare the catalytic performance of coated and non-coated 

material in a water-gas shift reaction. In the second section, results from steam reforming reactions of 

a model tar compound is provided in order to compare coated and non-coated bed materials ability to 

decompose tars. 

4.1 Separation of impurities samples 

Impurities were separated from coated olivine particles in order to investigate their catalytic 

performance. The separation was done by using magnets since the olivine particles are magnetic. 

Table 3.2 show the main chemical components measured in the XRF analysis of the impurities particle 

surface. In order to evaluate the accuracy of the separation method the chemical composition of 

impurities samples are compared with the chemical composition of pure, hand-picked impurities. 

Ideal separation would mean similar chemical compositions of the pure, hand-picked impurities as of 

the separated impurities sample 1 and 2 (IM 1 and IM 2). The chemical composition of coated olivine 

is also included in the graph as a reference. 

 

Figure 4.1 Main chemical components in the impurities samples investigated in the experiments. Coated 

olivine and handpicked impurities (only impurities) are included as a reference. 

In Figure 4.1 it can be seen that IM 1 and IM 2 have similar chemical compositions. A slightly higher 

content of silicon and less content of magnesium is obtained in the IM 2 sample compared to IM 1. The 

pure, hand-picked impurities have higher content of potassium and sodium but similar content of 

calcium oxide compared to both IM 1 and IM 2. The coated olivine sample has a much higher content 

of magnesium and a lower content of calcium oxide compared to all impurities samples. A weakness 

of the separation method can describe some of the composition differences such as the higher content 

of magnesium in the separated impurities than in the pure, hand-picked impurities. 
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4.2 Catalytic performance of bed materials in water-gas shift reaction 

Experiments on the catalytic performance of non-coated versus coated materials in a water-gas shift 

reaction were investigated. Measured values of the total dry gas composition for each material can be 

found in Appendix A. It has to be kept in mind that the carrier gas nitrogen stands for 50% of the dry 

gas concentration into the reactor. 

4.2.1 CO conversion 

Since the content of hydrogen is the interesting component for syngas utilization purposes, a graph 

showing the conversion of carbon monoxide for each material at different temperatures can be studied 

in Figure 4.2. The CO conversion was calculated from Eq. (3.2.1).  

 

Figure 4.2 CO conversion at different temperatures for all investigated materials. 

As seen in Figure 4.2, by increasing the temperature a higher conversion of CO into H2 and CO2 was 

achieved for all materials except the fresh samples of feldspar (FS) and silatherm (ST). For these 

materials, the CO conversion remained constant independent of temperature rise. Also, a low CO 

conversion was observed for the quartz sand sample from Simmering (SIM) with only a small increase 

of CO conversion with temperature. 

The maximum CO conversion was about 42% for the IM 1 sample at 850°C. At the same temperature 

the corresponding CO conversion for the FS sample was only about 0,7%. For the quartz sand sample 

from Heiligenkreuz (HK) it could be observed a small increase of catalytic activity with regard to CO 

conversion between temperatures 750°C and 800°C compared to at higher temperatures. 

Similar conversions can be observed for QS sample from Timelkam (TK) and the second sample of 

impurities (IM 2), but the angle of the curves demonstrates a somewhat higher CO conversion for the 

QS sample, especially in temperatures between 750°C and 800°C. 
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4.2.2 Catalytic activity 

Figure 4.3 shows the average dry gas composition measured for the fresh materials at the different 

temperatures investigated. Slightly higher hydrogen content could be measured for ST compared to 

FS, but due to very small difference the catalytic activity can be considered zero for both materials. 

 

Figure 4.3 Average total dry gas composition for the fresh materials investigated. 

Figure 4.4 and Figure 4.5 respectively shows the average dry gas composition measured at the 

different temperatures of the coated materials.  

Similar gas compositions (~10 vol% of H2) could be measured for the QS samples (HK) and (TK), see 

Figure 4.4. Compared to all other coated materials, less hydrogen (~2 vol%) was produced when the 

QS (SIM) sample was used. 

 

Figure 4.4 Dry gas composition of the quartz sand samples investigated. 

In comparison between the two samples of impurities, the highest catalytic activity was observed 

when IM 1 was used with an average of 16 vol% produced amount of hydrogen. The average content 

of produced hydrogen was about 11vol% for the IM 2 sample. The resulting dry gas composition for 

these materials is shown in Figure 4.5. 
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Figure 4.5 Dry gas composition of the impurities sample investigated. 

In summary, according to the resulting CO conversions and dry gas compositions, the catalytic 

activity was proved to be significantly higher for the coated materials compared to the fresh materials.  

4.3 Influence of catalysts in steam reforming of 1H-indene 

Four different bed materials were investigated by using 1H-indene as model tar compound in order to 

prove that catalytic bed material not only enhances the water-gas shift reaction, but also steam 

reforming reactions of tar compounds.  

In the experiments it was observed that, before the reaction reached equilibrium, a lot of tars flowed 

into the by-pass system without decomposing. This was obvious since the initial color in the bottles 

was transparent, but after start of reaction it changed into dark yellowish color. Besides that, smoke 

was appearing in the bottles which is another evidence of reaction taking place. When equilibrium 

was reached, the color remained constant and less smoke was appearing inside the bottles. It took 

almost exactly 10 minutes for the reaction to start and another 10 minutes until equilibrium state was 

reached. 

4.3.1 Gas composition 

The total gas composition was measured by the 5 component gas analyizer and can be found in 

Appendix B. The volume of produced gas was measured by the metering system for each material 

sample and is shown in Appendix C. Figure 4.6 shows the distribution between the measured gases 

based on the total gas volume measured where nitrogen is assumed to represent all unmeasured gas. 

It can be observed a clearly increased production of hydrogen with the use of materials such as coated 

olivine and CaO which is richer in calcium compared to feldspar and fresh olivine. The measured 

amount of oxygen is also included in the graph since it may be subject to possible leakages in the 

downstream pipes or other connections. The highest content of oxygen (~2vol%) was measured 

during the experiment where CaO was investigated. 

Furthermore, less N2 and more H2 with presence of calcium-enriched materials proves higher catalytic 

activities in the reactor zone. Hence, the highest production of hydrogen was observed when CaO was 

used and the lowest when feldspar was used. 
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Figure 4.6 The distribution between the gases analyzed by the 5 component gas analyzer and measured by the 

gas meter. 

4.3.2 Model tar decomposition 

To evaluate the decomposed amount of 1H-indene, washing bottles filled with toluene were used in 

order to collect the hydrocarbons in the product gas. The total amount of 1H-indene supplied into the 

reactor during analysis (        ) is calculated from Eq.(3.3.1), and represents the theoretical maximum 

amount collected in washing bottles if no 1H-indene were decomposed in the reaction.  

                  
  

  
       

Samples of the collected hydrocarbons were sent to a chemical testing laboratory at TU Vienna. A 

summary of the detected hydrocarbons from the analysis for the CaO and feldspar samples are given 

in Table 4.1. The percentage of tar conversion is calculated from Eq. (3.3.2).  

Table 4.1 Detected hydrocarbon compounds in tar analysis. 

Detected compounds Unit CaO Feldspar 

1H-Indene mg/L 13 1486 

Chrysene mg/L 2 22 

Total detected 

Tars conversion 

g/L 

% 

0,015 

98,9 

1,509 

0 

 

The total amount of tars collected in the washing bottles when feldspar was used is higher than the 

supplied amount of 1H-indene into reactor. It is here assumed that no 1H-indene were decomposed 

which correspond to a conversion of 0%.  

Besides 1H-Indene, small amounts of chrysene (C8H12) was detected in the analysis samples. As seen 

in Table 2.1, chrysene is another PAH compound usually formed in gasification reactions. When CaO 
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and feldspar were investigated, the detected amount was 2 mg/L and 22 mg/L respectively, which 

corresponds to less than 0,1% of total detected compounds. 

The analysis results for the olivine samples (both fresh and coated) was delayed from the TU testing 

laboratory and is, due to the time limitation of the project, thus not included in the result of this thesis. 

Instead, the amount of decomposed tars is calculated based on gas composition and the analysis 

results for CaO and feldspar. 

In Appendix B the total gas composition for all materials is shown. The measured content of H2 was 

18,4vol% of the total gas composition when CaO was used as bed material. This corresponds to as 

much as 10 times higher concentration compared to when fresh olivine was used and only about 1,3 

times higher compared to the coated olivine investigation. 

Assuming that the materials ability to decompose tars can be considered equivalent with the change 

in hydrogen production, the tars conversion can be calculated for the olivine samples. From Table 4.1 

the actual amount of detected tars was 0,015 g/L for CaO which theoretically corresponds to an 

amount of 0,018 g/L and 0,14 g/L for the coated and fresh olivine respectively. The resulting tars 

conversion for the olivine samples could then be calculated from Eq. (3.3.2) and is shown in Figure 4.7. 

 

Figure 4.7 Tars conversion for the different materials investigated. Result is based on actual detected amount 

of tars for the CaO and feldspar samples and theoretical amount for the fresh and coated olivine samples.  

From the result it can be seen that almost no 1H-indene or other hydrocarbons was found in the 

analysis bottles when CaO and coated olivine was used as bed material. In contrast to feldspar, the 

fresh olivine was able to decompose a minor part of the tars. With regard to tars conversion, a 

significantly higher catalytic activity was proved for the coated materials compared to the non-coated. 
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5 Discussion 

To evaluate the experimental result of the first experiments, assumptions made has to be kept in mind. 

Even though small temperature variations occurred, one assumption was to consider the temperature 

steps constant. Hence, temperatures 750, 800 and 850°C was investigated for all materials but the exact 

temperature at when equilibrium state was reached varied with a range of   5°C from material to 

material. Variations in temperature can result in small differences between the actual gas 

compositions of the investigated materials. In fact, it is known that higher conversion rate can be 

achieved at higher temperatures. However, in Figure 4.2 it can be seen that the production of 

hydrogen rises with temperature. This was expected due to the kinetic mechanism of water-gas shift 

reaction and, especially, with presence of catalytic bed materials. Assumptions of temperature 

variation may not have great impact on that specific result.  

The two samples of fresh materials showed almost no indication of catalytic reaction since the gas 

composition consisted of very low content of hydrogen. In contrary, higher catalytic activity was 

achieved when coated materials were used which responded to higher CO conversions, hence, 

increased production of hydrogen.  

The surprisingly low catalytic activity of the quartz sand (SIM) sample engendered a repeat of the 

same experiment in order to identify possible mistakes that could have arisen in the first trial. The 

outcome from the second trial confirmed that the first result was reliable as the similar gas 

composition was measured. A possible explanation why the catalytic activity of this sample is much 

lower than the other quartz sand samples is that the particle might have been taken out of operation in 

the power plant in Simmering at an earlier stage compared to the other samples. This would have 

resulted in a thinner outer layer of calcium and thus explains the lower catalytic performance.  

In addition, the catalytic activity of the impurities sample 1 (IM 1) was significantly higher than the 

impurities sample 2 (IM 2). A reasonable hypothesis would be to believe that the particle separation 

was less accurate for IM 1 which resulted in higher content of coated olivine particles in the mixing. 

Since coated olivine is already known for its great capacity of catalytic conversion, it would not be 

surprising that the production of hydrogen is increased. It is, however, clear that it must be another 

reason since the results from the chemical component analysis (chapter 4.1) shows similar 

compositions of the samples. The reason for the catalytic differences could be explained by parameters 

such as experimental errors, or by differences in particle layer thickness. In this case, further 

investigations have to be conducted in order to make a conclusion.  

Varying amount of bed material in experiments could generate different possibilities for catalytic 

conversion of hydrogen. More bed material opens up for higher catalytic conversion possibilities than 

if less material is used. Although difference between bed heights may have occurred, such small 

height differences should not substantially affect catalytic conversion abilities of different materials.   

Another uncertainty, also considered to have minor impact on the result, is that small amounts of 

methane and oxygen was measured, even though the reaction should not involve those products. 

Nevertheless, any impact on the result was neglected since the measured concentrations were less 

than 1 vol% in total. 
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Silatherm (ST) showed a little bit higher catalytic activity than feldspar which could be due to already 

mentioned experimental error factors, or else to the specific particle structure; e.g. the higher 

aluminum content in ST than in feldspar (FS). The catalytic activity of both ST and FS are, however, 

too low to be able to compete with the performance of coated materials regarding catalytic activity in 

water-gas shift reactions. 

The coated materials all showed higher catalytic activity than the fresh materials. From the particle 

structure analysis it is clear that the main component in the particle layer for all coated materials 

investigated is calcium. According to particle chemical structure, the coated materials investigated are 

all basic while the fresh materials are acid. This could be another explanation of the varying catalytic 

activity between coated and non-coated materials. In that regard, more investigations have to be 

undertaken looking at variations in catalytic performance of several different basic and acid materials. 

The results from the steam reforming reaction of 1H-indene prove that calcium-enriched materials 

also increase the ability to decompose tars. Although this was expected, several error factors occurred 

during experiment has to be discussed.  

For instance, as the temperature in the washing bottles was as low as -8°C, the steam that was 

supplied to the reaction were frozen inside the bottles. In fact, this problem was only observed in the 

by-pass bottles as the time when the gas flow was sent through these bottles were longer than for the 

analysis bottles. For some experiments this resulted in a total plug of ice in the by-pass bottle pipes 

wherefore the equilibrium state could not be held in more than about maximum 5 minutes before the 

flow had to be switched through the analysis bottles instead. While the flow was flowing through the 

analysis bottles, the by-pass bottles had to be heated in order to melt the ice inside the pipes. This 

enabled a non-stop sampling period of 10 minutes in the analysis bottles, which were the experimental 

set point, but as the equilibrium state was barely controlled before the analysis started, the actual gas 

composition might be somehow misleading. 

Besides that, problem due to leakage of 1H-indene from syringe pump was observed for the 

experiments when coated olivine was investigated. This might result in lower flow of 1H-indene 

through the reactor as some of the liquid was lost before. This would mean a higher S/C ratio and a 

lower amount of tars collected in the analysis bottles than expected. However, since the actual analysis 

result was missing, the theoretical calculation gives a reasonable percentage of the tars conversion.  

According to the tars conversion it was observed that CaO, which consisted of almost pure calcium, 

showed almost equal possibilities to decompose 1H-indene as coated olivine. This indicates that the 

catalytic activity is somehow independent of calcium layer thickness. But, since the actual analysis 

result from the experiments where coated olivine was used is missing, the conclusion can not be 

validated. 

Before experiment 1H-indene was expected to, if not completely decompose, at least break down into 

lighter hydrocarbon compounds, e.g. one-ring compounds. It was clear that 1H-indene did not 

decompose into other compounds during the reaction as no other hydrocarbon compounds, besides 

small amounts of chrysene, were detected. The amount detected was less than 0,1% of total detected 

compounds wherefore it could be concluded that the compounds detected in analysis bottles 

consisted of almost 100% 1H-indene. Hence, breaking of chemical bonds into smaller compounds is 

not possible with absence of catalytically active material. With help of a catalyst, in this case CaO and 

coated olivine, the chemical bonds inside 1H-indene were able to break completely. 
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Error factors, such as time keeping of the gas flow through analysis bottles, could explain why a 

higher amount of 1H-indene than theoretically was fed into the reactor was found in the sample when 

feldspar was used. This was a hint that the exact amount of tar compounds detected in the other 

samples could be misleading. It was although obvious that calcite has significantly better ability to 

decompose 1H-indene than feldspar.  

Furthermore, even though additional heating was placed on the glass tube at the outlet of the reactor, 

some of the tars condensed and was polymerized on the glass tube wall. This could be observed since 

the condensed tars formed a thin, aromatic and colorful layer on the inner surface of the tube walls. 

Nevertheless, the amount of condensed tars in pipes can be negligible as the tube length of the reactor 

outlet was relatively short and as the layer observed was very thin.  

Calcium, which is the main chemical component in the coated materials particle structure, has showed 

excellent catalytic performance in both water-gas shift reaction and steam reforming reaction of  

1H-indene. According to this, it is reasonable to believe that bed materials with calcium-enriched 

layers also are enhancing other gasification reactions. Although further investigations must be 

conducted, it can be confirmed that calcium is a component which significantly increases the 

decomposition of tars.  

 

 

.   
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6 Conclusions 

The aim of this thesis was to determine whether or not a calcium enriched layer is necessary in order 

to decompose tars in fluidized bed gasifiers. Several coated and non-coated bed materials were tested 

and compared in two different gasification reactions; water-gas shift and steam reforming of  

1H-indene. The main component in the coated bed particle layer was calcium.  

 Five coated materials were tested in the water-gas shift reaction and all showed higher 

catalytic activity than the fresh materials regarding CO conversion.  

 In the water-gas shift reactions, two fresh materials were investigated; aluminosilicate 

(silatherm) and potassium aluminum silicate (feldspar). No catalytic activity was obtained for 

either material.  

 When a calcium-rich material (calcite) was used as bed material in the steam reforming 

reaction of 1H-indene, a tars conversion of 98,9% was achieved. In comparison, no tars were 

decomposed when feldspar was used. 

According to the experiments, it was obvious that calcium-enriched outer layer of bed materials not 

only enhanced the water-gas shift reaction, but also the steam reforming reaction. This is promising as 

there is a possibility that a particle layer rich in calcium also enhances other important gasification 

reactions.  
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7 Future work 

In the future work, investigations aiming to solve the mechanism behind catalytic bed material will be 

undertaken. Further experiments will be conducted since the present experiments indicate a 

significantly increased catalytic performance of basic bed materials compared to acid. In order to 

know if other gasification reactions than water-gas shift also are enhanced by using basic, calcium-

enriched bed materials it may be desired to tryout several more steam reforming reactions with 

various model tar compounds. Furthermore, analysis concerning economical feasibility as well as 

availability of bed material has to be looked into.  
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Appendix A XRF analysis 

The chemical components of the samples investigated were determined by XRF analysis. Table A.1 

and Table A.2 show the chemical components of the fresh and coated samples investigated. 

Table A.1 Chemical components of the fresh bed material 

samples used in experiments [25, 26]. 

Reference  

name 

Silatherm (ST) K-Feldspar (FS) 

Fe2O3 n/a* 0,04% 

TiO2 n/a 0,04% 

CaO <1% 0,03% 

K2O <1% 14,7% 

P2O5 n/a 0,08% 

SiO2 43% 66% 

Al2O3 55% 17,8% 

MgO <1% 0,01% 

Na2O <1% 0,85% 

BaO n/a 0,36% 

*n/a = not applicable 

 

Table A.2 Chemical components of the coated bed material 

samples used in experiments. 

Reference 

name 

QS 

(HK) 

QS 

(TK) 

QS 

(SIM) 

IM 1 

(SE) 

IM 2 

(SE) 

SnO 0,12% 0,01% 0,02% 0,15% 0,04% 

ZrO2 0,02% 0,03% 0,03% 0,10% 0,02% 

PbO 0,06% 0,02% 0,01% 0,19% n/a* 

ZnO 0,07% 0,78% 0,07% 0,19% 0,10% 

CuO 0,42% 0,04% 0,01% 0,29% 0,01% 

NiO 1,27% 0,03% 0,01% 1,64% 0,03% 

Co3O4 0,01% n/a* n/a* 0,01% 0,01% 

Fe2O3 1,62% 1,69% 0,62% 2,46% 1,48% 

MnO 0,62% 0,25% 0,08% 0,13% 0,13% 

Cr2O3 0,07% 0,04% 0,02% 0,58% 0,16% 

TiO2 0,10% 0,79% 0,10% 0,24% 0,19% 

CaO 11,88% 12,36% 3,62% 22,91% 22,87% 

K2O 6,76% 1,84% 4,36% 8,18% 3,68% 

Cl 0,28% 0,08% 0,19% 0,98% 0,06% 

SO3 0,13% 0,06% 0,22% 0,33% 0,08% 

P2O5 0,93% 0,63% 0,29% 0,45% 0,54% 

SiO2 69,70% 73,22% 83,88% 47,02% 52,53% 

Al2O3 2,09% 4,59% 5,20% 5,59% 5,74% 

MgO 2,34% 2,40% 0,57% 4,68% 11,48% 

Na2O 1,51% 1,14% 0,63% 3,88% 0,78% 

Other - - 0,07% - 0,07 

*n/a = not applicable 
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Appendix B Total gas composition 

In this section the total gas composition for the two reactions investigated are presented. The gas 

concentrations are measured by the 5 component gas analyzer and based on the assumption that all 

unmeasured gas is made of nitrogen. 

Appendix B.1 Water-gas shift reaction dry gas composition 

Table B.3 shows the resulting dry gas composition of the product gas for each material investigated in 

the water gas shift reaction.  

Table B.3 Dry gas composition of all materials investigated at temperatures 750, 800 and 850°C. 

Material Temperature [°C] CO [vol%] CO2 [vol%] H2 [vol%] N2 [vol%] 

ST 750 48,97 0,93 1,14 49,0 

 800 48,40 1,52 1,69 48,4 

 850 48,35 1,56 1,74 48,4 

FS 750 49,84 0,08 0,23 49,8 

 800 49,75 0,15 0,34 49,8 

 850 49,67 0,23 0,43 49,7 

QS (SIM) 750 48,57 1,39 1,47 48,6 

 800 47,78 2,17 2,27 47,8 

 850 47,01 2,93 3,05 47,0 

QS (HK) 750 45,73 4,19 4,36 45,7 

 800 40,25 9,73 9,76 40,3 

 850 37,33 12,70 12,65 37,3 

QS (TK) 750 46,44 3,66 3,80 46,1 

 800 39,71 10,02 10,01 40,3 

 850 33,52 15,06 14,85 36,6 

IM 1 (SE) 750 39,20 10,85 10,76 39,2 

 800 33,98 16,23 15,82 34,0 

 850 29,04 21,29 20,64 29,0 

IM 2 (SE) 750 44,30 5,67 5,73 44,3 

 800 39,45 10,72 10,38 39,5 

 850 33,81 16,58 15,81 33,8 

Appendix B.2 Gas composition in steam reforming reaction 

Table B.4 shows the gas composition of the materials investigated in the steam reforming reaction. The 

compositions are the measured concentrations at constant reactor temperatures of 800°C. 
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Table B.4 Total gas composition of the materials investigated in the steam reforming reaction. 

Material CO [vol%] CO2 [vol%] CH4 [vol%] H2 [vol%] O2 [vol%] N2 [vol%] 

Feldspar 0,445 0,153 0,081 1,50 0,038 97,8 

Fresh olivine 0,362 0,328 0,054 1,81 0,614 96,8 

Coated olivine 1,19 4,27 0,104 14,7 0,395 79,4 

CaO 0,868 4,00 0,202 18,4 1,928 74,6 
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Appendix C Total produced gas 

In this section, the total produced gas volume measured for each experiment is presented. The 

measured volume is based on the average at each temperature. 

Appendix C.1 Water gas shift reaction 

Table C.5 show the gas volume measured for the different materials investigated in the water-gas shift 

reaction. 

Table C.5 Total gas volume produced in the water gas shift reaction. 

Bed material Temperature [°C] Total produced gas [Nm3] 

ST 750 172,3544 

 800 172,3665 

 850 172,3758 

FS 750 165,3771 

 800 165,3891 

 850 165,3972 

QS (SIM) 750 172,4198 

 800 172,4311 

 850 172,4475 

QS (HK) 750 165,4473 

 800 165,4590 

 850 165,4785 

QS (TK) 750 165,5375 

 800 165,5584 

 850 165,5655 

IM 1 (SE) 750 165,6140 

 800 165,6322 

 850 165,6465 

IM 2 (SE) 750 172,2850 

 800 172,2947 

 850 172,3136 

Appendix C.2 Steam reforming of 1H-indene 

Table C.6 show the total gas volume measured for the different materials investigated in the steam 

reforming reaction of 1H-indene. 
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Table C.6 Total gas volume produced in the steam reforming reaction of 1H-indene. 

Bed material Total produced gas [Nm3] 

Feldspar 178,4785 

Fresh olivine 181,8665 

Coated olivine 186,5181 

CaO 175,1078 
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Appendix D Manual for the test rig 

 Preparation of the experiment 

1) Turn on the main switch of the reactor. 

2) Start the computers. On the left computer (the one permanently connected to the test 

rig) remember to initially start “FlowDDE2-2nd..”  “Communication”  Open 

communication. Then start LabView on both computers. 

3) Exchange the glass tube by loosen the screws 

4) Place quartz wool and fill up the glass tube with 7 cm of bed material, see Figure D.1.  

 

 

 

 

 

 

 

5) Connect the tube again and make sure that the gas thermometers (those connected to 

the gas measuring system) are put inside the tube. Important! Do not let the 

equipment get in direct contact with the bed material - It might be too hot when the 

reactor is heated and in worse case it will burn. 

6) Place the heating bands tight to the glass reactor. Make sure that the thermocouple is 

connected to the glass tube. If not, the heating bands will keep heating up without 

stopping. 

7) Turn on the condenser by connecting it to a power point. (Make sure it is not 

connected to the same point as the heating bands are connected) 

8) Remember to always start with the nitrogen flow through the reactor in order to get 

rid of oxygen in the system and to avoid the appearance of hot peaks. A pressure of 2 

bars should be adjusted to guarantee an accurate operation to each MFC. 

Make sure that all valves are closed except for the nitrogen (MFC4) to reactor. 

9) Set the Nitrogen flow to for example 10 L/h 

10) Start the left pump “Pumpe 1” on the gas flow meter. Also, push the button “F1”. 

11) When the first preparations of the reactor are done, the reactor can be heated up. Turn 

on “heating reactor” and “heating steam tube”. Remember to heat up the reactor step 

by step by changing the temperature manually. 

12) Connect the gas tube with the reactor. Important! Make sure that the valves are closed 

before attaching it to the reactor. 

13) When the gas tube is connected, open the valve from the bottle, see Figure D.2. Start 

by closing the valve to the 2nd pressure controller. Then open carefully the main valve 

Figure D.1 Quartz wool placed in the bottom of the glass tube 
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to the gas. When it is open, adjust the pressure by closing the 2nd pressure controller 

until 2 bars is reached.  

14) Open the bypass valve for the gas. 

 

Figure D.2 Gas tubes connected to the test rig. 

15) Heat up the “Controlled Evaporated mixer” (SEM-system) to the desired evaporation 

temperature (130°C). 

16) Start heating up the steam tube (135°C) 

17) Fill the water reservoir with distilled water (capacity of 1 liter). Start by removing the 

nitrogen tube in order to avoid water to come in.  

18) Remove air from the CEM-system by opening the valves into the system, see Figure 

D.3. Set a low liquid flow (~1g/liter). Open the air relief valve if some air happens to 

be in the system. When water drops out, close the valve again. 

 

  

Figure D.3 The valves for air supply into the reactor. 
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19) The metering system, Figure D.4, measures the total amount of exhaust gas. Make 

sure that both inlet and outlet pipes are connected. Write the numbers on a paper 

 

 

Figure D.4 The gas metering system. 

20) When the desired temperatures in the reactor, steam tube, condenser etc. are reached, 

the experiment can be started. 

 Start of the experiment 

1) Open the MFC valves to the reactor. Do not close the bypass valve before the reactor 

valve is open.  

2) Start data recording! 

3) Check the heating band. 

4) Define the set points of the gas flow rates and press enter. Start with low set points 

and gently rise to the desired gas flow rates. 

5) Checking occasionally the pressure of each gas cylinder may be useful in order to 

avoid shutdowns in gases supply during the experiment. 

6) Remember that the computer where the flow rates are set does not show the gas 

composition in the outlet gas. This is done by the computer on the desk to the right of 

the reactor. This computer also shows the “actual” temperature inside the glass tube, 

wherefore it is important to keep an eye on it so that it keeps constant.  

 Shut down of the experiment 

1) MFC1 to bypass. Close the gas bottle.  

2) Stop the steam flow 

3) Cool down the reactor. Set all temperatures on 0. 

4) Leave the nitrogen flow (3 NL/h) on until the reactor is cooled (furnace should be 

around 100 degrees) 

5) Close the nitrogen bottle 

6) Turn of the main switch. 

 


